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Wind superbubbles

Credit image: NASA, ESA, CXC, and JPL-Caltech
https://sci.esa.int/web/hubble/-/39143-m82-great-observatories-composite
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General properties

AGN-driven
Accretion disk - jet (?)

Radiation – Mechanical (?)

10—102 Myr

102 – 103 km/s  (WA)

0.1—104 𝑀⨀𝑦𝑟
−1

Starburst-driven
Supernovae

Mechanical

> 40 Myr

102 – 103 km/s (Hα)

0.1—102 𝑀⨀𝑦𝑟
−1
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• Central engine:

• Driving mechanism:

• Lifetime:

• Wind speed (ionized):

• Mass loss rate:
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Structure and evolution
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Weaver et al. 1977

Weaver et al. 1977
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Structure and evolution
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• Forward and reverse shocks are 
decoupled and the wind bubble
inflates

• 𝑅𝑠ℎ~ 
(   𝑀𝑢1 4𝜋𝑃ℎ)

1/2 𝑡 > 𝑡𝑝

𝑡2/5 𝑡 < 𝑡𝑝

• 𝑅𝐹𝑆~𝑡
3/5
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SBN or AGN

Cool wind

Shocked wind

Shocked CGM



Structure and evolution
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Shocks and Mach number

𝑅𝑠ℎ ≈ 6.2  𝑀0
1/2

𝑢1,3
1/2

(𝑃/𝑘)ℎ,4
−1/2

𝑘𝑝𝑐

ℳ𝐹𝑆 =  𝑅𝐹𝑆/𝑐𝑠,ℎ ≲ 5

ℳ𝑠ℎ = 𝑢1/𝑐𝑠,1 ≳ 10
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Particle acceleration and transport

𝑟2𝑢 𝑟 𝜕𝑟𝑓 = 𝜕𝑟 𝑟
2𝐷 𝑟, 𝑝 𝜕𝑟𝑓 + 1

3
𝜕𝑟 𝑟

2𝑢 𝑟 𝑝𝜕𝑝𝑓 + 𝑟2𝑄 𝑟, 𝑝 − 𝑟2Λ(𝑟, 𝑝)
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𝑄 𝑟, 𝑝 =  
𝑛1𝑢1𝜂

4𝜋𝑝2
𝛿 𝑝 − 𝑝𝑖𝑛𝑗 𝛿 𝑅 − 𝑅𝑠ℎ

𝑃𝐶𝑅 ≈ 𝜉𝐶𝑅𝑃𝑅𝐴𝑀

Injection
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Particle acceleration and transport

𝑟2𝑢 𝑟 𝜕𝑟𝑓 = 𝜕𝑟 𝑟
2𝐷 𝑟, 𝑝 𝜕𝑟𝑓 + 1

3
𝜕𝑟 𝑟

2𝑢 𝑟 𝑝𝜕𝑝𝑓 + 𝑟2𝑄 𝑟, 𝑝 − 𝑟2Λ(𝑟, 𝑝)
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𝑢 𝑟 =  
𝑢1 𝑟 ≈ 𝑢1 𝑟 < 𝑅𝑠ℎ

𝑢2(  𝑅𝑠ℎ
𝑟)

2 𝑟 > 𝑅𝑠ℎ

Advection & Adiabatic losses
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Particle acceleration and transport

𝑟2𝑢 𝑟 𝜕𝑟𝑓 = 𝜕𝑟 𝑟
2𝐷 𝑟, 𝑝 𝜕𝑟𝑓 + 1

3
𝜕𝑟 𝑟

2𝑢 𝑟 𝑝𝜕𝑝𝑓 + 𝑟2𝑄 𝑟, 𝑝 − 𝑟2Λ(𝑟, 𝑝)
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𝐷 𝑟, 𝑝 =  1 3 𝑐 𝑟𝐿
𝛿𝑙𝑐
1−𝛿

𝑙𝑐 ≈ 102 𝑝𝑐

𝑈𝐵,1 ≈ 𝜖𝐵𝜌𝑢1
2/2

Diffusion

I. Peretti

Enrico Peretti



Particle acceleration and transport

𝑟2𝑢 𝑟 𝜕𝑟𝑓 = 𝜕𝑟 𝑟
2𝐷 𝑟, 𝑝 𝜕𝑟𝑓 + 1

3
𝜕𝑟 𝑟

2𝑢 𝑟 𝑝𝜕𝑝𝑓 + 𝑟2𝑄 𝑟, 𝑝 − 𝑟2Λ(𝑟, 𝑝)
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Λ 𝑟, 𝑝 = 𝑛 𝑟 𝜎𝑝𝑝(𝑝)𝑣 𝑝 𝑓(𝑟, 𝑝)

P-gamma timescale: negligible

Energy losses

Escape

𝑗𝑒𝑠𝑐 𝑝 = −𝐷 𝑟, 𝑝 𝜕𝑟𝑓(𝑟, 𝑝)|𝑅𝑒𝑠𝑐

Escape
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Properties of the solution

𝑓𝑠ℎ 𝑝 =
𝑠 𝜂𝐶𝑅 𝑛1

4𝜋𝑝𝑖𝑛𝑗
3 (

𝑝

𝑝𝑖𝑛𝑗
)−𝑠𝑒−Γ1(𝑝)𝑒−Γ2(𝑝)

• s  Slope DSA  𝑠 = 3𝑢1/(𝑢1 − 𝑢2) ≳ 4

• 𝜂𝐶𝑅 Test particle regime  𝑃𝐶𝑅 ≈ 𝜉𝐶𝑅 𝑃𝑅𝐴𝑀

• Γ2(𝑝) Downstream HE cut off 
𝐷2

𝑢2
≈ 𝑅𝑒𝑠𝑐 − 𝑅𝑠ℎ (Hillas)

• Γ1(𝑝) Upstream HE cut off  𝑢1 = 𝑢1(𝑝) + Losses (Hillas)
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Accelerated particles in the system
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𝐹2(𝑟, 𝑝)

𝐹1(𝑟, 𝑝)
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𝐹1 𝑟, 𝑝 = 𝑓𝑠ℎ 𝑝 exp[− 𝑟
𝑅𝑠ℎ 𝑑𝑟′/𝜆𝐷(𝑟

′, 𝑝)] 𝐹2 𝑟, 𝑝 ∝ 𝑓𝑠ℎ 𝑝



Gamma rays and neutrinos
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Maximum energy and luminosity
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Observational perspectives
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CTA
IceCube Gen2



Outlooks and Conclusions

• Protons can be accelerated up to hundreds of PeV at the termination
shock of wind superbubbles

• High multi-messenger potential: 1) gamma rays and neutrinos are 
copiously produced; 2) the escaping flux of protons and nuclei could
contribute to the spectrum of cosmic rays observed at Earth

• The most nearby sources (D < 10 Mpc) could be accessible next
generation detectors such as CTA and IceCube Gen2
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Thanks for your attention!
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