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1. Molecular clouds and CR propagation

2. Empirical determination of diffusion coefficient

3. Application and implications

Outline

Referencing paper:
Owen, On, Lai & Wu 

ApJ 913, 52 (2021) 
arXiv: 2103.06542

https://iopscience.iop.org/article/10.3847/1538-4357/abee1a
https://iopscience.iop.org/article/10.3847/1538-4357/abee1a


Hierarchical structure of cloud complexes
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Gas

Magnetic field

(Strong et al. 2014; Crutcher et al. 2010)

typically B field is 
stronger in denser 
regions (with some 
variation)

(Owen 2022, A&G)



Molecular cloud complexes in the Milky Way
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Herschel 250 micro-m (Arzoumanian+ 2011)

Cygnus

Magnetized
filamentary 
structures



Magnetic field structure
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(Wang et al. 2019)

Dense star-forming 
filaments

Lines show orientation of 
magnetic field vector

IC 5146

polarization from 
dust grains aligned 
in the magnetic field



Characterization of field structure
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• PA differences as function of separation would trace B field fluctuations

Structure function (angular dispersion function) 
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Relation to CR propagation
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<latexit sha1_base64="HbcDf72aIYVXIHudV5k1Y1B8mE4=">AAACG3icbZDLSsNAFIYn9VbrLerSzWAR2k1JqqgboSiIy4q2FZIQJtNJO3RyYWYilJD3cOOruHGhiCvBhW/jpA2irT8MfPznHOac34sZFdIwvrTSwuLS8kp5tbK2vrG5pW/vdEWUcEw6OGIRv/OQIIyGpCOpZOQu5gQFHiM9b3SR13v3hAsahbdyHBMnQIOQ+hQjqSxXb7Zrozo8g7bPEU7NLG1mdoDkECOWXmbWD99kbrNmE8bqjqtXjYYxEZwHs4AqKNR29Q+7H+EkIKHEDAlhmUYsnRRxSTEjWcVOBIkRHqEBsRSGKCDCSSe3ZfBAOX3oR1y9UMKJ+3siRYEQ48BTnfmuYraWm//VrET6p05KwziRJMTTj/yEQRnBPCjYp5xgycYKEOZU7QrxEKmUpIqzokIwZ0+eh26zYR43Dq+Pqq3zIo4y2AP7oAZMcAJa4Aq0QQdg8ACewAt41R61Z+1Ne5+2lrRiZhf8kfb5DbYgoKM=</latexit>

P (k) =
1

2
F [S2(`)]

<latexit sha1_base64="ZkK0PU/UeOG1YmEvTpsMufyrLlk=">AAACGHicbZDLSsNAFIYnXmu9RV26GSxCu6mJirosunEZwV6gCWEynbRDJ8kwMxFLyGO48VXcuFDEbXe+jdM2iLb+MPDznXM4c/6AMyqVZX0ZS8srq2vrpY3y5tb2zq65t9+SSSowaeKEJaITIEkYjUlTUcVIhwuCooCRdjC8mdTbD0RImsT3asSJF6F+TEOKkdLIN0+c6rAGXcS5SB5h5uS+y5FAjBFWdYcaIz/7IXkN+mbFqltTwUVjF6YCCjm+OXZ7CU4jEivMkJRd2+LKy5BQFDOSl91UEo7wEPVJV9sYRUR62fSwHB5r0oNhIvSLFZzS3xMZiqQcRYHujJAayPnaBP5X66YqvPIyGvNUkRjPFoUpgyqBk5RgjwqCFRtpg7Cg+q8QD3QKWOksyzoEe/7kRdM6rdsX9bO780rjuoijBA7BEagCG1yCBrgFDmgCDJ7AC3gD78az8Wp8GJ+z1iWjmDkAf2SMvwFI+5/1</latexit>

P (k) ⇡ Pk(k) approximation

non-vanishing FP coefficient (flow of CRs 
mainly parallel to large scale B field)

captures self-amplification effect 
and energy dependencies

diffusion at E inversely 
proportional to power in 
corresponding k

<latexit sha1_base64="iEBqyGPxufxI3nTpRZkEzl1h/Ug=">AAACFXicbZDLSsNAFIYnXmu9RV26GS2CCylJvYKboi5cVrAXaGKZTCft0JkkzEzEEvISbnwVNy4UcSu4822ctFlo6w8HPv5zDjPn9yJGpbKsb2Nmdm5+YbGwVFxeWV1bNzc2GzKMBSZ1HLJQtDwkCaMBqSuqGGlFgiDuMdL0BpdZv3lPhKRhcKuGEXE56gXUpxgpbXXMgyvooCgS4QN0fIFwUnHOnR18V0kT+zjDWidxeAx1pWnHLFllayQ4DXYOJZCr1jG/nG6IY04ChRmSsm1bkXITJBTFjKRFJ5YkQniAeqStMUCcSDcZXZXCPe10oR8KXYGCI/f3RoK4lEPu6UmOVF9O9jLzv147Vv6Zm9AgihUJ8PghP2ZQhTCLCHapIFixoQaEBdV/hbiPdDhKB1nUIdiTJ09Do1K2T8qHN0el6kUeRwFsg12wD2xwCqrgGtRAHWDwCJ7BK3gznowX4934GI/OGPnOFvgj4/MHbmWdww==</latexit>

D ⇡ 2c2

15Pµµ

<latexit sha1_base64="iEBqyGPxufxI3nTpRZkEzl1h/Ug=">AAACFXicbZDLSsNAFIYnXmu9RV26GS2CCylJvYKboi5cVrAXaGKZTCft0JkkzEzEEvISbnwVNy4UcSu4822ctFlo6w8HPv5zDjPn9yJGpbKsb2Nmdm5+YbGwVFxeWV1bNzc2GzKMBSZ1HLJQtDwkCaMBqSuqGGlFgiDuMdL0BpdZv3lPhKRhcKuGEXE56gXUpxgpbXXMgyvooCgS4QN0fIFwUnHOnR18V0kT+zjDWidxeAx1pWnHLFllayQ4DXYOJZCr1jG/nG6IY04ChRmSsm1bkXITJBTFjKRFJ5YkQniAeqStMUCcSDcZXZXCPe10oR8KXYGCI/f3RoK4lEPu6UmOVF9O9jLzv147Vv6Zm9AgihUJ8PghP2ZQhTCLCHapIFixoQaEBdV/hbiPdDhKB1nUIdiTJ09Do1K2T8qHN0el6kUeRwFsg12wD2xwCqrgGtRAHWDwCJ7BK3gznowX4934GI/OGPnOFvgj4/MHbmWdww==</latexit>

D ⇡ 2c2

15Pµµ

<latexit sha1_base64="A26ZSXZtx9ZVWgpI754Lufo867o="></latexit>

Pµµ ⇡ J (�1)

vA�1

✓
!LB0

B

◆2

I?

<latexit sha1_base64="A26ZSXZtx9ZVWgpI754Lufo867o="></latexit>

Pµµ ⇡ J (�1)

vA�1

✓
!LB0

B

◆2

I?

<latexit sha1_base64="mMa8JWo41nSrx8B9qumbZ6hq8Ag="></latexit>

J (�1) = k�1
c

Z �1kc

0
dk

k

kc�1
P̂k(k)

+ k�1
c

Z 1

�1kc

dk
kc�1

k
P̂k(k)

<latexit sha1_base64="mMa8JWo41nSrx8B9qumbZ6hq8Ag="></latexit>

J (�1) = k�1
c

Z �1kc

0
dk

k

kc�1
P̂k(k)

+ k�1
c

Z 1

�1kc

dk
kc�1

k
P̂k(k)

<latexit sha1_base64="mMa8JWo41nSrx8B9qumbZ6hq8Ag="></latexit>

J (�1) = k�1
c

Z �1kc

0
dk

k

kc�1
P̂k(k)

+ k�1
c

Z 1

�1kc

dk
kc�1

k
P̂k(k)

(random component)



Practical considerations
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<latexit sha1_base64="pkjjYpaRpubg+o5ZCdZ1ZY4peho=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoMQL2FXRT0GvXiMYB6SLGF2MkmGzGOZmRXCkq/w4kERr36ON//GSbIHTSxoKKq66e6KYs6M9f1vL7eyura+kd8sbG3v7O4V9w8aRiWa0DpRXOlWhA3lTNK6ZZbTVqwpFhGnzWh0O/WbT1QbpuSDHcc0FHggWZ8RbJ302OFqgGrl0Wm3WPIr/gxomQQZKUGGWrf41ekpkggqLeHYmHbgxzZMsbaMcDopdBJDY0xGeEDbjkosqAnT2cETdOKUHuor7UpaNFN/T6RYGDMWkesU2A7NojcV//Paie1fhymTcWKpJPNF/YQjq9D0e9RjmhLLx45gopm7FZEh1phYl1HBhRAsvrxMGmeV4LJyfn9Rqt5kceThCI6hDAFcQRXuoAZ1ICDgGV7hzdPei/fufcxbc142cwh/4H3+AKFcj6Y=</latexit> lo
g
P
(k
)

<latexit sha1_base64="E5UFnYi5GYBgIGl5YvjxjCHTW/k=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqeyqqMeiF48V7Ae0S8mm2TY2myxJVihL/4MXD4p49f9489+YtnvQ1gcDj/dmmJkXJoIb63nfqLCyura+UdwsbW3v7O6V9w+aRqWasgZVQul2SAwTXLKG5VawdqIZiUPBWuHoduq3npg2XMkHO05YEJOB5BGnxDqp2RVqgEe9csWrejPgZeLnpAI56r3yV7evaBozaakgxnR8L7FBRrTlVLBJqZsalhA6IgPWcVSSmJkgm107wSdO6eNIaVfS4pn6eyIjsTHjOHSdMbFDs+hNxf+8Tmqj6yDjMkktk3S+KEoFtgpPX8d9rhm1YuwIoZq7WzEdEk2odQGVXAj+4svLpHlW9S+r5/cXldpNHkcRjuAYTsGHK6jBHdShARQe4Rle4Q0p9ILe0ce8tYDymUP4A/T5AzeUjuc=</latexit>

log k

<latexit sha1_base64="HbcDf72aIYVXIHudV5k1Y1B8mE4=">AAACG3icbZDLSsNAFIYn9VbrLerSzWAR2k1JqqgboSiIy4q2FZIQJtNJO3RyYWYilJD3cOOruHGhiCvBhW/jpA2irT8MfPznHOac34sZFdIwvrTSwuLS8kp5tbK2vrG5pW/vdEWUcEw6OGIRv/OQIIyGpCOpZOQu5gQFHiM9b3SR13v3hAsahbdyHBMnQIOQ+hQjqSxXb7Zrozo8g7bPEU7NLG1mdoDkECOWXmbWD99kbrNmE8bqjqtXjYYxEZwHs4AqKNR29Q+7H+EkIKHEDAlhmUYsnRRxSTEjWcVOBIkRHqEBsRSGKCDCSSe3ZfBAOX3oR1y9UMKJ+3siRYEQ48BTnfmuYraWm//VrET6p05KwziRJMTTj/yEQRnBPCjYp5xgycYKEOZU7QrxEKmUpIqzokIwZ0+eh26zYR43Dq+Pqq3zIo4y2AP7oAZMcAJa4Aq0QQdg8ACewAt41R61Z+1Ne5+2lrRiZhf8kfb5DbYgoKM=</latexit>

P (k) =
1

2
F [S2(`)]

<latexit sha1_base64="OvkDB9YxuRNfrDMH47Sd9eROLQg=">AAACAXicbVDLSgMxFM34rPU16kZwEyxC3ZQZFXVZ1IXLCvYBnVIyaaYNzSQhyQhlGDf+ihsXirj1L9z5N6btLLT1QOBwzr3cnBNKRrXxvG9nYXFpeWW1sFZc39jc2nZ3dhtaJAqTOhZMqFaINGGUk7qhhpGWVATFISPNcHg99psPRGkq+L0ZSdKJUZ/TiGJkrNR1929gIJWQRsAgUginfpbWysPjrOuWvIo3AZwnfk5KIEet634FPYGTmHCDGdK67XvSdFKkDMWMZMUg0UQiPER90raUo5joTjpJkMEjq/RgJJR93MCJ+nsjRbHWozi0kzEyAz3rjcX/vHZiostOSrlMDOF4eihKGLR5x3XAHlUEGzayBGFF7V8hHiBbhLGlFW0J/mzkedI4qfjnldO7s1L1Kq+jAA7AISgDH1yAKrgFNVAHGDyCZ/AK3pwn58V5dz6mowtOvrMH/sD5/AGCkZZM</latexit>

D / 1

P (k)

(random component)



Practical considerations
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<latexit sha1_base64="pkjjYpaRpubg+o5ZCdZ1ZY4peho=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoMQL2FXRT0GvXiMYB6SLGF2MkmGzGOZmRXCkq/w4kERr36ON//GSbIHTSxoKKq66e6KYs6M9f1vL7eyura+kd8sbG3v7O4V9w8aRiWa0DpRXOlWhA3lTNK6ZZbTVqwpFhGnzWh0O/WbT1QbpuSDHcc0FHggWZ8RbJ302OFqgGrl0Wm3WPIr/gxomQQZKUGGWrf41ekpkggqLeHYmHbgxzZMsbaMcDopdBJDY0xGeEDbjkosqAnT2cETdOKUHuor7UpaNFN/T6RYGDMWkesU2A7NojcV//Paie1fhymTcWKpJPNF/YQjq9D0e9RjmhLLx45gopm7FZEh1phYl1HBhRAsvrxMGmeV4LJyfn9Rqt5kceThCI6hDAFcQRXuoAZ1ICDgGV7hzdPei/fufcxbc142cwh/4H3+AKFcj6Y=</latexit> lo
g
P
(k
)

<latexit sha1_base64="E5UFnYi5GYBgIGl5YvjxjCHTW/k=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqeyqqMeiF48V7Ae0S8mm2TY2myxJVihL/4MXD4p49f9489+YtnvQ1gcDj/dmmJkXJoIb63nfqLCyura+UdwsbW3v7O6V9w+aRqWasgZVQul2SAwTXLKG5VawdqIZiUPBWuHoduq3npg2XMkHO05YEJOB5BGnxDqp2RVqgEe9csWrejPgZeLnpAI56r3yV7evaBozaakgxnR8L7FBRrTlVLBJqZsalhA6IgPWcVSSmJkgm107wSdO6eNIaVfS4pn6eyIjsTHjOHSdMbFDs+hNxf+8Tmqj6yDjMkktk3S+KEoFtgpPX8d9rhm1YuwIoZq7WzEdEk2odQGVXAj+4svLpHlW9S+r5/cXldpNHkcRjuAYTsGHK6jBHdShARQe4Rle4Q0p9ILe0ce8tYDymUP4A/T5AzeUjuc=</latexit>

log k

“ideal” theoretical spectrum

<latexit sha1_base64="HbcDf72aIYVXIHudV5k1Y1B8mE4=">AAACG3icbZDLSsNAFIYn9VbrLerSzWAR2k1JqqgboSiIy4q2FZIQJtNJO3RyYWYilJD3cOOruHGhiCvBhW/jpA2irT8MfPznHOac34sZFdIwvrTSwuLS8kp5tbK2vrG5pW/vdEWUcEw6OGIRv/OQIIyGpCOpZOQu5gQFHiM9b3SR13v3hAsahbdyHBMnQIOQ+hQjqSxXb7Zrozo8g7bPEU7NLG1mdoDkECOWXmbWD99kbrNmE8bqjqtXjYYxEZwHs4AqKNR29Q+7H+EkIKHEDAlhmUYsnRRxSTEjWcVOBIkRHqEBsRSGKCDCSSe3ZfBAOX3oR1y9UMKJ+3siRYEQ48BTnfmuYraWm//VrET6p05KwziRJMTTj/yEQRnBPCjYp5xgycYKEOZU7QrxEKmUpIqzokIwZ0+eh26zYR43Dq+Pqq3zIo4y2AP7oAZMcAJa4Aq0QQdg8ACewAt41R61Z+1Ne5+2lrRiZhf8kfb5DbYgoKM=</latexit>

P (k) =
1

2
F [S2(`)]

<latexit sha1_base64="OvkDB9YxuRNfrDMH47Sd9eROLQg=">AAACAXicbVDLSgMxFM34rPU16kZwEyxC3ZQZFXVZ1IXLCvYBnVIyaaYNzSQhyQhlGDf+ihsXirj1L9z5N6btLLT1QOBwzr3cnBNKRrXxvG9nYXFpeWW1sFZc39jc2nZ3dhtaJAqTOhZMqFaINGGUk7qhhpGWVATFISPNcHg99psPRGkq+L0ZSdKJUZ/TiGJkrNR1929gIJWQRsAgUginfpbWysPjrOuWvIo3AZwnfk5KIEet634FPYGTmHCDGdK67XvSdFKkDMWMZMUg0UQiPER90raUo5joTjpJkMEjq/RgJJR93MCJ+nsjRbHWozi0kzEyAz3rjcX/vHZiostOSrlMDOF4eihKGLR5x3XAHlUEGzayBGFF7V8hHiBbhLGlFW0J/mzkedI4qfjnldO7s1L1Kq+jAA7AISgDH1yAKrgFNVAHGDyCZ/AK3pwn58V5dz6mowtOvrMH/sD5/AGCkZZM</latexit>

D / 1

P (k)

(random component)



Practical considerations
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<latexit sha1_base64="pkjjYpaRpubg+o5ZCdZ1ZY4peho=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoMQL2FXRT0GvXiMYB6SLGF2MkmGzGOZmRXCkq/w4kERr36ON//GSbIHTSxoKKq66e6KYs6M9f1vL7eyura+kd8sbG3v7O4V9w8aRiWa0DpRXOlWhA3lTNK6ZZbTVqwpFhGnzWh0O/WbT1QbpuSDHcc0FHggWZ8RbJ302OFqgGrl0Wm3WPIr/gxomQQZKUGGWrf41ekpkggqLeHYmHbgxzZMsbaMcDopdBJDY0xGeEDbjkosqAnT2cETdOKUHuor7UpaNFN/T6RYGDMWkesU2A7NojcV//Paie1fhymTcWKpJPNF/YQjq9D0e9RjmhLLx45gopm7FZEh1phYl1HBhRAsvrxMGmeV4LJyfn9Rqt5kceThCI6hDAFcQRXuoAZ1ICDgGV7hzdPei/fufcxbc142cwh/4H3+AKFcj6Y=</latexit> lo
g
P
(k
)

<latexit sha1_base64="E5UFnYi5GYBgIGl5YvjxjCHTW/k=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqeyqqMeiF48V7Ae0S8mm2TY2myxJVihL/4MXD4p49f9489+YtnvQ1gcDj/dmmJkXJoIb63nfqLCyura+UdwsbW3v7O6V9w+aRqWasgZVQul2SAwTXLKG5VawdqIZiUPBWuHoduq3npg2XMkHO05YEJOB5BGnxDqp2RVqgEe9csWrejPgZeLnpAI56r3yV7evaBozaakgxnR8L7FBRrTlVLBJqZsalhA6IgPWcVSSmJkgm107wSdO6eNIaVfS4pn6eyIjsTHjOHSdMbFDs+hNxf+8Tmqj6yDjMkktk3S+KEoFtgpPX8d9rhm1YuwIoZq7WzEdEk2odQGVXAj+4svLpHlW9S+r5/cXldpNHkcRjuAYTsGHK6jBHdShARQe4Rle4Q0p9ILe0ce8tYDymUP4A/T5AzeUjuc=</latexit>

log k

discretized

“ideal” theoretical spectrum

<latexit sha1_base64="HbcDf72aIYVXIHudV5k1Y1B8mE4=">AAACG3icbZDLSsNAFIYn9VbrLerSzWAR2k1JqqgboSiIy4q2FZIQJtNJO3RyYWYilJD3cOOruHGhiCvBhW/jpA2irT8MfPznHOac34sZFdIwvrTSwuLS8kp5tbK2vrG5pW/vdEWUcEw6OGIRv/OQIIyGpCOpZOQu5gQFHiM9b3SR13v3hAsahbdyHBMnQIOQ+hQjqSxXb7Zrozo8g7bPEU7NLG1mdoDkECOWXmbWD99kbrNmE8bqjqtXjYYxEZwHs4AqKNR29Q+7H+EkIKHEDAlhmUYsnRRxSTEjWcVOBIkRHqEBsRSGKCDCSSe3ZfBAOX3oR1y9UMKJ+3siRYEQ48BTnfmuYraWm//VrET6p05KwziRJMTTj/yEQRnBPCjYp5xgycYKEOZU7QrxEKmUpIqzokIwZ0+eh26zYR43Dq+Pqq3zIo4y2AP7oAZMcAJa4Aq0QQdg8ACewAt41R61Z+1Ne5+2lrRiZhf8kfb5DbYgoKM=</latexit>

P (k) =
1

2
F [S2(`)]

<latexit sha1_base64="OvkDB9YxuRNfrDMH47Sd9eROLQg=">AAACAXicbVDLSgMxFM34rPU16kZwEyxC3ZQZFXVZ1IXLCvYBnVIyaaYNzSQhyQhlGDf+ihsXirj1L9z5N6btLLT1QOBwzr3cnBNKRrXxvG9nYXFpeWW1sFZc39jc2nZ3dhtaJAqTOhZMqFaINGGUk7qhhpGWVATFISPNcHg99psPRGkq+L0ZSdKJUZ/TiGJkrNR1929gIJWQRsAgUginfpbWysPjrOuWvIo3AZwnfk5KIEet634FPYGTmHCDGdK67XvSdFKkDMWMZMUg0UQiPER90raUo5joTjpJkMEjq/RgJJR93MCJ+nsjRbHWozi0kzEyAz3rjcX/vHZiostOSrlMDOF4eihKGLR5x3XAHlUEGzayBGFF7V8hHiBbhLGlFW0J/mzkedI4qfjnldO7s1L1Kq+jAA7AISgDH1yAKrgFNVAHGDyCZ/AK3pwn58V5dz6mowtOvrMH/sD5/AGCkZZM</latexit>

D / 1

P (k)

(random component)



Practical considerations

8

<latexit sha1_base64="pkjjYpaRpubg+o5ZCdZ1ZY4peho=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoMQL2FXRT0GvXiMYB6SLGF2MkmGzGOZmRXCkq/w4kERr36ON//GSbIHTSxoKKq66e6KYs6M9f1vL7eyura+kd8sbG3v7O4V9w8aRiWa0DpRXOlWhA3lTNK6ZZbTVqwpFhGnzWh0O/WbT1QbpuSDHcc0FHggWZ8RbJ302OFqgGrl0Wm3WPIr/gxomQQZKUGGWrf41ekpkggqLeHYmHbgxzZMsbaMcDopdBJDY0xGeEDbjkosqAnT2cETdOKUHuor7UpaNFN/T6RYGDMWkesU2A7NojcV//Paie1fhymTcWKpJPNF/YQjq9D0e9RjmhLLx45gopm7FZEh1phYl1HBhRAsvrxMGmeV4LJyfn9Rqt5kceThCI6hDAFcQRXuoAZ1ICDgGV7hzdPei/fufcxbc142cwh/4H3+AKFcj6Y=</latexit> lo
g
P
(k
)

<latexit sha1_base64="E5UFnYi5GYBgIGl5YvjxjCHTW/k=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqeyqqMeiF48V7Ae0S8mm2TY2myxJVihL/4MXD4p49f9489+YtnvQ1gcDj/dmmJkXJoIb63nfqLCyura+UdwsbW3v7O6V9w+aRqWasgZVQul2SAwTXLKG5VawdqIZiUPBWuHoduq3npg2XMkHO05YEJOB5BGnxDqp2RVqgEe9csWrejPgZeLnpAI56r3yV7evaBozaakgxnR8L7FBRrTlVLBJqZsalhA6IgPWcVSSmJkgm107wSdO6eNIaVfS4pn6eyIjsTHjOHSdMbFDs+hNxf+8Tmqj6yDjMkktk3S+KEoFtgpPX8d9rhm1YuwIoZq7WzEdEk2odQGVXAj+4svLpHlW9S+r5/cXldpNHkcRjuAYTsGHK6jBHdShARQe4Rle4Q0p9ILe0ce8tYDymUP4A/T5AzeUjuc=</latexit>

log k

discretized

scale-limited

“ideal” theoretical spectrum

<latexit sha1_base64="HbcDf72aIYVXIHudV5k1Y1B8mE4=">AAACG3icbZDLSsNAFIYn9VbrLerSzWAR2k1JqqgboSiIy4q2FZIQJtNJO3RyYWYilJD3cOOruHGhiCvBhW/jpA2irT8MfPznHOac34sZFdIwvrTSwuLS8kp5tbK2vrG5pW/vdEWUcEw6OGIRv/OQIIyGpCOpZOQu5gQFHiM9b3SR13v3hAsahbdyHBMnQIOQ+hQjqSxXb7Zrozo8g7bPEU7NLG1mdoDkECOWXmbWD99kbrNmE8bqjqtXjYYxEZwHs4AqKNR29Q+7H+EkIKHEDAlhmUYsnRRxSTEjWcVOBIkRHqEBsRSGKCDCSSe3ZfBAOX3oR1y9UMKJ+3siRYEQ48BTnfmuYraWm//VrET6p05KwziRJMTTj/yEQRnBPCjYp5xgycYKEOZU7QrxEKmUpIqzokIwZ0+eh26zYR43Dq+Pqq3zIo4y2AP7oAZMcAJa4Aq0QQdg8ACewAt41R61Z+1Ne5+2lrRiZhf8kfb5DbYgoKM=</latexit>

P (k) =
1

2
F [S2(`)]

<latexit sha1_base64="OvkDB9YxuRNfrDMH47Sd9eROLQg=">AAACAXicbVDLSgMxFM34rPU16kZwEyxC3ZQZFXVZ1IXLCvYBnVIyaaYNzSQhyQhlGDf+ihsXirj1L9z5N6btLLT1QOBwzr3cnBNKRrXxvG9nYXFpeWW1sFZc39jc2nZ3dhtaJAqTOhZMqFaINGGUk7qhhpGWVATFISPNcHg99psPRGkq+L0ZSdKJUZ/TiGJkrNR1929gIJWQRsAgUginfpbWysPjrOuWvIo3AZwnfk5KIEet634FPYGTmHCDGdK67XvSdFKkDMWMZMUg0UQiPER90raUo5joTjpJkMEjq/RgJJR93MCJ+nsjRbHWozi0kzEyAz3rjcX/vHZiostOSrlMDOF4eihKGLR5x3XAHlUEGzayBGFF7V8hHiBbhLGlFW0J/mzkedI4qfjnldO7s1L1Kq+jAA7AISgDH1yAKrgFNVAHGDyCZ/AK3pwn58V5dz6mowtOvrMH/sD5/AGCkZZM</latexit>

D / 1

P (k)

(random component)
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<latexit sha1_base64="pkjjYpaRpubg+o5ZCdZ1ZY4peho=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoMQL2FXRT0GvXiMYB6SLGF2MkmGzGOZmRXCkq/w4kERr36ON//GSbIHTSxoKKq66e6KYs6M9f1vL7eyura+kd8sbG3v7O4V9w8aRiWa0DpRXOlWhA3lTNK6ZZbTVqwpFhGnzWh0O/WbT1QbpuSDHcc0FHggWZ8RbJ302OFqgGrl0Wm3WPIr/gxomQQZKUGGWrf41ekpkggqLeHYmHbgxzZMsbaMcDopdBJDY0xGeEDbjkosqAnT2cETdOKUHuor7UpaNFN/T6RYGDMWkesU2A7NojcV//Paie1fhymTcWKpJPNF/YQjq9D0e9RjmhLLx45gopm7FZEh1phYl1HBhRAsvrxMGmeV4LJyfn9Rqt5kceThCI6hDAFcQRXuoAZ1ICDgGV7hzdPei/fufcxbc142cwh/4H3+AKFcj6Y=</latexit> lo
g
P
(k
)

<latexit sha1_base64="E5UFnYi5GYBgIGl5YvjxjCHTW/k=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqeyqqMeiF48V7Ae0S8mm2TY2myxJVihL/4MXD4p49f9489+YtnvQ1gcDj/dmmJkXJoIb63nfqLCyura+UdwsbW3v7O6V9w+aRqWasgZVQul2SAwTXLKG5VawdqIZiUPBWuHoduq3npg2XMkHO05YEJOB5BGnxDqp2RVqgEe9csWrejPgZeLnpAI56r3yV7evaBozaakgxnR8L7FBRrTlVLBJqZsalhA6IgPWcVSSmJkgm107wSdO6eNIaVfS4pn6eyIjsTHjOHSdMbFDs+hNxf+8Tmqj6yDjMkktk3S+KEoFtgpPX8d9rhm1YuwIoZq7WzEdEk2odQGVXAj+4svLpHlW9S+r5/cXldpNHkcRjuAYTsGHK6jBHdShARQe4Rle4Q0p9ILe0ce8tYDymUP4A/T5AzeUjuc=</latexit>

log k

discretized

scale-limited

incomplete

“ideal” theoretical spectrum

<latexit sha1_base64="HbcDf72aIYVXIHudV5k1Y1B8mE4=">AAACG3icbZDLSsNAFIYn9VbrLerSzWAR2k1JqqgboSiIy4q2FZIQJtNJO3RyYWYilJD3cOOruHGhiCvBhW/jpA2irT8MfPznHOac34sZFdIwvrTSwuLS8kp5tbK2vrG5pW/vdEWUcEw6OGIRv/OQIIyGpCOpZOQu5gQFHiM9b3SR13v3hAsahbdyHBMnQIOQ+hQjqSxXb7Zrozo8g7bPEU7NLG1mdoDkECOWXmbWD99kbrNmE8bqjqtXjYYxEZwHs4AqKNR29Q+7H+EkIKHEDAlhmUYsnRRxSTEjWcVOBIkRHqEBsRSGKCDCSSe3ZfBAOX3oR1y9UMKJ+3siRYEQ48BTnfmuYraWm//VrET6p05KwziRJMTTj/yEQRnBPCjYp5xgycYKEOZU7QrxEKmUpIqzokIwZ0+eh26zYR43Dq+Pqq3zIo4y2AP7oAZMcAJa4Aq0QQdg8ACewAt41R61Z+1Ne5+2lrRiZhf8kfb5DbYgoKM=</latexit>

P (k) =
1

2
F [S2(`)]

<latexit sha1_base64="OvkDB9YxuRNfrDMH47Sd9eROLQg=">AAACAXicbVDLSgMxFM34rPU16kZwEyxC3ZQZFXVZ1IXLCvYBnVIyaaYNzSQhyQhlGDf+ihsXirj1L9z5N6btLLT1QOBwzr3cnBNKRrXxvG9nYXFpeWW1sFZc39jc2nZ3dhtaJAqTOhZMqFaINGGUk7qhhpGWVATFISPNcHg99psPRGkq+L0ZSdKJUZ/TiGJkrNR1929gIJWQRsAgUginfpbWysPjrOuWvIo3AZwnfk5KIEet634FPYGTmHCDGdK67XvSdFKkDMWMZMUg0UQiPER90raUo5joTjpJkMEjq/RgJJR93MCJ+nsjRbHWozi0kzEyAz3rjcX/vHZiostOSrlMDOF4eihKGLR5x3XAHlUEGzayBGFF7V8hHiBbhLGlFW0J/mzkedI4qfjnldO7s1L1Kq+jAA7AISgDH1yAKrgFNVAHGDyCZ/AK3pwn58V5dz6mowtOvrMH/sD5/AGCkZZM</latexit>

D / 1

P (k)

(random component)
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<latexit sha1_base64="pkjjYpaRpubg+o5ZCdZ1ZY4peho=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoMQL2FXRT0GvXiMYB6SLGF2MkmGzGOZmRXCkq/w4kERr36ON//GSbIHTSxoKKq66e6KYs6M9f1vL7eyura+kd8sbG3v7O4V9w8aRiWa0DpRXOlWhA3lTNK6ZZbTVqwpFhGnzWh0O/WbT1QbpuSDHcc0FHggWZ8RbJ302OFqgGrl0Wm3WPIr/gxomQQZKUGGWrf41ekpkggqLeHYmHbgxzZMsbaMcDopdBJDY0xGeEDbjkosqAnT2cETdOKUHuor7UpaNFN/T6RYGDMWkesU2A7NojcV//Paie1fhymTcWKpJPNF/YQjq9D0e9RjmhLLx45gopm7FZEh1phYl1HBhRAsvrxMGmeV4LJyfn9Rqt5kceThCI6hDAFcQRXuoAZ1ICDgGV7hzdPei/fufcxbc142cwh/4H3+AKFcj6Y=</latexit> lo
g
P
(k
)

<latexit sha1_base64="E5UFnYi5GYBgIGl5YvjxjCHTW/k=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqeyqqMeiF48V7Ae0S8mm2TY2myxJVihL/4MXD4p49f9489+YtnvQ1gcDj/dmmJkXJoIb63nfqLCyura+UdwsbW3v7O6V9w+aRqWasgZVQul2SAwTXLKG5VawdqIZiUPBWuHoduq3npg2XMkHO05YEJOB5BGnxDqp2RVqgEe9csWrejPgZeLnpAI56r3yV7evaBozaakgxnR8L7FBRrTlVLBJqZsalhA6IgPWcVSSmJkgm107wSdO6eNIaVfS4pn6eyIjsTHjOHSdMbFDs+hNxf+8Tmqj6yDjMkktk3S+KEoFtgpPX8d9rhm1YuwIoZq7WzEdEk2odQGVXAj+4svLpHlW9S+r5/cXldpNHkcRjuAYTsGHK6jBHdShARQe4Rle4Q0p9ILe0ce8tYDymUP4A/T5AzeUjuc=</latexit>

log k

discretized

scale-limited

incomplete

“ideal” theoretical spectrum

Empirical approach doesn’t get full picture (micro-pc scale), but is still useful
(1) Identifies the lengthscale over which there is variation in CR diffusion

(2) Lower limit to deflection; upper limit to diffusion (averaged over smaller scales) 

<latexit sha1_base64="HbcDf72aIYVXIHudV5k1Y1B8mE4=">AAACG3icbZDLSsNAFIYn9VbrLerSzWAR2k1JqqgboSiIy4q2FZIQJtNJO3RyYWYilJD3cOOruHGhiCvBhW/jpA2irT8MfPznHOac34sZFdIwvrTSwuLS8kp5tbK2vrG5pW/vdEWUcEw6OGIRv/OQIIyGpCOpZOQu5gQFHiM9b3SR13v3hAsahbdyHBMnQIOQ+hQjqSxXb7Zrozo8g7bPEU7NLG1mdoDkECOWXmbWD99kbrNmE8bqjqtXjYYxEZwHs4AqKNR29Q+7H+EkIKHEDAlhmUYsnRRxSTEjWcVOBIkRHqEBsRSGKCDCSSe3ZfBAOX3oR1y9UMKJ+3siRYEQ48BTnfmuYraWm//VrET6p05KwziRJMTTj/yEQRnBPCjYp5xgycYKEOZU7QrxEKmUpIqzokIwZ0+eh26zYR43Dq+Pqq3zIo4y2AP7oAZMcAJa4Aq0QQdg8ACewAt41R61Z+1Ne5+2lrRiZhf8kfb5DbYgoKM=</latexit>

P (k) =
1

2
F [S2(`)]

<latexit sha1_base64="OvkDB9YxuRNfrDMH47Sd9eROLQg=">AAACAXicbVDLSgMxFM34rPU16kZwEyxC3ZQZFXVZ1IXLCvYBnVIyaaYNzSQhyQhlGDf+ihsXirj1L9z5N6btLLT1QOBwzr3cnBNKRrXxvG9nYXFpeWW1sFZc39jc2nZ3dhtaJAqTOhZMqFaINGGUk7qhhpGWVATFISPNcHg99psPRGkq+L0ZSdKJUZ/TiGJkrNR1929gIJWQRsAgUginfpbWysPjrOuWvIo3AZwnfk5KIEet634FPYGTmHCDGdK67XvSdFKkDMWMZMUg0UQiPER90raUo5joTjpJkMEjq/RgJJR93MCJ+nsjRbHWozi0kzEyAz3rjcX/vHZiostOSrlMDOF4eihKGLR5x3XAHlUEGzayBGFF7V8hHiBbhLGlFW0J/mzkedI4qfjnldO7s1L1Kq+jAA7AISgDH1yAKrgFNVAHGDyCZ/AK3pwn58V5dz6mowtOvrMH/sD5/AGCkZZM</latexit>

D / 1

P (k)

(random component)
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<latexit sha1_base64="pkjjYpaRpubg+o5ZCdZ1ZY4peho=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoMQL2FXRT0GvXiMYB6SLGF2MkmGzGOZmRXCkq/w4kERr36ON//GSbIHTSxoKKq66e6KYs6M9f1vL7eyura+kd8sbG3v7O4V9w8aRiWa0DpRXOlWhA3lTNK6ZZbTVqwpFhGnzWh0O/WbT1QbpuSDHcc0FHggWZ8RbJ302OFqgGrl0Wm3WPIr/gxomQQZKUGGWrf41ekpkggqLeHYmHbgxzZMsbaMcDopdBJDY0xGeEDbjkosqAnT2cETdOKUHuor7UpaNFN/T6RYGDMWkesU2A7NojcV//Paie1fhymTcWKpJPNF/YQjq9D0e9RjmhLLx45gopm7FZEh1phYl1HBhRAsvrxMGmeV4LJyfn9Rqt5kceThCI6hDAFcQRXuoAZ1ICDgGV7hzdPei/fufcxbc142cwh/4H3+AKFcj6Y=</latexit> lo
g
P
(k
)

<latexit sha1_base64="E5UFnYi5GYBgIGl5YvjxjCHTW/k=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqeyqqMeiF48V7Ae0S8mm2TY2myxJVihL/4MXD4p49f9489+YtnvQ1gcDj/dmmJkXJoIb63nfqLCyura+UdwsbW3v7O6V9w+aRqWasgZVQul2SAwTXLKG5VawdqIZiUPBWuHoduq3npg2XMkHO05YEJOB5BGnxDqp2RVqgEe9csWrejPgZeLnpAI56r3yV7evaBozaakgxnR8L7FBRrTlVLBJqZsalhA6IgPWcVSSmJkgm107wSdO6eNIaVfS4pn6eyIjsTHjOHSdMbFDs+hNxf+8Tmqj6yDjMkktk3S+KEoFtgpPX8d9rhm1YuwIoZq7WzEdEk2odQGVXAj+4svLpHlW9S+r5/cXldpNHkcRjuAYTsGHK6jBHdShARQe4Rle4Q0p9ILe0ce8tYDymUP4A/T5AzeUjuc=</latexit>

log k

discretized

scale-limited

incomplete

“ideal” theoretical spectrum

Empirical approach doesn’t get full picture (micro-pc scale), but is still useful
(1) Identifies the lengthscale over which there is variation in CR diffusion

(2) Lower limit to deflection; upper limit to diffusion (averaged over smaller scales) 

Most useful case: 
resolve down to diffusion 
length (~few pc) to 
capture variation relevant 
to CR propagation

<latexit sha1_base64="HbcDf72aIYVXIHudV5k1Y1B8mE4=">AAACG3icbZDLSsNAFIYn9VbrLerSzWAR2k1JqqgboSiIy4q2FZIQJtNJO3RyYWYilJD3cOOruHGhiCvBhW/jpA2irT8MfPznHOac34sZFdIwvrTSwuLS8kp5tbK2vrG5pW/vdEWUcEw6OGIRv/OQIIyGpCOpZOQu5gQFHiM9b3SR13v3hAsahbdyHBMnQIOQ+hQjqSxXb7Zrozo8g7bPEU7NLG1mdoDkECOWXmbWD99kbrNmE8bqjqtXjYYxEZwHs4AqKNR29Q+7H+EkIKHEDAlhmUYsnRRxSTEjWcVOBIkRHqEBsRSGKCDCSSe3ZfBAOX3oR1y9UMKJ+3siRYEQ48BTnfmuYraWm//VrET6p05KwziRJMTTj/yEQRnBPCjYp5xgycYKEOZU7QrxEKmUpIqzokIwZ0+eh26zYR43Dq+Pqq3zIo4y2AP7oAZMcAJa4Aq0QQdg8ACewAt41R61Z+1Ne5+2lrRiZhf8kfb5DbYgoKM=</latexit>

P (k) =
1

2
F [S2(`)]

<latexit sha1_base64="OvkDB9YxuRNfrDMH47Sd9eROLQg=">AAACAXicbVDLSgMxFM34rPU16kZwEyxC3ZQZFXVZ1IXLCvYBnVIyaaYNzSQhyQhlGDf+ihsXirj1L9z5N6btLLT1QOBwzr3cnBNKRrXxvG9nYXFpeWW1sFZc39jc2nZ3dhtaJAqTOhZMqFaINGGUk7qhhpGWVATFISPNcHg99psPRGkq+L0ZSdKJUZ/TiGJkrNR1929gIJWQRsAgUginfpbWysPjrOuWvIo3AZwnfk5KIEet634FPYGTmHCDGdK67XvSdFKkDMWMZMUg0UQiPER90raUo5joTjpJkMEjq/RgJJR93MCJ+nsjRbHWozi0kzEyAz3rjcX/vHZiostOSrlMDOF4eihKGLR5x3XAHlUEGzayBGFF7V8hHiBbhLGlFW0J/mzkedI4qfjnldO7s1L1Kq+jAA7AISgDH1yAKrgFNVAHGDyCZ/AK3pwn58V5dz6mowtOvrMH/sD5/AGCkZZM</latexit>

D / 1

P (k)

(random component)



Putting it all together…
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• Reduce the problem: quickly settles to a steady state

@n

@t
= r · [D(E,x)rn] +

@

@E
[b(E, r)n]�r · [vn] +Q(E,x)� S(E,x)

@n

@t
= r · [D(E,x)rn] +

@

@E
[b(E, r)n]�r · [vn] +Q(E,x)� S(E,x)

@n

@t
= r · [D(E,x)rn] +

@

@E
[b(E, r)n]�r · [vn] +Q(E,x)� S(E,x)

@n

@t
= r · [D(E,x)rn] +

@

@E
[b(E, r)n]�r · [vn] +Q(E,x)� S(E,x)

Diffusion

Cooling (momentum diffusion)

Advection

Source/sink

boundary condition
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Arzoumanian+ 2011



Application to IC 5146

11

• Ionization signatures

• These can produce chemical tracers as CR signatures

Incoming 
CRs from 

ISM

Diffuse cloud 

ZONE 1

ZONE 2

Incoming 
CRs from 

ISM

ZONE 1
Dense filaments, 
clumps & cores

ZONE 3



Application to IC 5146
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• Heat/ionize molecular clouds; impacts on star-formation
See also works by Padelis Papadopoulos



Some extrapolation…
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See also Owen, On, Lai & Wu PoS 
ICRC 053 (2021) arXiv: 2107.11734

• Higher CR energy density in star-forming galaxies

• Stronger; affects stability; Temperature à Jeans’ mass

• What does this mean for star-formation?

104 105 106

nc/cm°3

10°26

10°25

10°24

10°23

10°22

10°21

10°20

10°19

H
/e

rg
cm

°
3
s°

1

104 105 106

nc/cm°3

10°1

100

101

102

103

M
J
/M

Ø

Arp 220

Heating Jeans’ Mass

Filament density/cm-3 Filament density/cm-3



Summary

14

• Empirical assesment of CR propagation through star-forming regions can be 
achieved with new and upcoming dust polarization data

• Although limited by quality of data, still useful and meaningful (especially if 
resolved down to diffusion scales)

• Allows new view of the variation of CR effects through cloud complexes

• An empirical view of the ‘feedback’ effect of CRs on the ‘sub-grid’ scale

For details see full paper:
Owen, On, Lai & Wu 

ApJ 913, 52 (2021) 
arXiv: 2103.06542

https://iopscience.iop.org/article/10.3847/1538-4357/abee1a
https://iopscience.iop.org/article/10.3847/1538-4357/abee1a

