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Pre-SN mass loss      CSM
* IIn: 

ሶ𝑀 ~ 5 × 10−2𝑀⨀ 𝑦𝑟−1

𝑣𝑤 ~ 100 𝑘𝑚 𝑠−1

~5% 𝑅𝑆𝑁

Compared to SNRs,
CSM higher:

𝜌 ∝ 𝐵2

𝐵 → 𝐸𝑚𝑎𝑥

Interacting supernovae

Diffusive shock acceleration
w/ amplified B field

= super-PeV CRs
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• B field amplification:
• CRs escape, produce current

• Excite modes < 𝑟𝐿 (Non-resonant streaming 
or Bell instability)

• × 2 − 4 w/ IIn parameters

• Compare acceleration timescale for 𝐸𝑚𝑎𝑥

Diffusive shock acceleration
w/ amplified B field
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• Escape-limited model (~20-30 d)
• 𝑙𝑑𝑖𝑓𝑓 ~ 𝑅𝑠ℎ or

• 𝐸𝐻𝑒,𝑐𝑢𝑟 most limiting

• Few × 1016 𝑒𝑉 max energies

Diffusive shock acceleration
w/ amplified B field
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𝑡𝑒𝑠𝑐



H ~ 90% 

He ~ 9%

CNO ~ 0.1%

Fe ~ 0.002%

Asplund+ 2021

Diffusive shock acceleration
w/ amplified B field
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Preferred injection of 
heavier nuclei

• Simulations show 𝑓𝑖𝑛𝑗 ~ (𝐴/𝑍𝑖𝑜𝑛)
5/2

• Heavy, singly-ionized nuclei are more 
efficiently injected

• 𝑍𝑖𝑜𝑛 from CLOUDY photoionization 
code
• ~15000 K at 𝑡𝑒𝑠𝑐



H ~ 90%      → 28%

He ~ 9%        → 45%

CNO ~ 0.1%     → 24%

Fe ~ 0.002% → 3%

Diffusive shock acceleration
w/ amplified B field

H

He

CNO

Fe

Preferred injection of 
heavier nuclei

• CLOUDY fraction of singly (doubly) 
ionized nuclei
• H ~ 100% (0%)

• He ~ 50% (0%)

• CNO ~ 100% (0%)

• Fe ~ 0% (100%)

𝑓𝑖𝑛𝑗 ~ (𝐴/𝑍𝑖𝑜𝑛)
5/2
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• CRs diffused in galactic B 
fields

• Can supply ~1016𝑒𝑉 –
~1017𝑒𝑉 flux

• Increasingly heavy 
composition

Fiducial
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• Roughly consistent with 
average mass numbers
• Increasingly heavy 

approaching 2nd knee
• Discrepancy between 

experiments?

Fiducial
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Summary and outlook

• Interacting SNe (especially IIn)
• Acceleration above PeV

• Amplified magnetic field

• Increasingly heavy composition until 2nd knee
• Preferred injection of heavy ions

• Paper coming soon!

• Multimessenger tests
• 𝛾 and 𝜈 possibly detectable

• Possible coincidences found: 2 IIn + 𝜈, 1 Ibn + 𝜈

𝑝 + 𝑝/𝛾 → 𝜋0/𝜋±

𝛾 𝜈

&



Backup





IIn + neutrino events?

• Not statistically significant, but...

• Also a potential Ibn association

…



• Consistent with PAO lnA?
• We overestimate around ~few 1e17, different 

source becomes dominant
• Large variation in hadronic interaction models

• What hadronic interaction models do we 
use?
• EPOS

• Resonant streaming and other 
instabilities?
• RSI scales ~ Larmor, doesn’t grow as fast
• NRSI fastest



• X-ray reprocessing

𝜆𝑚𝑓𝑝 = 1/(𝜅𝑋𝜌𝐶𝑆𝑀)

𝜅𝑠 ~ 0.34

• Hard X-rays may not 
contribute
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