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Plan of the lecture

[1] Supernova remnants are spherical

[2] Dynamical evolution of SNRs

[3] Cosmic ray escape from SNRs (naive)

[5] CR escape from SNRs (a bit more formal, but 
still quite hand wavy…)

[6] maximum energy of accelerated CRs

[7] spectrum of escaping CRs 

Supernova remnants

CR escape from sources

Conclusions



Supernova remnants



(At least) three serious issues remains

Ref: Binns, Tatischeff

[2] can the SNR paradigm 
explain the anomalous excess 

of the 22Ne/20Ne ratio?

[1] can SNR shocks accelerate 
particles up to the largest 

observed energies?

[3] DSA predicts E-2 spectra, but we need E-2.2 !
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(At least) three serious issues remains

[1] can SNR shocks accelerate 
particles up to the largest 

observed energies?

[3] DSA predicts E-2 spectra, but we need E-2.2 !

to answer this one needs to 
understand particle escape from 

the accelerator 

think about the extreme 
case where particles NEVER 

escape the accelerator…  



 A small detail…
DSA: we considered a plane and infinite shock moving at constant speed 



 A small detail…
DSA: we considered a plane and infinite shock moving at constant speed 

…SNRs are roughy spherical and the shock decelerates
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%
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%
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supernova

ESN

<latexit sha1_base64="rlo9vdCHAu7JGunaUZSElyjmkQc=">AAAB7XicbVDLSgNBEOyNrxhfUcGLl8EgeAq7Iqi3EBE8SYLmAckSZieTZMzszDIzK4Ql/+DFgyJePfkXfoE3L36Lk8dBEwsaiqpuuruCiDNtXPfLSS0sLi2vpFcza+sbm1vZ7Z2qlrEitEIkl6oeYE05E7RimOG0HimKw4DTWtC/GPm1e6o0k+LWDCLqh7grWIcRbKxUvWwlN9fDVjbn5t0x0DzxpiRX2Ct/s/fiR6mV/Wy2JYlDKgzhWOuG50bGT7AyjHA6zDRjTSNM+rhLG5YKHFLtJ+Nrh+jQKm3UkcqWMGis/p5IcKj1IAxsZ4hNT896I/E/rxGbzpmfMBHFhgoyWdSJOTISjV5HbaYoMXxgCSaK2VsR6WGFibEBZWwI3uzL86R6nPdO8udlm0YRJkjDPhzAEXhwCgW4ghJUgMAdPMATPDvSeXRenNdJa8qZzuzCHzhvPzVTkpw=</latexit>

Mej

<latexit sha1_base64="tbhpoEo7fv9CyCISemjKRMhjcFk=">AAAB7XicbVDLSgNBEJyNr5j4iHr0MhgFT2FXBPUW9OJFiGAekCxhdtJJJpmdWWZmA2HJP3jxoIhX/8Af8A+8+SF6dvI4aGJBQ1HVTXdXEHGmjet+Oqml5ZXVtfR6JruxubWd29mtaBkrCmUquVS1gGjgTEDZMMOhFikgYcChGvSvxn51AEozKe7MMAI/JB3B2owSY6XKTTOB3qiZy7sFdwK8SLwZyRcPv97eB9nvUjP30WhJGocgDOVE67rnRsZPiDKMchhlGrGGiNA+6UDdUkFC0H4yuXaEj6zSwm2pbAmDJ+rviYSEWg/DwHaGxHT1vDcW//PqsWmf+wkTUWxA0OmidsyxkXj8Om4xBdTwoSWEKmZvxbRLFKHGBpSxIXjzLy+SyknBOy1c3No0LtEUabSPDtAx8tAZKqJrVEJlRFEP3aNH9ORI58F5dl6mrSlnNrOH/sB5/QFqu5N6</latexit>

explosion energymass of the ejecta
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supernova 
remnant

ESN

<latexit sha1_base64="rlo9vdCHAu7JGunaUZSElyjmkQc=">AAAB7XicbVDLSgNBEOyNrxhfUcGLl8EgeAq7Iqi3EBE8SYLmAckSZieTZMzszDIzK4Ql/+DFgyJePfkXfoE3L36Lk8dBEwsaiqpuuruCiDNtXPfLSS0sLi2vpFcza+sbm1vZ7Z2qlrEitEIkl6oeYE05E7RimOG0HimKw4DTWtC/GPm1e6o0k+LWDCLqh7grWIcRbKxUvWwlN9fDVjbn5t0x0DzxpiRX2Ct/s/fiR6mV/Wy2JYlDKgzhWOuG50bGT7AyjHA6zDRjTSNM+rhLG5YKHFLtJ+Nrh+jQKm3UkcqWMGis/p5IcKj1IAxsZ4hNT896I/E/rxGbzpmfMBHFhgoyWdSJOTISjV5HbaYoMXxgCSaK2VsR6WGFibEBZWwI3uzL86R6nPdO8udlm0YRJkjDPhzAEXhwCgW4ghJUgMAdPMATPDvSeXRenNdJa8qZzuzCHzhvPzVTkpw=</latexit>

Mej

<latexit sha1_base64="tbhpoEo7fv9CyCISemjKRMhjcFk=">AAAB7XicbVDLSgNBEJyNr5j4iHr0MhgFT2FXBPUW9OJFiGAekCxhdtJJJpmdWWZmA2HJP3jxoIhX/8Af8A+8+SF6dvI4aGJBQ1HVTXdXEHGmjet+Oqml5ZXVtfR6JruxubWd29mtaBkrCmUquVS1gGjgTEDZMMOhFikgYcChGvSvxn51AEozKe7MMAI/JB3B2owSY6XKTTOB3qiZy7sFdwK8SLwZyRcPv97eB9nvUjP30WhJGocgDOVE67rnRsZPiDKMchhlGrGGiNA+6UDdUkFC0H4yuXaEj6zSwm2pbAmDJ+rviYSEWg/DwHaGxHT1vDcW//PqsWmf+wkTUWxA0OmidsyxkXj8Om4xBdTwoSWEKmZvxbRLFKHGBpSxIXjzLy+SyknBOy1c3No0LtEUabSPDtAx8tAZKqJrVEJlRFEP3aNH9ORI58F5dl6mrSlnNrOH/sB5/QFqu5N6</latexit>

Rsh

<latexit sha1_base64="1nLR3ngIBbCvJmsGp0B3xZ07uxI=">AAAB7XicbVC7SgNBFL0bXzG+ooKNzWAQrMKuCGoXYmOZiHlAsoTZyWwyZnZmmZkVwpJ/sLFQxNbKv/AL7Gz8FiePQhMPXDiccy/33hPEnGnjul9OZml5ZXUtu57b2Nza3snv7tW1TBShNSK5VM0Aa8qZoDXDDKfNWFEcBZw2gsHV2G/cU6WZFLdmGFM/wj3BQkawsVL9ppPq/qiTL7hFdwK0SLwZKZQOqt/svfxR6eQ/211JkogKQzjWuuW5sfFTrAwjnI5y7UTTGJMB7tGWpQJHVPvp5NoROrZKF4VS2RIGTdTfEymOtB5Gge2MsOnreW8s/ue1EhNe+CkTcWKoINNFYcKRkWj8OuoyRYnhQ0swUczeikgfK0yMDShnQ/DmX14k9dOid1a8rNo0yjBFFg7hCE7Ag3MowTVUoAYE7uABnuDZkc6j8+K8TlszzmxmH/7AefsBoYqS4w==</latexit>

shock
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Rsh

<latexit sha1_base64="1nLR3ngIBbCvJmsGp0B3xZ07uxI=">AAAB7XicbVC7SgNBFL0bXzG+ooKNzWAQrMKuCGoXYmOZiHlAsoTZyWwyZnZmmZkVwpJ/sLFQxNbKv/AL7Gz8FiePQhMPXDiccy/33hPEnGnjul9OZml5ZXUtu57b2Nza3snv7tW1TBShNSK5VM0Aa8qZoDXDDKfNWFEcBZw2gsHV2G/cU6WZFLdmGFM/wj3BQkawsVL9ppPq/qiTL7hFdwK0SLwZKZQOqt/svfxR6eQ/211JkogKQzjWuuW5sfFTrAwjnI5y7UTTGJMB7tGWpQJHVPvp5NoROrZKF4VS2RIGTdTfEymOtB5Gge2MsOnreW8s/ue1EhNe+CkTcWKoINNFYcKRkWj8OuoyRYnhQ0swUczeikgfK0yMDShnQ/DmX14k9dOid1a8rNo0yjBFFg7hCE7Ag3MowTVUoAYE7uABnuDZkc6j8+K8TlszzmxmH/7AefsBoYqS4w==</latexit>

shock

Msw =
4⇡

3
R3

sh%

<latexit sha1_base64="Q13v8G+FNFnNWArXwrkxxvYB5uU="></latexit>
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<latexit sha1_base64="tbhpoEo7fv9CyCISemjKRMhjcFk=">AAAB7XicbVDLSgNBEJyNr5j4iHr0MhgFT2FXBPUW9OJFiGAekCxhdtJJJpmdWWZmA2HJP3jxoIhX/8Af8A+8+SF6dvI4aGJBQ1HVTXdXEHGmjet+Oqml5ZXVtfR6JruxubWd29mtaBkrCmUquVS1gGjgTEDZMMOhFikgYcChGvSvxn51AEozKe7MMAI/JB3B2owSY6XKTTOB3qiZy7sFdwK8SLwZyRcPv97eB9nvUjP30WhJGocgDOVE67rnRsZPiDKMchhlGrGGiNA+6UDdUkFC0H4yuXaEj6zSwm2pbAmDJ+rviYSEWg/DwHaGxHT1vDcW//PqsWmf+wkTUWxA0OmidsyxkXj8Om4xBdTwoSWEKmZvxbRLFKHGBpSxIXjzLy+SyknBOy1c3No0LtEUabSPDtAx8tAZKqJrVEJlRFEP3aNH9ORI58F5dl6mrSlnNrOH/sB5/QFqu5N6</latexit>

Rsh

<latexit sha1_base64="1nLR3ngIBbCvJmsGp0B3xZ07uxI=">AAAB7XicbVC7SgNBFL0bXzG+ooKNzWAQrMKuCGoXYmOZiHlAsoTZyWwyZnZmmZkVwpJ/sLFQxNbKv/AL7Gz8FiePQhMPXDiccy/33hPEnGnjul9OZml5ZXUtu57b2Nza3snv7tW1TBShNSK5VM0Aa8qZoDXDDKfNWFEcBZw2gsHV2G/cU6WZFLdmGFM/wj3BQkawsVL9ppPq/qiTL7hFdwK0SLwZKZQOqt/svfxR6eQ/211JkogKQzjWuuW5sfFTrAwjnI5y7UTTGJMB7tGWpQJHVPvp5NoROrZKF4VS2RIGTdTfEymOtB5Gge2MsOnreW8s/ue1EhNe+CkTcWKoINNFYcKRkWj8OuoyRYnhQ0swUczeikgfK0yMDShnQ/DmX14k9dOid1a8rNo0yjBFFg7hCE7Ag3MowTVUoAYE7uABnuDZkc6j8+K8TlszzmxmH/7AefsBoYqS4w==</latexit>

shock

Msw =
4⇡

3
R3

sh%

<latexit sha1_base64="Q13v8G+FNFnNWArXwrkxxvYB5uU="></latexit>
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P

<latexit sha1_base64="AwgCU+Ysl1NelorvyR1o7hAHiCA=">AAAB6HicbVC7SgNBFL0bX3F9RS1tBoNgFXZFUAsxaGOZgHlAssjs5G4yZvbBzKwQlnyBjYUitvox9jbi3zh5FJp44MLhnHO5Dz8RXGnH+bZyC4tLyyv5VXttfWNzq7C9U1dxKhnWWCxi2fSpQsEjrGmuBTYTiTT0BTb8/tXIb9yjVDyObvQgQS+k3YgHnFFtpGrltlB0Ss4YZJ64U1K8+LDPk/cv2+Q/252YpSFGmgmqVMt1Eu1lVGrOBA7tdqowoaxPu9gyNKIhKi8bLzokB0bpkCCWpiJNxurvjoyGSg1C3yRDqntq1huJ/3mtVAenXsajJNUYscmgIBVEx2R0NelwiUyLgSGUSW52JaxHJWXa/MY2T3BnT54n9aOSe1w6qzrF8iVMkIc92IdDcOEEynANFagBA4QHeIJn6856tF6s10k0Z017duEPrLcfDQ+QHQ==</latexit>

%

<latexit sha1_base64="a5ejllF9BdQtOA29Dxi6EBQ/PfA=">AAAB7nicbVDLSgNBEOyNrxhfUY+KDAbBU9gVQb0FvXhMwDwgWcLsZDYZMjuzzMwGwpKjH+DFgyJe/YR8hze/wZ9w8jhoYkFDUdVNd1cQc6aN6345mZXVtfWN7GZua3tndy+/f1DTMlGEVonkUjUCrClnglYNM5w2YkVxFHBaD/p3E78+oEozKR7MMKZ+hLuChYxgY6V6a4CV6sl2vuAW3SnQMvHmpFA6Hle+H0/G5Xb+s9WRJImoMIRjrZueGxs/xcowwuko10o0jTHp4y5tWipwRLWfTs8doTOrdFAolS1h0FT9PZHiSOthFNjOCJueXvQm4n9eMzHhtZ8yESeGCjJbFCYcGYkmv6MOU5QYPrQEE8XsrYj0sMLE2IRyNgRv8eVlUrsoepfFm4pN4xZmyMIRnMI5eHAFJbiHMlSBQB+e4AVendh5dt6c91lrxpnPHMIfOB8/eE2TYQ==</latexit>

ESN

<latexit sha1_base64="rlo9vdCHAu7JGunaUZSElyjmkQc=">AAAB7XicbVDLSgNBEOyNrxhfUcGLl8EgeAq7Iqi3EBE8SYLmAckSZieTZMzszDIzK4Ql/+DFgyJePfkXfoE3L36Lk8dBEwsaiqpuuruCiDNtXPfLSS0sLi2vpFcza+sbm1vZ7Z2qlrEitEIkl6oeYE05E7RimOG0HimKw4DTWtC/GPm1e6o0k+LWDCLqh7grWIcRbKxUvWwlN9fDVjbn5t0x0DzxpiRX2Ct/s/fiR6mV/Wy2JYlDKgzhWOuG50bGT7AyjHA6zDRjTSNM+rhLG5YKHFLtJ+Nrh+jQKm3UkcqWMGis/p5IcKj1IAxsZ4hNT896I/E/rxGbzpmfMBHFhgoyWdSJOTISjV5HbaYoMXxgCSaK2VsR6WGFibEBZWwI3uzL86R6nPdO8udlm0YRJkjDPhzAEXhwCgW4ghJUgMAdPMATPDvSeXRenNdJa8qZzuzCHzhvPzVTkpw=</latexit>

Mej

<latexit sha1_base64="tbhpoEo7fv9CyCISemjKRMhjcFk=">AAAB7XicbVDLSgNBEJyNr5j4iHr0MhgFT2FXBPUW9OJFiGAekCxhdtJJJpmdWWZmA2HJP3jxoIhX/8Af8A+8+SF6dvI4aGJBQ1HVTXdXEHGmjet+Oqml5ZXVtfR6JruxubWd29mtaBkrCmUquVS1gGjgTEDZMMOhFikgYcChGvSvxn51AEozKe7MMAI/JB3B2owSY6XKTTOB3qiZy7sFdwK8SLwZyRcPv97eB9nvUjP30WhJGocgDOVE67rnRsZPiDKMchhlGrGGiNA+6UDdUkFC0H4yuXaEj6zSwm2pbAmDJ+rviYSEWg/DwHaGxHT1vDcW//PqsWmf+wkTUWxA0OmidsyxkXj8Om4xBdTwoSWEKmZvxbRLFKHGBpSxIXjzLy+SyknBOy1c3No0LtEUabSPDtAx8tAZKqJrVEJlRFEP3aNH9ORI58F5dl6mrSlnNrOH/sB5/QFqu5N6</latexit>

Rsh

<latexit sha1_base64="1nLR3ngIBbCvJmsGp0B3xZ07uxI=">AAAB7XicbVC7SgNBFL0bXzG+ooKNzWAQrMKuCGoXYmOZiHlAsoTZyWwyZnZmmZkVwpJ/sLFQxNbKv/AL7Gz8FiePQhMPXDiccy/33hPEnGnjul9OZml5ZXUtu57b2Nza3snv7tW1TBShNSK5VM0Aa8qZoDXDDKfNWFEcBZw2gsHV2G/cU6WZFLdmGFM/wj3BQkawsVL9ppPq/qiTL7hFdwK0SLwZKZQOqt/svfxR6eQ/211JkogKQzjWuuW5sfFTrAwjnI5y7UTTGJMB7tGWpQJHVPvp5NoROrZKF4VS2RIGTdTfEymOtB5Gge2MsOnreW8s/ue1EhNe+CkTcWKoINNFYcKRkWj8OuoyRYnhQ0swUczeikgfK0yMDShnQ/DmX14k9dOid1a8rNo0yjBFFg7hCE7Ag3MowTVUoAYE7uABnuDZkc6j8+K8TlszzmxmH/7AefsBoYqS4w==</latexit>

Msw =
4⇡

3
R3

sh%

<latexit sha1_base64="Q13v8G+FNFnNWArXwrkxxvYB5uU="></latexit>

Mej � Msw

<latexit sha1_base64="s1xGVkYWoZAFuSxWzHfs2a4LF8M=">AAAB+3icbZDLSsNAFIYn9VZbL7Eu3QxWwVVJRFB3RTduhAr2Am0Ik+kkHTuZhJlJtYS8ihsXirjVF/AN3PkgunZ6WWjrDwMf/zmHc+b3YkalsqxPI7ewuLS8kl8tFNfWNzbNrVJDRonApI4jFomWhyRhlJO6ooqRViwICj1Gml7/fFRvDoiQNOLXahgTJ0QBpz7FSGnLNUuXbkpuMtgJAqhR3mbQNctWxRoLzoM9hXJ17+vtfVD8rrnmR6cb4SQkXGGGpGzbVqycFAlFMSNZoZNIEiPcRwFpa+QoJNJJx7dncF87XehHQj+u4Nj9PZGiUMph6OnOEKmenK2NzP9q7UT5J05KeZwowvFkkZ8wqCI4CgJ2qSBYsaEGhAXVt0LcQwJhpeMq6BDs2S/PQ+OwYh9VTq90GmdgojzYAbvgANjgGFTBBaiBOsDgDtyDR/BkZMaD8Wy8TFpzxnRmG/yR8foDBcyYOw==</latexit>
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P

<latexit sha1_base64="AwgCU+Ysl1NelorvyR1o7hAHiCA=">AAAB6HicbVC7SgNBFL0bX3F9RS1tBoNgFXZFUAsxaGOZgHlAssjs5G4yZvbBzKwQlnyBjYUitvox9jbi3zh5FJp44MLhnHO5Dz8RXGnH+bZyC4tLyyv5VXttfWNzq7C9U1dxKhnWWCxi2fSpQsEjrGmuBTYTiTT0BTb8/tXIb9yjVDyObvQgQS+k3YgHnFFtpGrltlB0Ss4YZJ64U1K8+LDPk/cv2+Q/252YpSFGmgmqVMt1Eu1lVGrOBA7tdqowoaxPu9gyNKIhKi8bLzokB0bpkCCWpiJNxurvjoyGSg1C3yRDqntq1huJ/3mtVAenXsajJNUYscmgIBVEx2R0NelwiUyLgSGUSW52JaxHJWXa/MY2T3BnT54n9aOSe1w6qzrF8iVMkIc92IdDcOEEynANFagBA4QHeIJn6856tF6s10k0Z017duEPrLcfDQ+QHQ==</latexit>

%

<latexit sha1_base64="a5ejllF9BdQtOA29Dxi6EBQ/PfA=">AAAB7nicbVDLSgNBEOyNrxhfUY+KDAbBU9gVQb0FvXhMwDwgWcLsZDYZMjuzzMwGwpKjH+DFgyJe/YR8hze/wZ9w8jhoYkFDUdVNd1cQc6aN6345mZXVtfWN7GZua3tndy+/f1DTMlGEVonkUjUCrClnglYNM5w2YkVxFHBaD/p3E78+oEozKR7MMKZ+hLuChYxgY6V6a4CV6sl2vuAW3SnQMvHmpFA6Hle+H0/G5Xb+s9WRJImoMIRjrZueGxs/xcowwuko10o0jTHp4y5tWipwRLWfTs8doTOrdFAolS1h0FT9PZHiSOthFNjOCJueXvQm4n9eMzHhtZ8yESeGCjJbFCYcGYkmv6MOU5QYPrQEE8XsrYj0sMLE2IRyNgRv8eVlUrsoepfFm4pN4xZmyMIRnMI5eHAFJbiHMlSBQB+e4AVendh5dt6c91lrxpnPHMIfOB8/eE2TYQ==</latexit>

ESN

<latexit sha1_base64="rlo9vdCHAu7JGunaUZSElyjmkQc=">AAAB7XicbVDLSgNBEOyNrxhfUcGLl8EgeAq7Iqi3EBE8SYLmAckSZieTZMzszDIzK4Ql/+DFgyJePfkXfoE3L36Lk8dBEwsaiqpuuruCiDNtXPfLSS0sLi2vpFcza+sbm1vZ7Z2qlrEitEIkl6oeYE05E7RimOG0HimKw4DTWtC/GPm1e6o0k+LWDCLqh7grWIcRbKxUvWwlN9fDVjbn5t0x0DzxpiRX2Ct/s/fiR6mV/Wy2JYlDKgzhWOuG50bGT7AyjHA6zDRjTSNM+rhLG5YKHFLtJ+Nrh+jQKm3UkcqWMGis/p5IcKj1IAxsZ4hNT896I/E/rxGbzpmfMBHFhgoyWdSJOTISjV5HbaYoMXxgCSaK2VsR6WGFibEBZWwI3uzL86R6nPdO8udlm0YRJkjDPhzAEXhwCgW4ghJUgMAdPMATPDvSeXRenNdJa8qZzuzCHzhvPzVTkpw=</latexit>

Mej

<latexit sha1_base64="tbhpoEo7fv9CyCISemjKRMhjcFk=">AAAB7XicbVDLSgNBEJyNr5j4iHr0MhgFT2FXBPUW9OJFiGAekCxhdtJJJpmdWWZmA2HJP3jxoIhX/8Af8A+8+SF6dvI4aGJBQ1HVTXdXEHGmjet+Oqml5ZXVtfR6JruxubWd29mtaBkrCmUquVS1gGjgTEDZMMOhFikgYcChGvSvxn51AEozKe7MMAI/JB3B2owSY6XKTTOB3qiZy7sFdwK8SLwZyRcPv97eB9nvUjP30WhJGocgDOVE67rnRsZPiDKMchhlGrGGiNA+6UDdUkFC0H4yuXaEj6zSwm2pbAmDJ+rviYSEWg/DwHaGxHT1vDcW//PqsWmf+wkTUWxA0OmidsyxkXj8Om4xBdTwoSWEKmZvxbRLFKHGBpSxIXjzLy+SyknBOy1c3No0LtEUabSPDtAx8tAZKqJrVEJlRFEP3aNH9ORI58F5dl6mrSlnNrOH/sB5/QFqu5N6</latexit>

Rsh

<latexit sha1_base64="1nLR3ngIBbCvJmsGp0B3xZ07uxI=">AAAB7XicbVC7SgNBFL0bXzG+ooKNzWAQrMKuCGoXYmOZiHlAsoTZyWwyZnZmmZkVwpJ/sLFQxNbKv/AL7Gz8FiePQhMPXDiccy/33hPEnGnjul9OZml5ZXUtu57b2Nza3snv7tW1TBShNSK5VM0Aa8qZoDXDDKfNWFEcBZw2gsHV2G/cU6WZFLdmGFM/wj3BQkawsVL9ppPq/qiTL7hFdwK0SLwZKZQOqt/svfxR6eQ/211JkogKQzjWuuW5sfFTrAwjnI5y7UTTGJMB7tGWpQJHVPvp5NoROrZKF4VS2RIGTdTfEymOtB5Gge2MsOnreW8s/ue1EhNe+CkTcWKoINNFYcKRkWj8OuoyRYnhQ0swUczeikgfK0yMDShnQ/DmX14k9dOid1a8rNo0yjBFFg7hCE7Ag3MowTVUoAYE7uABnuDZkc6j8+K8TlszzmxmH/7AefsBoYqS4w==</latexit>

Msw =
4⇡

3
R3

sh%

<latexit sha1_base64="Q13v8G+FNFnNWArXwrkxxvYB5uU="></latexit>

✘✘Mej � Msw

<latexit sha1_base64="s1xGVkYWoZAFuSxWzHfs2a4LF8M=">AAAB+3icbZDLSsNAFIYn9VZbL7Eu3QxWwVVJRFB3RTduhAr2Am0Ik+kkHTuZhJlJtYS8ihsXirjVF/AN3PkgunZ6WWjrDwMf/zmHc+b3YkalsqxPI7ewuLS8kl8tFNfWNzbNrVJDRonApI4jFomWhyRhlJO6ooqRViwICj1Gml7/fFRvDoiQNOLXahgTJ0QBpz7FSGnLNUuXbkpuMtgJAqhR3mbQNctWxRoLzoM9hXJ17+vtfVD8rrnmR6cb4SQkXGGGpGzbVqycFAlFMSNZoZNIEiPcRwFpa+QoJNJJx7dncF87XehHQj+u4Nj9PZGiUMph6OnOEKmenK2NzP9q7UT5J05KeZwowvFkkZ8wqCI4CgJ2qSBYsaEGhAXVt0LcQwJhpeMq6BDs2S/PQ+OwYh9VTq90GmdgojzYAbvgANjgGFTBBaiBOsDgDtyDR/BkZMaD8Wy8TFpzxnRmG/yR8foDBcyYOw==</latexit>



Astrophysical explosions
interstellar medium

P

<latexit sha1_base64="AwgCU+Ysl1NelorvyR1o7hAHiCA=">AAAB6HicbVC7SgNBFL0bX3F9RS1tBoNgFXZFUAsxaGOZgHlAssjs5G4yZvbBzKwQlnyBjYUitvox9jbi3zh5FJp44MLhnHO5Dz8RXGnH+bZyC4tLyyv5VXttfWNzq7C9U1dxKhnWWCxi2fSpQsEjrGmuBTYTiTT0BTb8/tXIb9yjVDyObvQgQS+k3YgHnFFtpGrltlB0Ss4YZJ64U1K8+LDPk/cv2+Q/252YpSFGmgmqVMt1Eu1lVGrOBA7tdqowoaxPu9gyNKIhKi8bLzokB0bpkCCWpiJNxurvjoyGSg1C3yRDqntq1huJ/3mtVAenXsajJNUYscmgIBVEx2R0NelwiUyLgSGUSW52JaxHJWXa/MY2T3BnT54n9aOSe1w6qzrF8iVMkIc92IdDcOEEynANFagBA4QHeIJn6856tF6s10k0Z017duEPrLcfDQ+QHQ==</latexit>

%

<latexit sha1_base64="a5ejllF9BdQtOA29Dxi6EBQ/PfA=">AAAB7nicbVDLSgNBEOyNrxhfUY+KDAbBU9gVQb0FvXhMwDwgWcLsZDYZMjuzzMwGwpKjH+DFgyJe/YR8hze/wZ9w8jhoYkFDUdVNd1cQc6aN6345mZXVtfWN7GZua3tndy+/f1DTMlGEVonkUjUCrClnglYNM5w2YkVxFHBaD/p3E78+oEozKR7MMKZ+hLuChYxgY6V6a4CV6sl2vuAW3SnQMvHmpFA6Hle+H0/G5Xb+s9WRJImoMIRjrZueGxs/xcowwuko10o0jTHp4y5tWipwRLWfTs8doTOrdFAolS1h0FT9PZHiSOthFNjOCJueXvQm4n9eMzHhtZ8yESeGCjJbFCYcGYkmv6MOU5QYPrQEE8XsrYj0sMLE2IRyNgRv8eVlUrsoepfFm4pN4xZmyMIRnMI5eHAFJbiHMlSBQB+e4AVendh5dt6c91lrxpnPHMIfOB8/eE2TYQ==</latexit>

ESN

<latexit sha1_base64="rlo9vdCHAu7JGunaUZSElyjmkQc=">AAAB7XicbVDLSgNBEOyNrxhfUcGLl8EgeAq7Iqi3EBE8SYLmAckSZieTZMzszDIzK4Ql/+DFgyJePfkXfoE3L36Lk8dBEwsaiqpuuruCiDNtXPfLSS0sLi2vpFcza+sbm1vZ7Z2qlrEitEIkl6oeYE05E7RimOG0HimKw4DTWtC/GPm1e6o0k+LWDCLqh7grWIcRbKxUvWwlN9fDVjbn5t0x0DzxpiRX2Ct/s/fiR6mV/Wy2JYlDKgzhWOuG50bGT7AyjHA6zDRjTSNM+rhLG5YKHFLtJ+Nrh+jQKm3UkcqWMGis/p5IcKj1IAxsZ4hNT896I/E/rxGbzpmfMBHFhgoyWdSJOTISjV5HbaYoMXxgCSaK2VsR6WGFibEBZWwI3uzL86R6nPdO8udlm0YRJkjDPhzAEXhwCgW4ghJUgMAdPMATPDvSeXRenNdJa8qZzuzCHzhvPzVTkpw=</latexit>

Mej

<latexit sha1_base64="tbhpoEo7fv9CyCISemjKRMhjcFk=">AAAB7XicbVDLSgNBEJyNr5j4iHr0MhgFT2FXBPUW9OJFiGAekCxhdtJJJpmdWWZmA2HJP3jxoIhX/8Af8A+8+SF6dvI4aGJBQ1HVTXdXEHGmjet+Oqml5ZXVtfR6JruxubWd29mtaBkrCmUquVS1gGjgTEDZMMOhFikgYcChGvSvxn51AEozKe7MMAI/JB3B2owSY6XKTTOB3qiZy7sFdwK8SLwZyRcPv97eB9nvUjP30WhJGocgDOVE67rnRsZPiDKMchhlGrGGiNA+6UDdUkFC0H4yuXaEj6zSwm2pbAmDJ+rviYSEWg/DwHaGxHT1vDcW//PqsWmf+wkTUWxA0OmidsyxkXj8Om4xBdTwoSWEKmZvxbRLFKHGBpSxIXjzLy+SyknBOy1c3No0LtEUabSPDtAx8tAZKqJrVEJlRFEP3aNH9ORI58F5dl6mrSlnNrOH/sB5/QFqu5N6</latexit>

Rsh

<latexit sha1_base64="1nLR3ngIBbCvJmsGp0B3xZ07uxI=">AAAB7XicbVC7SgNBFL0bXzG+ooKNzWAQrMKuCGoXYmOZiHlAsoTZyWwyZnZmmZkVwpJ/sLFQxNbKv/AL7Gz8FiePQhMPXDiccy/33hPEnGnjul9OZml5ZXUtu57b2Nza3snv7tW1TBShNSK5VM0Aa8qZoDXDDKfNWFEcBZw2gsHV2G/cU6WZFLdmGFM/wj3BQkawsVL9ppPq/qiTL7hFdwK0SLwZKZQOqt/svfxR6eQ/211JkogKQzjWuuW5sfFTrAwjnI5y7UTTGJMB7tGWpQJHVPvp5NoROrZKF4VS2RIGTdTfEymOtB5Gge2MsOnreW8s/ue1EhNe+CkTcWKoINNFYcKRkWj8OuoyRYnhQ0swUczeikgfK0yMDShnQ/DmX14k9dOid1a8rNo0yjBFFg7hCE7Ag3MowTVUoAYE7uABnuDZkc6j8+K8TlszzmxmH/7AefsBoYqS4w==</latexit>

Msw =
4⇡

3
R3

sh%

<latexit sha1_base64="Q13v8G+FNFnNWArXwrkxxvYB5uU="></latexit>

✘✘

ESN =
1

2
Mejv

2
sh

<latexit sha1_base64="j7fC+IQ0H1hLsCuCOvphGHiXasw=">AAACDXicbVC7SgNBFJ31GeMraiFiMxgFq7AbBGMhBEWwUSKaByRxmZ3MJmNmH8zMBsKwP2Djr9hYKGJrK3ba2PoZTh6FJh64cDjnXu69xwkZFdI0P4yJyanpmdnEXHJ+YXFpObWyWhJBxDEp4oAFvOIgQRj1SVFSyUgl5AR5DiNlp33c88sdwgUN/CvZDUndQ02fuhQjqSU7tX1iq8vzGB7CmssRVlassjE8sxW5iWHHVqIVX2 ftVNrMmH3AcWINSTqf+3pb//zeKNip91ojwJFHfIkZEqJqmaGsK8QlxYzEyVokSIhwGzVJVVMfeUTUVf+bGO5opQHdgOvyJeyrvycU8oToeo7u9JBsiVGvJ/7nVSPp5uqK+mEkiY8Hi9yIQRnAXjSwQTnBknU1QZhTfSvELaRTkTrApA7BGn15nJSyGWsvc3Ch0zgCAyTAJtgCu8AC+yAPTkEBFAEGt+AePIIn4854MJ6Nl0HrhDGcWQN/YLz+ALh2nyQ=</latexit>

free expansion

(constant speed)

Mej � Msw

<latexit sha1_base64="s1xGVkYWoZAFuSxWzHfs2a4LF8M=">AAAB+3icbZDLSsNAFIYn9VZbL7Eu3QxWwVVJRFB3RTduhAr2Am0Ik+kkHTuZhJlJtYS8ihsXirjVF/AN3PkgunZ6WWjrDwMf/zmHc+b3YkalsqxPI7ewuLS8kl8tFNfWNzbNrVJDRonApI4jFomWhyRhlJO6ooqRViwICj1Gml7/fFRvDoiQNOLXahgTJ0QBpz7FSGnLNUuXbkpuMtgJAqhR3mbQNctWxRoLzoM9hXJ17+vtfVD8rrnmR6cb4SQkXGGGpGzbVqycFAlFMSNZoZNIEiPcRwFpa+QoJNJJx7dncF87XehHQj+u4Nj9PZGiUMph6OnOEKmenK2NzP9q7UT5J05KeZwowvFkkZ8wqCI4CgJ2qSBYsaEGhAXVt0LcQwJhpeMq6BDs2S/PQ+OwYh9VTq90GmdgojzYAbvgANjgGFTBBaiBOsDgDtyDR/BkZMaD8Wy8TFpzxnRmG/yR8foDBcyYOw==</latexit>



Astrophysical explosions
interstellar medium

P

<latexit sha1_base64="AwgCU+Ysl1NelorvyR1o7hAHiCA=">AAAB6HicbVC7SgNBFL0bX3F9RS1tBoNgFXZFUAsxaGOZgHlAssjs5G4yZvbBzKwQlnyBjYUitvox9jbi3zh5FJp44MLhnHO5Dz8RXGnH+bZyC4tLyyv5VXttfWNzq7C9U1dxKhnWWCxi2fSpQsEjrGmuBTYTiTT0BTb8/tXIb9yjVDyObvQgQS+k3YgHnFFtpGrltlB0Ss4YZJ64U1K8+LDPk/cv2+Q/252YpSFGmgmqVMt1Eu1lVGrOBA7tdqowoaxPu9gyNKIhKi8bLzokB0bpkCCWpiJNxurvjoyGSg1C3yRDqntq1huJ/3mtVAenXsajJNUYscmgIBVEx2R0NelwiUyLgSGUSW52JaxHJWXa/MY2T3BnT54n9aOSe1w6qzrF8iVMkIc92IdDcOEEynANFagBA4QHeIJn6856tF6s10k0Z017duEPrLcfDQ+QHQ==</latexit>

%

<latexit sha1_base64="a5ejllF9BdQtOA29Dxi6EBQ/PfA=">AAAB7nicbVDLSgNBEOyNrxhfUY+KDAbBU9gVQb0FvXhMwDwgWcLsZDYZMjuzzMwGwpKjH+DFgyJe/YR8hze/wZ9w8jhoYkFDUdVNd1cQc6aN6345mZXVtfWN7GZua3tndy+/f1DTMlGEVonkUjUCrClnglYNM5w2YkVxFHBaD/p3E78+oEozKR7MMKZ+hLuChYxgY6V6a4CV6sl2vuAW3SnQMvHmpFA6Hle+H0/G5Xb+s9WRJImoMIRjrZueGxs/xcowwuko10o0jTHp4y5tWipwRLWfTs8doTOrdFAolS1h0FT9PZHiSOthFNjOCJueXvQm4n9eMzHhtZ8yESeGCjJbFCYcGYkmv6MOU5QYPrQEE8XsrYj0sMLE2IRyNgRv8eVlUrsoepfFm4pN4xZmyMIRnMI5eHAFJbiHMlSBQB+e4AVendh5dt6c91lrxpnPHMIfOB8/eE2TYQ==</latexit>

ESN

<latexit sha1_base64="rlo9vdCHAu7JGunaUZSElyjmkQc=">AAAB7XicbVDLSgNBEOyNrxhfUcGLl8EgeAq7Iqi3EBE8SYLmAckSZieTZMzszDIzK4Ql/+DFgyJePfkXfoE3L36Lk8dBEwsaiqpuuruCiDNtXPfLSS0sLi2vpFcza+sbm1vZ7Z2qlrEitEIkl6oeYE05E7RimOG0HimKw4DTWtC/GPm1e6o0k+LWDCLqh7grWIcRbKxUvWwlN9fDVjbn5t0x0DzxpiRX2Ct/s/fiR6mV/Wy2JYlDKgzhWOuG50bGT7AyjHA6zDRjTSNM+rhLG5YKHFLtJ+Nrh+jQKm3UkcqWMGis/p5IcKj1IAxsZ4hNT896I/E/rxGbzpmfMBHFhgoyWdSJOTISjV5HbaYoMXxgCSaK2VsR6WGFibEBZWwI3uzL86R6nPdO8udlm0YRJkjDPhzAEXhwCgW4ghJUgMAdPMATPDvSeXRenNdJa8qZzuzCHzhvPzVTkpw=</latexit>

Mej

<latexit sha1_base64="tbhpoEo7fv9CyCISemjKRMhjcFk=">AAAB7XicbVDLSgNBEJyNr5j4iHr0MhgFT2FXBPUW9OJFiGAekCxhdtJJJpmdWWZmA2HJP3jxoIhX/8Af8A+8+SF6dvI4aGJBQ1HVTXdXEHGmjet+Oqml5ZXVtfR6JruxubWd29mtaBkrCmUquVS1gGjgTEDZMMOhFikgYcChGvSvxn51AEozKe7MMAI/JB3B2owSY6XKTTOB3qiZy7sFdwK8SLwZyRcPv97eB9nvUjP30WhJGocgDOVE67rnRsZPiDKMchhlGrGGiNA+6UDdUkFC0H4yuXaEj6zSwm2pbAmDJ+rviYSEWg/DwHaGxHT1vDcW//PqsWmf+wkTUWxA0OmidsyxkXj8Om4xBdTwoSWEKmZvxbRLFKHGBpSxIXjzLy+SyknBOy1c3No0LtEUabSPDtAx8tAZKqJrVEJlRFEP3aNH9ORI58F5dl6mrSlnNrOH/sB5/QFqu5N6</latexit>

Rsh

<latexit sha1_base64="1nLR3ngIBbCvJmsGp0B3xZ07uxI=">AAAB7XicbVC7SgNBFL0bXzG+ooKNzWAQrMKuCGoXYmOZiHlAsoTZyWwyZnZmmZkVwpJ/sLFQxNbKv/AL7Gz8FiePQhMPXDiccy/33hPEnGnjul9OZml5ZXUtu57b2Nza3snv7tW1TBShNSK5VM0Aa8qZoDXDDKfNWFEcBZw2gsHV2G/cU6WZFLdmGFM/wj3BQkawsVL9ppPq/qiTL7hFdwK0SLwZKZQOqt/svfxR6eQ/211JkogKQzjWuuW5sfFTrAwjnI5y7UTTGJMB7tGWpQJHVPvp5NoROrZKF4VS2RIGTdTfEymOtB5Gge2MsOnreW8s/ue1EhNe+CkTcWKoINNFYcKRkWj8OuoyRYnhQ0swUczeikgfK0yMDShnQ/DmX14k9dOid1a8rNo0yjBFFg7hCE7Ag3MowTVUoAYE7uABnuDZkc6j8+K8TlszzmxmH/7AefsBoYqS4w==</latexit>

Msw =
4⇡

3
R3

sh%

<latexit sha1_base64="Q13v8G+FNFnNWArXwrkxxvYB5uU="></latexit>

✘✘

�! vsh =

s
2ESN

Mej
⇠ 10000

✓
Mej

M�

◆�1/2

km/s

<latexit sha1_base64="NjpJe6OPP3PoNLAJoBw7CHV8W2w="></latexit>

ESN =
1

2
Mejv

2
sh

<latexit sha1_base64="j7fC+IQ0H1hLsCuCOvphGHiXasw=">AAACDXicbVC7SgNBFJ31GeMraiFiMxgFq7AbBGMhBEWwUSKaByRxmZ3MJmNmH8zMBsKwP2Djr9hYKGJrK3ba2PoZTh6FJh64cDjnXu69xwkZFdI0P4yJyanpmdnEXHJ+YXFpObWyWhJBxDEp4oAFvOIgQRj1SVFSyUgl5AR5DiNlp33c88sdwgUN/CvZDUndQ02fuhQjqSU7tX1iq8vzGB7CmssRVlassjE8sxW5iWHHVqIVX2 ftVNrMmH3AcWINSTqf+3pb//zeKNip91ojwJFHfIkZEqJqmaGsK8QlxYzEyVokSIhwGzVJVVMfeUTUVf+bGO5opQHdgOvyJeyrvycU8oToeo7u9JBsiVGvJ/7nVSPp5uqK+mEkiY8Hi9yIQRnAXjSwQTnBknU1QZhTfSvELaRTkTrApA7BGn15nJSyGWsvc3Ch0zgCAyTAJtgCu8AC+yAPTkEBFAEGt+AePIIn4854MJ6Nl0HrhDGcWQN/YLz+ALh2nyQ=</latexit>

free expansion

(constant speed)

Mej � Msw

<latexit sha1_base64="s1xGVkYWoZAFuSxWzHfs2a4LF8M=">AAAB+3icbZDLSsNAFIYn9VZbL7Eu3QxWwVVJRFB3RTduhAr2Am0Ik+kkHTuZhJlJtYS8ihsXirjVF/AN3PkgunZ6WWjrDwMf/zmHc+b3YkalsqxPI7ewuLS8kl8tFNfWNzbNrVJDRonApI4jFomWhyRhlJO6ooqRViwICj1Gml7/fFRvDoiQNOLXahgTJ0QBpz7FSGnLNUuXbkpuMtgJAqhR3mbQNctWxRoLzoM9hXJ17+vtfVD8rrnmR6cb4SQkXGGGpGzbVqycFAlFMSNZoZNIEiPcRwFpa+QoJNJJx7dncF87XehHQj+u4Nj9PZGiUMph6OnOEKmenK2NzP9q7UT5J05KeZwowvFkkZ8wqCI4CgJ2qSBYsaEGhAXVt0LcQwJhpeMq6BDs2S/PQ+OwYh9VTq90GmdgojzYAbvgANjgGFTBBaiBOsDgDtyDR/BkZMaD8Wy8TFpzxnRmG/yR8foDBcyYOw==</latexit>



Astrophysical explosions
interstellar medium

P

<latexit sha1_base64="AwgCU+Ysl1NelorvyR1o7hAHiCA=">AAAB6HicbVC7SgNBFL0bX3F9RS1tBoNgFXZFUAsxaGOZgHlAssjs5G4yZvbBzKwQlnyBjYUitvox9jbi3zh5FJp44MLhnHO5Dz8RXGnH+bZyC4tLyyv5VXttfWNzq7C9U1dxKhnWWCxi2fSpQsEjrGmuBTYTiTT0BTb8/tXIb9yjVDyObvQgQS+k3YgHnFFtpGrltlB0Ss4YZJ64U1K8+LDPk/cv2+Q/252YpSFGmgmqVMt1Eu1lVGrOBA7tdqowoaxPu9gyNKIhKi8bLzokB0bpkCCWpiJNxurvjoyGSg1C3yRDqntq1huJ/3mtVAenXsajJNUYscmgIBVEx2R0NelwiUyLgSGUSW52JaxHJWXa/MY2T3BnT54n9aOSe1w6qzrF8iVMkIc92IdDcOEEynANFagBA4QHeIJn6856tF6s10k0Z017duEPrLcfDQ+QHQ==</latexit>

%

<latexit sha1_base64="a5ejllF9BdQtOA29Dxi6EBQ/PfA=">AAAB7nicbVDLSgNBEOyNrxhfUY+KDAbBU9gVQb0FvXhMwDwgWcLsZDYZMjuzzMwGwpKjH+DFgyJe/YR8hze/wZ9w8jhoYkFDUdVNd1cQc6aN6345mZXVtfWN7GZua3tndy+/f1DTMlGEVonkUjUCrClnglYNM5w2YkVxFHBaD/p3E78+oEozKR7MMKZ+hLuChYxgY6V6a4CV6sl2vuAW3SnQMvHmpFA6Hle+H0/G5Xb+s9WRJImoMIRjrZueGxs/xcowwuko10o0jTHp4y5tWipwRLWfTs8doTOrdFAolS1h0FT9PZHiSOthFNjOCJueXvQm4n9eMzHhtZ8yESeGCjJbFCYcGYkmv6MOU5QYPrQEE8XsrYj0sMLE2IRyNgRv8eVlUrsoepfFm4pN4xZmyMIRnMI5eHAFJbiHMlSBQB+e4AVendh5dt6c91lrxpnPHMIfOB8/eE2TYQ==</latexit>

ESN

<latexit sha1_base64="rlo9vdCHAu7JGunaUZSElyjmkQc=">AAAB7XicbVDLSgNBEOyNrxhfUcGLl8EgeAq7Iqi3EBE8SYLmAckSZieTZMzszDIzK4Ql/+DFgyJePfkXfoE3L36Lk8dBEwsaiqpuuruCiDNtXPfLSS0sLi2vpFcza+sbm1vZ7Z2qlrEitEIkl6oeYE05E7RimOG0HimKw4DTWtC/GPm1e6o0k+LWDCLqh7grWIcRbKxUvWwlN9fDVjbn5t0x0DzxpiRX2Ct/s/fiR6mV/Wy2JYlDKgzhWOuG50bGT7AyjHA6zDRjTSNM+rhLG5YKHFLtJ+Nrh+jQKm3UkcqWMGis/p5IcKj1IAxsZ4hNT896I/E/rxGbzpmfMBHFhgoyWdSJOTISjV5HbaYoMXxgCSaK2VsR6WGFibEBZWwI3uzL86R6nPdO8udlm0YRJkjDPhzAEXhwCgW4ghJUgMAdPMATPDvSeXRenNdJa8qZzuzCHzhvPzVTkpw=</latexit>

Mej

<latexit sha1_base64="tbhpoEo7fv9CyCISemjKRMhjcFk=">AAAB7XicbVDLSgNBEJyNr5j4iHr0MhgFT2FXBPUW9OJFiGAekCxhdtJJJpmdWWZmA2HJP3jxoIhX/8Af8A+8+SF6dvI4aGJBQ1HVTXdXEHGmjet+Oqml5ZXVtfR6JruxubWd29mtaBkrCmUquVS1gGjgTEDZMMOhFikgYcChGvSvxn51AEozKe7MMAI/JB3B2owSY6XKTTOB3qiZy7sFdwK8SLwZyRcPv97eB9nvUjP30WhJGocgDOVE67rnRsZPiDKMchhlGrGGiNA+6UDdUkFC0H4yuXaEj6zSwm2pbAmDJ+rviYSEWg/DwHaGxHT1vDcW//PqsWmf+wkTUWxA0OmidsyxkXj8Om4xBdTwoSWEKmZvxbRLFKHGBpSxIXjzLy+SyknBOy1c3No0LtEUabSPDtAx8tAZKqJrVEJlRFEP3aNH9ORI58F5dl6mrSlnNrOH/sB5/QFqu5N6</latexit>

Rsh

<latexit sha1_base64="1nLR3ngIBbCvJmsGp0B3xZ07uxI=">AAAB7XicbVC7SgNBFL0bXzG+ooKNzWAQrMKuCGoXYmOZiHlAsoTZyWwyZnZmmZkVwpJ/sLFQxNbKv/AL7Gz8FiePQhMPXDiccy/33hPEnGnjul9OZml5ZXUtu57b2Nza3snv7tW1TBShNSK5VM0Aa8qZoDXDDKfNWFEcBZw2gsHV2G/cU6WZFLdmGFM/wj3BQkawsVL9ppPq/qiTL7hFdwK0SLwZKZQOqt/svfxR6eQ/211JkogKQzjWuuW5sfFTrAwjnI5y7UTTGJMB7tGWpQJHVPvp5NoROrZKF4VS2RIGTdTfEymOtB5Gge2MsOnreW8s/ue1EhNe+CkTcWKoINNFYcKRkWj8OuoyRYnhQ0swUczeikgfK0yMDShnQ/DmX14k9dOid1a8rNo0yjBFFg7hCE7Ag3MowTVUoAYE7uABnuDZkc6j8+K8TlszzmxmH/7AefsBoYqS4w==</latexit>

Msw =
4⇡

3
R3

sh%

<latexit sha1_base64="Q13v8G+FNFnNWArXwrkxxvYB5uU="></latexit>

✘✘Mej = Msw

<latexit sha1_base64="rJqws3YMJLv5SWLm0+o8YVmJQ8I=">AAAB+XicbZC7SgNBFIbPxltMvKxa2gxGwSrsiqAWQtDGRohgLpAsy+xkNhkze2FmNhKWfRMbC0VsBV/AN7DzQbR2cik0+sPAx3/O4Zz5vZgzqSzrw8jNzS8sLuWXC8WV1bV1c2OzLqNEEFojEY9E08OSchbSmmKK02YsKA48Thte/3xUbwyokCwKr9Uwpk6AuyHzGcFKW65pXropvcnQKdIgbzPkmiWrbI2F/oI9hVJl9/P1bVD8qrrme7sTkSSgoSIcS9myrVg5KRaKEU6zQjuRNMakj7u0pTHEAZVOOr48Q3va6SA/EvqFCo3dnxMpDqQcBp7uDLDqydnayPyv1kqUf+ykLIwTRUMyWeQnHKkIjWJAHSYoUXyoARPB9K2I9LDAROmwCjoEe/bLf6F+ULYPyydXOo0zmCgP27AD+2DDEVTgAqpQAwIDuIMHeDRS4954Mp4nrTljOrMFv2S8fANGiZc6</latexit>



Astrophysical explosions
interstellar medium

P

<latexit sha1_base64="AwgCU+Ysl1NelorvyR1o7hAHiCA=">AAAB6HicbVC7SgNBFL0bX3F9RS1tBoNgFXZFUAsxaGOZgHlAssjs5G4yZvbBzKwQlnyBjYUitvox9jbi3zh5FJp44MLhnHO5Dz8RXGnH+bZyC4tLyyv5VXttfWNzq7C9U1dxKhnWWCxi2fSpQsEjrGmuBTYTiTT0BTb8/tXIb9yjVDyObvQgQS+k3YgHnFFtpGrltlB0Ss4YZJ64U1K8+LDPk/cv2+Q/252YpSFGmgmqVMt1Eu1lVGrOBA7tdqowoaxPu9gyNKIhKi8bLzokB0bpkCCWpiJNxurvjoyGSg1C3yRDqntq1huJ/3mtVAenXsajJNUYscmgIBVEx2R0NelwiUyLgSGUSW52JaxHJWXa/MY2T3BnT54n9aOSe1w6qzrF8iVMkIc92IdDcOEEynANFagBA4QHeIJn6856tF6s10k0Z017duEPrLcfDQ+QHQ==</latexit>

%

<latexit sha1_base64="a5ejllF9BdQtOA29Dxi6EBQ/PfA=">AAAB7nicbVDLSgNBEOyNrxhfUY+KDAbBU9gVQb0FvXhMwDwgWcLsZDYZMjuzzMwGwpKjH+DFgyJe/YR8hze/wZ9w8jhoYkFDUdVNd1cQc6aN6345mZXVtfWN7GZua3tndy+/f1DTMlGEVonkUjUCrClnglYNM5w2YkVxFHBaD/p3E78+oEozKR7MMKZ+hLuChYxgY6V6a4CV6sl2vuAW3SnQMvHmpFA6Hle+H0/G5Xb+s9WRJImoMIRjrZueGxs/xcowwuko10o0jTHp4y5tWipwRLWfTs8doTOrdFAolS1h0FT9PZHiSOthFNjOCJueXvQm4n9eMzHhtZ8yESeGCjJbFCYcGYkmv6MOU5QYPrQEE8XsrYj0sMLE2IRyNgRv8eVlUrsoepfFm4pN4xZmyMIRnMI5eHAFJbiHMlSBQB+e4AVendh5dt6c91lrxpnPHMIfOB8/eE2TYQ==</latexit>

ESN

<latexit sha1_base64="rlo9vdCHAu7JGunaUZSElyjmkQc=">AAAB7XicbVDLSgNBEOyNrxhfUcGLl8EgeAq7Iqi3EBE8SYLmAckSZieTZMzszDIzK4Ql/+DFgyJePfkXfoE3L36Lk8dBEwsaiqpuuruCiDNtXPfLSS0sLi2vpFcza+sbm1vZ7Z2qlrEitEIkl6oeYE05E7RimOG0HimKw4DTWtC/GPm1e6o0k+LWDCLqh7grWIcRbKxUvWwlN9fDVjbn5t0x0DzxpiRX2Ct/s/fiR6mV/Wy2JYlDKgzhWOuG50bGT7AyjHA6zDRjTSNM+rhLG5YKHFLtJ+Nrh+jQKm3UkcqWMGis/p5IcKj1IAxsZ4hNT896I/E/rxGbzpmfMBHFhgoyWdSJOTISjV5HbaYoMXxgCSaK2VsR6WGFibEBZWwI3uzL86R6nPdO8udlm0YRJkjDPhzAEXhwCgW4ghJUgMAdPMATPDvSeXRenNdJa8qZzuzCHzhvPzVTkpw=</latexit>

Mej

<latexit sha1_base64="tbhpoEo7fv9CyCISemjKRMhjcFk=">AAAB7XicbVDLSgNBEJyNr5j4iHr0MhgFT2FXBPUW9OJFiGAekCxhdtJJJpmdWWZmA2HJP3jxoIhX/8Af8A+8+SF6dvI4aGJBQ1HVTXdXEHGmjet+Oqml5ZXVtfR6JruxubWd29mtaBkrCmUquVS1gGjgTEDZMMOhFikgYcChGvSvxn51AEozKe7MMAI/JB3B2owSY6XKTTOB3qiZy7sFdwK8SLwZyRcPv97eB9nvUjP30WhJGocgDOVE67rnRsZPiDKMchhlGrGGiNA+6UDdUkFC0H4yuXaEj6zSwm2pbAmDJ+rviYSEWg/DwHaGxHT1vDcW//PqsWmf+wkTUWxA0OmidsyxkXj8Om4xBdTwoSWEKmZvxbRLFKHGBpSxIXjzLy+SyknBOy1c3No0LtEUabSPDtAx8tAZKqJrVEJlRFEP3aNH9ORI58F5dl6mrSlnNrOH/sB5/QFqu5N6</latexit>

Rsh

<latexit sha1_base64="1nLR3ngIBbCvJmsGp0B3xZ07uxI=">AAAB7XicbVC7SgNBFL0bXzG+ooKNzWAQrMKuCGoXYmOZiHlAsoTZyWwyZnZmmZkVwpJ/sLFQxNbKv/AL7Gz8FiePQhMPXDiccy/33hPEnGnjul9OZml5ZXUtu57b2Nza3snv7tW1TBShNSK5VM0Aa8qZoDXDDKfNWFEcBZw2gsHV2G/cU6WZFLdmGFM/wj3BQkawsVL9ppPq/qiTL7hFdwK0SLwZKZQOqt/svfxR6eQ/211JkogKQzjWuuW5sfFTrAwjnI5y7UTTGJMB7tGWpQJHVPvp5NoROrZKF4VS2RIGTdTfEymOtB5Gge2MsOnreW8s/ue1EhNe+CkTcWKoINNFYcKRkWj8OuoyRYnhQ0swUczeikgfK0yMDShnQ/DmX14k9dOid1a8rNo0yjBFFg7hCE7Ag3MowTVUoAYE7uABnuDZkc6j8+K8TlszzmxmH/7AefsBoYqS4w==</latexit>

Msw =
4⇡

3
R3

sh%

<latexit sha1_base64="Q13v8G+FNFnNWArXwrkxxvYB5uU="></latexit>

✘✘Mej = Msw

<latexit sha1_base64="rJqws3YMJLv5SWLm0+o8YVmJQ8I=">AAAB+XicbZC7SgNBFIbPxltMvKxa2gxGwSrsiqAWQtDGRohgLpAsy+xkNhkze2FmNhKWfRMbC0VsBV/AN7DzQbR2cik0+sPAx3/O4Zz5vZgzqSzrw8jNzS8sLuWXC8WV1bV1c2OzLqNEEFojEY9E08OSchbSmmKK02YsKA48Thte/3xUbwyokCwKr9Uwpk6AuyHzGcFKW65pXropvcnQKdIgbzPkmiWrbI2F/oI9hVJl9/P1bVD8qrrme7sTkSSgoSIcS9myrVg5KRaKEU6zQjuRNMakj7u0pTHEAZVOOr48Q3va6SA/EvqFCo3dnxMpDqQcBp7uDLDqydnayPyv1kqUf+ykLIwTRUMyWeQnHKkIjWJAHSYoUXyoARPB9K2I9LDAROmwCjoEe/bLf6F+ULYPyydXOo0zmCgP27AD+2DDEVTgAqpQAwIDuIMHeDRS4954Mp4nrTljOrMFv2S8fANGiZc6</latexit>

R⇤ =

✓
3Mej

4⇡%

◆1/3

⇠ 2

✓
Mej

M�

◆1/3 ⇣ n

cm�3

⌘�1/3
pc

<latexit sha1_base64="ISiiP5BAOObgmQneFFkkKyrRw2w="></latexit>



Astrophysical explosions
interstellar medium

P

<latexit sha1_base64="AwgCU+Ysl1NelorvyR1o7hAHiCA=">AAAB6HicbVC7SgNBFL0bX3F9RS1tBoNgFXZFUAsxaGOZgHlAssjs5G4yZvbBzKwQlnyBjYUitvox9jbi3zh5FJp44MLhnHO5Dz8RXGnH+bZyC4tLyyv5VXttfWNzq7C9U1dxKhnWWCxi2fSpQsEjrGmuBTYTiTT0BTb8/tXIb9yjVDyObvQgQS+k3YgHnFFtpGrltlB0Ss4YZJ64U1K8+LDPk/cv2+Q/252YpSFGmgmqVMt1Eu1lVGrOBA7tdqowoaxPu9gyNKIhKi8bLzokB0bpkCCWpiJNxurvjoyGSg1C3yRDqntq1huJ/3mtVAenXsajJNUYscmgIBVEx2R0NelwiUyLgSGUSW52JaxHJWXa/MY2T3BnT54n9aOSe1w6qzrF8iVMkIc92IdDcOEEynANFagBA4QHeIJn6856tF6s10k0Z017duEPrLcfDQ+QHQ==</latexit>

%

<latexit sha1_base64="a5ejllF9BdQtOA29Dxi6EBQ/PfA=">AAAB7nicbVDLSgNBEOyNrxhfUY+KDAbBU9gVQb0FvXhMwDwgWcLsZDYZMjuzzMwGwpKjH+DFgyJe/YR8hze/wZ9w8jhoYkFDUdVNd1cQc6aN6345mZXVtfWN7GZua3tndy+/f1DTMlGEVonkUjUCrClnglYNM5w2YkVxFHBaD/p3E78+oEozKR7MMKZ+hLuChYxgY6V6a4CV6sl2vuAW3SnQMvHmpFA6Hle+H0/G5Xb+s9WRJImoMIRjrZueGxs/xcowwuko10o0jTHp4y5tWipwRLWfTs8doTOrdFAolS1h0FT9PZHiSOthFNjOCJueXvQm4n9eMzHhtZ8yESeGCjJbFCYcGYkmv6MOU5QYPrQEE8XsrYj0sMLE2IRyNgRv8eVlUrsoepfFm4pN4xZmyMIRnMI5eHAFJbiHMlSBQB+e4AVendh5dt6c91lrxpnPHMIfOB8/eE2TYQ==</latexit>

ESN

<latexit sha1_base64="rlo9vdCHAu7JGunaUZSElyjmkQc=">AAAB7XicbVDLSgNBEOyNrxhfUcGLl8EgeAq7Iqi3EBE8SYLmAckSZieTZMzszDIzK4Ql/+DFgyJePfkXfoE3L36Lk8dBEwsaiqpuuruCiDNtXPfLSS0sLi2vpFcza+sbm1vZ7Z2qlrEitEIkl6oeYE05E7RimOG0HimKw4DTWtC/GPm1e6o0k+LWDCLqh7grWIcRbKxUvWwlN9fDVjbn5t0x0DzxpiRX2Ct/s/fiR6mV/Wy2JYlDKgzhWOuG50bGT7AyjHA6zDRjTSNM+rhLG5YKHFLtJ+Nrh+jQKm3UkcqWMGis/p5IcKj1IAxsZ4hNT896I/E/rxGbzpmfMBHFhgoyWdSJOTISjV5HbaYoMXxgCSaK2VsR6WGFibEBZWwI3uzL86R6nPdO8udlm0YRJkjDPhzAEXhwCgW4ghJUgMAdPMATPDvSeXRenNdJa8qZzuzCHzhvPzVTkpw=</latexit>

Mej

<latexit sha1_base64="tbhpoEo7fv9CyCISemjKRMhjcFk=">AAAB7XicbVDLSgNBEJyNr5j4iHr0MhgFT2FXBPUW9OJFiGAekCxhdtJJJpmdWWZmA2HJP3jxoIhX/8Af8A+8+SF6dvI4aGJBQ1HVTXdXEHGmjet+Oqml5ZXVtfR6JruxubWd29mtaBkrCmUquVS1gGjgTEDZMMOhFikgYcChGvSvxn51AEozKe7MMAI/JB3B2owSY6XKTTOB3qiZy7sFdwK8SLwZyRcPv97eB9nvUjP30WhJGocgDOVE67rnRsZPiDKMchhlGrGGiNA+6UDdUkFC0H4yuXaEj6zSwm2pbAmDJ+rviYSEWg/DwHaGxHT1vDcW//PqsWmf+wkTUWxA0OmidsyxkXj8Om4xBdTwoSWEKmZvxbRLFKHGBpSxIXjzLy+SyknBOy1c3No0LtEUabSPDtAx8tAZKqJrVEJlRFEP3aNH9ORI58F5dl6mrSlnNrOH/sB5/QFqu5N6</latexit>

Rsh

<latexit sha1_base64="1nLR3ngIBbCvJmsGp0B3xZ07uxI=">AAAB7XicbVC7SgNBFL0bXzG+ooKNzWAQrMKuCGoXYmOZiHlAsoTZyWwyZnZmmZkVwpJ/sLFQxNbKv/AL7Gz8FiePQhMPXDiccy/33hPEnGnjul9OZml5ZXUtu57b2Nza3snv7tW1TBShNSK5VM0Aa8qZoDXDDKfNWFEcBZw2gsHV2G/cU6WZFLdmGFM/wj3BQkawsVL9ppPq/qiTL7hFdwK0SLwZKZQOqt/svfxR6eQ/211JkogKQzjWuuW5sfFTrAwjnI5y7UTTGJMB7tGWpQJHVPvp5NoROrZKF4VS2RIGTdTfEymOtB5Gge2MsOnreW8s/ue1EhNe+CkTcWKoINNFYcKRkWj8OuoyRYnhQ0swUczeikgfK0yMDShnQ/DmX14k9dOid1a8rNo0yjBFFg7hCE7Ag3MowTVUoAYE7uABnuDZkc6j8+K8TlszzmxmH/7AefsBoYqS4w==</latexit>

Msw =
4⇡

3
R3

sh%

<latexit sha1_base64="Q13v8G+FNFnNWArXwrkxxvYB5uU="></latexit>

✘✘Mej = Msw

<latexit sha1_base64="rJqws3YMJLv5SWLm0+o8YVmJQ8I=">AAAB+XicbZC7SgNBFIbPxltMvKxa2gxGwSrsiqAWQtDGRohgLpAsy+xkNhkze2FmNhKWfRMbC0VsBV/AN7DzQbR2cik0+sPAx3/O4Zz5vZgzqSzrw8jNzS8sLuWXC8WV1bV1c2OzLqNEEFojEY9E08OSchbSmmKK02YsKA48Thte/3xUbwyokCwKr9Uwpk6AuyHzGcFKW65pXropvcnQKdIgbzPkmiWrbI2F/oI9hVJl9/P1bVD8qrrme7sTkSSgoSIcS9myrVg5KRaKEU6zQjuRNMakj7u0pTHEAZVOOr48Q3va6SA/EvqFCo3dnxMpDqQcBp7uDLDqydnayPyv1kqUf+ykLIwTRUMyWeQnHKkIjWJAHSYoUXyoARPB9K2I9LDAROmwCjoEe/bLf6F+ULYPyydXOo0zmCgP27AD+2DDEVTgAqpQAwIDuIMHeDRS4954Mp4nrTljOrMFv2S8fANGiZc6</latexit>

R⇤ =

✓
3Mej

4⇡%

◆1/3

⇠ 2

✓
Mej

M�

◆1/3 ⇣ n

cm�3

⌘�1/3
pc

<latexit sha1_base64="ISiiP5BAOObgmQneFFkkKyrRw2w="></latexit>

it takes few centuries 
to reach this moment
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P

<latexit sha1_base64="AwgCU+Ysl1NelorvyR1o7hAHiCA=">AAAB6HicbVC7SgNBFL0bX3F9RS1tBoNgFXZFUAsxaGOZgHlAssjs5G4yZvbBzKwQlnyBjYUitvox9jbi3zh5FJp44MLhnHO5Dz8RXGnH+bZyC4tLyyv5VXttfWNzq7C9U1dxKhnWWCxi2fSpQsEjrGmuBTYTiTT0BTb8/tXIb9yjVDyObvQgQS+k3YgHnFFtpGrltlB0Ss4YZJ64U1K8+LDPk/cv2+Q/252YpSFGmgmqVMt1Eu1lVGrOBA7tdqowoaxPu9gyNKIhKi8bLzokB0bpkCCWpiJNxurvjoyGSg1C3yRDqntq1huJ/3mtVAenXsajJNUYscmgIBVEx2R0NelwiUyLgSGUSW52JaxHJWXa/MY2T3BnT54n9aOSe1w6qzrF8iVMkIc92IdDcOEEynANFagBA4QHeIJn6856tF6s10k0Z017duEPrLcfDQ+QHQ==</latexit>

%

<latexit sha1_base64="a5ejllF9BdQtOA29Dxi6EBQ/PfA=">AAAB7nicbVDLSgNBEOyNrxhfUY+KDAbBU9gVQb0FvXhMwDwgWcLsZDYZMjuzzMwGwpKjH+DFgyJe/YR8hze/wZ9w8jhoYkFDUdVNd1cQc6aN6345mZXVtfWN7GZua3tndy+/f1DTMlGEVonkUjUCrClnglYNM5w2YkVxFHBaD/p3E78+oEozKR7MMKZ+hLuChYxgY6V6a4CV6sl2vuAW3SnQMvHmpFA6Hle+H0/G5Xb+s9WRJImoMIRjrZueGxs/xcowwuko10o0jTHp4y5tWipwRLWfTs8doTOrdFAolS1h0FT9PZHiSOthFNjOCJueXvQm4n9eMzHhtZ8yESeGCjJbFCYcGYkmv6MOU5QYPrQEE8XsrYj0sMLE2IRyNgRv8eVlUrsoepfFm4pN4xZmyMIRnMI5eHAFJbiHMlSBQB+e4AVendh5dt6c91lrxpnPHMIfOB8/eE2TYQ==</latexit>

ESN

<latexit sha1_base64="rlo9vdCHAu7JGunaUZSElyjmkQc=">AAAB7XicbVDLSgNBEOyNrxhfUcGLl8EgeAq7Iqi3EBE8SYLmAckSZieTZMzszDIzK4Ql/+DFgyJePfkXfoE3L36Lk8dBEwsaiqpuuruCiDNtXPfLSS0sLi2vpFcza+sbm1vZ7Z2qlrEitEIkl6oeYE05E7RimOG0HimKw4DTWtC/GPm1e6o0k+LWDCLqh7grWIcRbKxUvWwlN9fDVjbn5t0x0DzxpiRX2Ct/s/fiR6mV/Wy2JYlDKgzhWOuG50bGT7AyjHA6zDRjTSNM+rhLG5YKHFLtJ+Nrh+jQKm3UkcqWMGis/p5IcKj1IAxsZ4hNT896I/E/rxGbzpmfMBHFhgoyWdSJOTISjV5HbaYoMXxgCSaK2VsR6WGFibEBZWwI3uzL86R6nPdO8udlm0YRJkjDPhzAEXhwCgW4ghJUgMAdPMATPDvSeXRenNdJa8qZzuzCHzhvPzVTkpw=</latexit>

Mej

<latexit sha1_base64="tbhpoEo7fv9CyCISemjKRMhjcFk=">AAAB7XicbVDLSgNBEJyNr5j4iHr0MhgFT2FXBPUW9OJFiGAekCxhdtJJJpmdWWZmA2HJP3jxoIhX/8Af8A+8+SF6dvI4aGJBQ1HVTXdXEHGmjet+Oqml5ZXVtfR6JruxubWd29mtaBkrCmUquVS1gGjgTEDZMMOhFikgYcChGvSvxn51AEozKe7MMAI/JB3B2owSY6XKTTOB3qiZy7sFdwK8SLwZyRcPv97eB9nvUjP30WhJGocgDOVE67rnRsZPiDKMchhlGrGGiNA+6UDdUkFC0H4yuXaEj6zSwm2pbAmDJ+rviYSEWg/DwHaGxHT1vDcW//PqsWmf+wkTUWxA0OmidsyxkXj8Om4xBdTwoSWEKmZvxbRLFKHGBpSxIXjzLy+SyknBOy1c3No0LtEUabSPDtAx8tAZKqJrVEJlRFEP3aNH9ORI58F5dl6mrSlnNrOH/sB5/QFqu5N6</latexit>

Rsh

<latexit sha1_base64="1nLR3ngIBbCvJmsGp0B3xZ07uxI=">AAAB7XicbVC7SgNBFL0bXzG+ooKNzWAQrMKuCGoXYmOZiHlAsoTZyWwyZnZmmZkVwpJ/sLFQxNbKv/AL7Gz8FiePQhMPXDiccy/33hPEnGnjul9OZml5ZXUtu57b2Nza3snv7tW1TBShNSK5VM0Aa8qZoDXDDKfNWFEcBZw2gsHV2G/cU6WZFLdmGFM/wj3BQkawsVL9ppPq/qiTL7hFdwK0SLwZKZQOqt/svfxR6eQ/211JkogKQzjWuuW5sfFTrAwjnI5y7UTTGJMB7tGWpQJHVPvp5NoROrZKF4VS2RIGTdTfEymOtB5Gge2MsOnreW8s/ue1EhNe+CkTcWKoINNFYcKRkWj8OuoyRYnhQ0swUczeikgfK0yMDShnQ/DmX14k9dOid1a8rNo0yjBFFg7hCE7Ag3MowTVUoAYE7uABnuDZkc6j8+K8TlszzmxmH/7AefsBoYqS4w==</latexit>

Mej ⌧ Msw

<latexit sha1_base64="xRLDsWh9lPLx11yoOpEhHlS4Nt4=">AAAB+3icbZC7SgNBFIZn4y0mXtZY2gxGwSrsiqB2QRsbIYK5QBKW2cnZZMzshZnZaFj2VWwsFLHVF/AN7HwQrZ1cCk38YeDjP+dwzvxuxJlUlvVpZBYWl5ZXsqu5/Nr6xqa5VajJMBYUqjTkoWi4RAJnAVQVUxwakQDiuxzqbv98VK8PQEgWBtdqGEHbJ92AeYwSpS3HLFw6CdykuMU51ihvU+yYRatkjYXnwZ5Csbz39fY+yH9XHPOj1Qlp7EOgKCdSNm0rUu2ECMUohzTXiiVEhPZJF5oaA+KDbCfj21O8r50O9kKhX6Dw2P09kRBfyqHv6k6fqJ6crY3M/2rNWHkn7YQFUawgoJNFXsyxCvEoCNxhAqjiQw2ECqZvxbRHBKFKx5XTIdizX56H2mHJPiqdXuk0ztBEWbSDdtEBstExKqMLVEFVRNEdukeP6MlIjQfj2XiZtGaM6cw2+iPj9QcVSZhF</latexit>
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P

<latexit sha1_base64="AwgCU+Ysl1NelorvyR1o7hAHiCA=">AAAB6HicbVC7SgNBFL0bX3F9RS1tBoNgFXZFUAsxaGOZgHlAssjs5G4yZvbBzKwQlnyBjYUitvox9jbi3zh5FJp44MLhnHO5Dz8RXGnH+bZyC4tLyyv5VXttfWNzq7C9U1dxKhnWWCxi2fSpQsEjrGmuBTYTiTT0BTb8/tXIb9yjVDyObvQgQS+k3YgHnFFtpGrltlB0Ss4YZJ64U1K8+LDPk/cv2+Q/252YpSFGmgmqVMt1Eu1lVGrOBA7tdqowoaxPu9gyNKIhKi8bLzokB0bpkCCWpiJNxurvjoyGSg1C3yRDqntq1huJ/3mtVAenXsajJNUYscmgIBVEx2R0NelwiUyLgSGUSW52JaxHJWXa/MY2T3BnT54n9aOSe1w6qzrF8iVMkIc92IdDcOEEynANFagBA4QHeIJn6856tF6s10k0Z017duEPrLcfDQ+QHQ==</latexit>

%

<latexit sha1_base64="a5ejllF9BdQtOA29Dxi6EBQ/PfA=">AAAB7nicbVDLSgNBEOyNrxhfUY+KDAbBU9gVQb0FvXhMwDwgWcLsZDYZMjuzzMwGwpKjH+DFgyJe/YR8hze/wZ9w8jhoYkFDUdVNd1cQc6aN6345mZXVtfWN7GZua3tndy+/f1DTMlGEVonkUjUCrClnglYNM5w2YkVxFHBaD/p3E78+oEozKR7MMKZ+hLuChYxgY6V6a4CV6sl2vuAW3SnQMvHmpFA6Hle+H0/G5Xb+s9WRJImoMIRjrZueGxs/xcowwuko10o0jTHp4y5tWipwRLWfTs8doTOrdFAolS1h0FT9PZHiSOthFNjOCJueXvQm4n9eMzHhtZ8yESeGCjJbFCYcGYkmv6MOU5QYPrQEE8XsrYj0sMLE2IRyNgRv8eVlUrsoepfFm4pN4xZmyMIRnMI5eHAFJbiHMlSBQB+e4AVendh5dt6c91lrxpnPHMIfOB8/eE2TYQ==</latexit>

ESN

<latexit sha1_base64="rlo9vdCHAu7JGunaUZSElyjmkQc=">AAAB7XicbVDLSgNBEOyNrxhfUcGLl8EgeAq7Iqi3EBE8SYLmAckSZieTZMzszDIzK4Ql/+DFgyJePfkXfoE3L36Lk8dBEwsaiqpuuruCiDNtXPfLSS0sLi2vpFcza+sbm1vZ7Z2qlrEitEIkl6oeYE05E7RimOG0HimKw4DTWtC/GPm1e6o0k+LWDCLqh7grWIcRbKxUvWwlN9fDVjbn5t0x0DzxpiRX2Ct/s/fiR6mV/Wy2JYlDKgzhWOuG50bGT7AyjHA6zDRjTSNM+rhLG5YKHFLtJ+Nrh+jQKm3UkcqWMGis/p5IcKj1IAxsZ4hNT896I/E/rxGbzpmfMBHFhgoyWdSJOTISjV5HbaYoMXxgCSaK2VsR6WGFibEBZWwI3uzL86R6nPdO8udlm0YRJkjDPhzAEXhwCgW4ghJUgMAdPMATPDvSeXRenNdJa8qZzuzCHzhvPzVTkpw=</latexit>

Mej

<latexit sha1_base64="tbhpoEo7fv9CyCISemjKRMhjcFk=">AAAB7XicbVDLSgNBEJyNr5j4iHr0MhgFT2FXBPUW9OJFiGAekCxhdtJJJpmdWWZmA2HJP3jxoIhX/8Af8A+8+SF6dvI4aGJBQ1HVTXdXEHGmjet+Oqml5ZXVtfR6JruxubWd29mtaBkrCmUquVS1gGjgTEDZMMOhFikgYcChGvSvxn51AEozKe7MMAI/JB3B2owSY6XKTTOB3qiZy7sFdwK8SLwZyRcPv97eB9nvUjP30WhJGocgDOVE67rnRsZPiDKMchhlGrGGiNA+6UDdUkFC0H4yuXaEj6zSwm2pbAmDJ+rviYSEWg/DwHaGxHT1vDcW//PqsWmf+wkTUWxA0OmidsyxkXj8Om4xBdTwoSWEKmZvxbRLFKHGBpSxIXjzLy+SyknBOy1c3No0LtEUabSPDtAx8tAZKqJrVEJlRFEP3aNH9ORI58F5dl6mrSlnNrOH/sB5/QFqu5N6</latexit>

Rsh

<latexit sha1_base64="1nLR3ngIBbCvJmsGp0B3xZ07uxI=">AAAB7XicbVC7SgNBFL0bXzG+ooKNzWAQrMKuCGoXYmOZiHlAsoTZyWwyZnZmmZkVwpJ/sLFQxNbKv/AL7Gz8FiePQhMPXDiccy/33hPEnGnjul9OZml5ZXUtu57b2Nza3snv7tW1TBShNSK5VM0Aa8qZoDXDDKfNWFEcBZw2gsHV2G/cU6WZFLdmGFM/wj3BQkawsVL9ppPq/qiTL7hFdwK0SLwZKZQOqt/svfxR6eQ/211JkogKQzjWuuW5sfFTrAwjnI5y7UTTGJMB7tGWpQJHVPvp5NoROrZKF4VS2RIGTdTfEymOtB5Gge2MsOnreW8s/ue1EhNe+CkTcWKoINNFYcKRkWj8OuoyRYnhQ0swUczeikgfK0yMDShnQ/DmX14k9dOid1a8rNo0yjBFFg7hCE7Ag3MowTVUoAYE7uABnuDZkc6j8+K8TlszzmxmH/7AefsBoYqS4w==</latexit>

the shock begins to 
feel the presence of 
the ambient gas and 

decelerates

Mej ⌧ Msw

<latexit sha1_base64="xRLDsWh9lPLx11yoOpEhHlS4Nt4=">AAAB+3icbZC7SgNBFIZn4y0mXtZY2gxGwSrsiqB2QRsbIYK5QBKW2cnZZMzshZnZaFj2VWwsFLHVF/AN7HwQrZ1cCk38YeDjP+dwzvxuxJlUlvVpZBYWl5ZXsqu5/Nr6xqa5VajJMBYUqjTkoWi4RAJnAVQVUxwakQDiuxzqbv98VK8PQEgWBtdqGEHbJ92AeYwSpS3HLFw6CdykuMU51ihvU+yYRatkjYXnwZ5Csbz39fY+yH9XHPOj1Qlp7EOgKCdSNm0rUu2ECMUohzTXiiVEhPZJF5oaA+KDbCfj21O8r50O9kKhX6Dw2P09kRBfyqHv6k6fqJ6crY3M/2rNWHkn7YQFUawgoJNFXsyxCvEoCNxhAqjiQw2ECqZvxbRHBKFKx5XTIdizX56H2mHJPiqdXuk0ztBEWbSDdtEBstExKqMLVEFVRNEdukeP6MlIjQfj2XiZtGaM6cw2+iPj9QcVSZhF</latexit>
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P

<latexit sha1_base64="AwgCU+Ysl1NelorvyR1o7hAHiCA=">AAAB6HicbVC7SgNBFL0bX3F9RS1tBoNgFXZFUAsxaGOZgHlAssjs5G4yZvbBzKwQlnyBjYUitvox9jbi3zh5FJp44MLhnHO5Dz8RXGnH+bZyC4tLyyv5VXttfWNzq7C9U1dxKhnWWCxi2fSpQsEjrGmuBTYTiTT0BTb8/tXIb9yjVDyObvQgQS+k3YgHnFFtpGrltlB0Ss4YZJ64U1K8+LDPk/cv2+Q/252YpSFGmgmqVMt1Eu1lVGrOBA7tdqowoaxPu9gyNKIhKi8bLzokB0bpkCCWpiJNxurvjoyGSg1C3yRDqntq1huJ/3mtVAenXsajJNUYscmgIBVEx2R0NelwiUyLgSGUSW52JaxHJWXa/MY2T3BnT54n9aOSe1w6qzrF8iVMkIc92IdDcOEEynANFagBA4QHeIJn6856tF6s10k0Z017duEPrLcfDQ+QHQ==</latexit>

%

<latexit sha1_base64="a5ejllF9BdQtOA29Dxi6EBQ/PfA=">AAAB7nicbVDLSgNBEOyNrxhfUY+KDAbBU9gVQb0FvXhMwDwgWcLsZDYZMjuzzMwGwpKjH+DFgyJe/YR8hze/wZ9w8jhoYkFDUdVNd1cQc6aN6345mZXVtfWN7GZua3tndy+/f1DTMlGEVonkUjUCrClnglYNM5w2YkVxFHBaD/p3E78+oEozKR7MMKZ+hLuChYxgY6V6a4CV6sl2vuAW3SnQMvHmpFA6Hle+H0/G5Xb+s9WRJImoMIRjrZueGxs/xcowwuko10o0jTHp4y5tWipwRLWfTs8doTOrdFAolS1h0FT9PZHiSOthFNjOCJueXvQm4n9eMzHhtZ8yESeGCjJbFCYcGYkmv6MOU5QYPrQEE8XsrYj0sMLE2IRyNgRv8eVlUrsoepfFm4pN4xZmyMIRnMI5eHAFJbiHMlSBQB+e4AVendh5dt6c91lrxpnPHMIfOB8/eE2TYQ==</latexit>

ESN

<latexit sha1_base64="rlo9vdCHAu7JGunaUZSElyjmkQc=">AAAB7XicbVDLSgNBEOyNrxhfUcGLl8EgeAq7Iqi3EBE8SYLmAckSZieTZMzszDIzK4Ql/+DFgyJePfkXfoE3L36Lk8dBEwsaiqpuuruCiDNtXPfLSS0sLi2vpFcza+sbm1vZ7Z2qlrEitEIkl6oeYE05E7RimOG0HimKw4DTWtC/GPm1e6o0k+LWDCLqh7grWIcRbKxUvWwlN9fDVjbn5t0x0DzxpiRX2Ct/s/fiR6mV/Wy2JYlDKgzhWOuG50bGT7AyjHA6zDRjTSNM+rhLG5YKHFLtJ+Nrh+jQKm3UkcqWMGis/p5IcKj1IAxsZ4hNT896I/E/rxGbzpmfMBHFhgoyWdSJOTISjV5HbaYoMXxgCSaK2VsR6WGFibEBZWwI3uzL86R6nPdO8udlm0YRJkjDPhzAEXhwCgW4ghJUgMAdPMATPDvSeXRenNdJa8qZzuzCHzhvPzVTkpw=</latexit>

Mej

<latexit sha1_base64="tbhpoEo7fv9CyCISemjKRMhjcFk=">AAAB7XicbVDLSgNBEJyNr5j4iHr0MhgFT2FXBPUW9OJFiGAekCxhdtJJJpmdWWZmA2HJP3jxoIhX/8Af8A+8+SF6dvI4aGJBQ1HVTXdXEHGmjet+Oqml5ZXVtfR6JruxubWd29mtaBkrCmUquVS1gGjgTEDZMMOhFikgYcChGvSvxn51AEozKe7MMAI/JB3B2owSY6XKTTOB3qiZy7sFdwK8SLwZyRcPv97eB9nvUjP30WhJGocgDOVE67rnRsZPiDKMchhlGrGGiNA+6UDdUkFC0H4yuXaEj6zSwm2pbAmDJ+rviYSEWg/DwHaGxHT1vDcW//PqsWmf+wkTUWxA0OmidsyxkXj8Om4xBdTwoSWEKmZvxbRLFKHGBpSxIXjzLy+SyknBOy1c3No0LtEUabSPDtAx8tAZKqJrVEJlRFEP3aNH9ORI58F5dl6mrSlnNrOH/sB5/QFqu5N6</latexit>

Rsh

<latexit sha1_base64="1nLR3ngIBbCvJmsGp0B3xZ07uxI=">AAAB7XicbVC7SgNBFL0bXzG+ooKNzWAQrMKuCGoXYmOZiHlAsoTZyWwyZnZmmZkVwpJ/sLFQxNbKv/AL7Gz8FiePQhMPXDiccy/33hPEnGnjul9OZml5ZXUtu57b2Nza3snv7tW1TBShNSK5VM0Aa8qZoDXDDKfNWFEcBZw2gsHV2G/cU6WZFLdmGFM/wj3BQkawsVL9ppPq/qiTL7hFdwK0SLwZKZQOqt/svfxR6eQ/211JkogKQzjWuuW5sfFTrAwjnI5y7UTTGJMB7tGWpQJHVPvp5NoROrZKF4VS2RIGTdTfEymOtB5Gge2MsOnreW8s/ue1EhNe+CkTcWKoINNFYcKRkWj8OuoyRYnhQ0swUczeikgfK0yMDShnQ/DmX14k9dOid1a8rNo0yjBFFg7hCE7Ag3MowTVUoAYE7uABnuDZkc6j8+K8TlszzmxmH/7AefsBoYqS4w==</latexit>

✘

the shock begins to 
feel the presence of 
the ambient gas and 

decelerates

Mej ⌧ Msw

<latexit sha1_base64="xRLDsWh9lPLx11yoOpEhHlS4Nt4=">AAAB+3icbZC7SgNBFIZn4y0mXtZY2gxGwSrsiqB2QRsbIYK5QBKW2cnZZMzshZnZaFj2VWwsFLHVF/AN7HwQrZ1cCk38YeDjP+dwzvxuxJlUlvVpZBYWl5ZXsqu5/Nr6xqa5VajJMBYUqjTkoWi4RAJnAVQVUxwakQDiuxzqbv98VK8PQEgWBtdqGEHbJ92AeYwSpS3HLFw6CdykuMU51ihvU+yYRatkjYXnwZ5Csbz39fY+yH9XHPOj1Qlp7EOgKCdSNm0rUu2ECMUohzTXiiVEhPZJF5oaA+KDbCfj21O8r50O9kKhX6Dw2P09kRBfyqHv6k6fqJ6crY3M/2rNWHkn7YQFUawgoJNFXsyxCvEoCNxhAqjiQw2ECqZvxbRHBKFKx5XTIdizX56H2mHJPiqdXuk0ztBEWbSDdtEBstExKqMLVEFVRNEdukeP6MlIjQfj2XiZtGaM6cw2+iPj9QcVSZhF</latexit>



Astrophysical explosions
interstellar medium

P

<latexit sha1_base64="AwgCU+Ysl1NelorvyR1o7hAHiCA=">AAAB6HicbVC7SgNBFL0bX3F9RS1tBoNgFXZFUAsxaGOZgHlAssjs5G4yZvbBzKwQlnyBjYUitvox9jbi3zh5FJp44MLhnHO5Dz8RXGnH+bZyC4tLyyv5VXttfWNzq7C9U1dxKhnWWCxi2fSpQsEjrGmuBTYTiTT0BTb8/tXIb9yjVDyObvQgQS+k3YgHnFFtpGrltlB0Ss4YZJ64U1K8+LDPk/cv2+Q/252YpSFGmgmqVMt1Eu1lVGrOBA7tdqowoaxPu9gyNKIhKi8bLzokB0bpkCCWpiJNxurvjoyGSg1C3yRDqntq1huJ/3mtVAenXsajJNUYscmgIBVEx2R0NelwiUyLgSGUSW52JaxHJWXa/MY2T3BnT54n9aOSe1w6qzrF8iVMkIc92IdDcOEEynANFagBA4QHeIJn6856tF6s10k0Z017duEPrLcfDQ+QHQ==</latexit>

%

<latexit sha1_base64="a5ejllF9BdQtOA29Dxi6EBQ/PfA=">AAAB7nicbVDLSgNBEOyNrxhfUY+KDAbBU9gVQb0FvXhMwDwgWcLsZDYZMjuzzMwGwpKjH+DFgyJe/YR8hze/wZ9w8jhoYkFDUdVNd1cQc6aN6345mZXVtfWN7GZua3tndy+/f1DTMlGEVonkUjUCrClnglYNM5w2YkVxFHBaD/p3E78+oEozKR7MMKZ+hLuChYxgY6V6a4CV6sl2vuAW3SnQMvHmpFA6Hle+H0/G5Xb+s9WRJImoMIRjrZueGxs/xcowwuko10o0jTHp4y5tWipwRLWfTs8doTOrdFAolS1h0FT9PZHiSOthFNjOCJueXvQm4n9eMzHhtZ8yESeGCjJbFCYcGYkmv6MOU5QYPrQEE8XsrYj0sMLE2IRyNgRv8eVlUrsoepfFm4pN4xZmyMIRnMI5eHAFJbiHMlSBQB+e4AVendh5dt6c91lrxpnPHMIfOB8/eE2TYQ==</latexit>

ESN

<latexit sha1_base64="rlo9vdCHAu7JGunaUZSElyjmkQc=">AAAB7XicbVDLSgNBEOyNrxhfUcGLl8EgeAq7Iqi3EBE8SYLmAckSZieTZMzszDIzK4Ql/+DFgyJePfkXfoE3L36Lk8dBEwsaiqpuuruCiDNtXPfLSS0sLi2vpFcza+sbm1vZ7Z2qlrEitEIkl6oeYE05E7RimOG0HimKw4DTWtC/GPm1e6o0k+LWDCLqh7grWIcRbKxUvWwlN9fDVjbn5t0x0DzxpiRX2Ct/s/fiR6mV/Wy2JYlDKgzhWOuG50bGT7AyjHA6zDRjTSNM+rhLG5YKHFLtJ+Nrh+jQKm3UkcqWMGis/p5IcKj1IAxsZ4hNT896I/E/rxGbzpmfMBHFhgoyWdSJOTISjV5HbaYoMXxgCSaK2VsR6WGFibEBZWwI3uzL86R6nPdO8udlm0YRJkjDPhzAEXhwCgW4ghJUgMAdPMATPDvSeXRenNdJa8qZzuzCHzhvPzVTkpw=</latexit>

Mej

<latexit sha1_base64="tbhpoEo7fv9CyCISemjKRMhjcFk=">AAAB7XicbVDLSgNBEJyNr5j4iHr0MhgFT2FXBPUW9OJFiGAekCxhdtJJJpmdWWZmA2HJP3jxoIhX/8Af8A+8+SF6dvI4aGJBQ1HVTXdXEHGmjet+Oqml5ZXVtfR6JruxubWd29mtaBkrCmUquVS1gGjgTEDZMMOhFikgYcChGvSvxn51AEozKe7MMAI/JB3B2owSY6XKTTOB3qiZy7sFdwK8SLwZyRcPv97eB9nvUjP30WhJGocgDOVE67rnRsZPiDKMchhlGrGGiNA+6UDdUkFC0H4yuXaEj6zSwm2pbAmDJ+rviYSEWg/DwHaGxHT1vDcW//PqsWmf+wkTUWxA0OmidsyxkXj8Om4xBdTwoSWEKmZvxbRLFKHGBpSxIXjzLy+SyknBOy1c3No0LtEUabSPDtAx8tAZKqJrVEJlRFEP3aNH9ORI58F5dl6mrSlnNrOH/sB5/QFqu5N6</latexit>

Rsh

<latexit sha1_base64="1nLR3ngIBbCvJmsGp0B3xZ07uxI=">AAAB7XicbVC7SgNBFL0bXzG+ooKNzWAQrMKuCGoXYmOZiHlAsoTZyWwyZnZmmZkVwpJ/sLFQxNbKv/AL7Gz8FiePQhMPXDiccy/33hPEnGnjul9OZml5ZXUtu57b2Nza3snv7tW1TBShNSK5VM0Aa8qZoDXDDKfNWFEcBZw2gsHV2G/cU6WZFLdmGFM/wj3BQkawsVL9ppPq/qiTL7hFdwK0SLwZKZQOqt/svfxR6eQ/211JkogKQzjWuuW5sfFTrAwjnI5y7UTTGJMB7tGWpQJHVPvp5NoROrZKF4VS2RIGTdTfEymOtB5Gge2MsOnreW8s/ue1EhNe+CkTcWKoINNFYcKRkWj8OuoyRYnhQ0swUczeikgfK0yMDShnQ/DmX14k9dOid1a8rNo0yjBFFg7hCE7Ag3MowTVUoAYE7uABnuDZkc6j8+K8TlszzmxmH/7AefsBoYqS4w==</latexit>

✘

the shock begins to 
feel the presence of 
the ambient gas and 

decelerates

Mej ⌧ Msw

<latexit sha1_base64="xRLDsWh9lPLx11yoOpEhHlS4Nt4=">AAAB+3icbZC7SgNBFIZn4y0mXtZY2gxGwSrsiqB2QRsbIYK5QBKW2cnZZMzshZnZaFj2VWwsFLHVF/AN7HwQrZ1cCk38YeDjP+dwzvxuxJlUlvVpZBYWl5ZXsqu5/Nr6xqa5VajJMBYUqjTkoWi4RAJnAVQVUxwakQDiuxzqbv98VK8PQEgWBtdqGEHbJ92AeYwSpS3HLFw6CdykuMU51ihvU+yYRatkjYXnwZ5Csbz39fY+yH9XHPOj1Qlp7EOgKCdSNm0rUu2ECMUohzTXiiVEhPZJF5oaA+KDbCfj21O8r50O9kKhX6Dw2P09kRBfyqHv6k6fqJ6crY3M/2rNWHkn7YQFUawgoJNFXsyxCvEoCNxhAqjiQw2ECqZvxbRHBKFKx5XTIdizX56H2mHJPiqdXuk0ztBEWbSDdtEBstExKqMLVEFVRNEdukeP6MlIjQfj2XiZtGaM6cw2+iPj9QcVSZhF</latexit>

cs ⇡ 10 km/s

<latexit sha1_base64="LHMl4az2pW/N+xmJFsTjR96MLPY=">AAACAnicbVDLSgMxFM3UV62vUVfiJrQIglBnRFB3RTcuK9gHdIYhk6ZtaDIZkow4DNWNn+AvuHGhiFu/wl3/xvSx0NYDFw7n3Mu994Qxo0o7ztDKLSwuLa/kVwtr6xubW/b2Tl2JRGJSw4IJ2QyRIoxGpKapZqQZS4J4yEgj7F+N/MYdkYqK6FanMfE56ka0QzHSRgrsPRwo6KE4luIeug58gJ7ksM+PVWCXnLIzBpwn7pSUKkXv6HlYSauB/e21BU44iTRmSKmW68Taz5DUFDMyKHiJIjHCfdQlLUMjxInys/ELA3hglDbsCGkq0nCs/p7IEFcq5aHp5Ej31Kw3Ev/zWonunPsZjeJEkwhPFnUSBrWAozxgm0qCNUsNQVhScyvEPSQR1ia1ggnBnX15ntRPyu5p+eLGpHEJJsiDfVAEh8AFZ6ACrkEV1AAGj+AFvIF368l6tT6sz0lrzprO7II/sL5+AFdMmRs=</latexit>

strong shock



Astrophysical explosions
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P

<latexit sha1_base64="AwgCU+Ysl1NelorvyR1o7hAHiCA=">AAAB6HicbVC7SgNBFL0bX3F9RS1tBoNgFXZFUAsxaGOZgHlAssjs5G4yZvbBzKwQlnyBjYUitvox9jbi3zh5FJp44MLhnHO5Dz8RXGnH+bZyC4tLyyv5VXttfWNzq7C9U1dxKhnWWCxi2fSpQsEjrGmuBTYTiTT0BTb8/tXIb9yjVDyObvQgQS+k3YgHnFFtpGrltlB0Ss4YZJ64U1K8+LDPk/cv2+Q/252YpSFGmgmqVMt1Eu1lVGrOBA7tdqowoaxPu9gyNKIhKi8bLzokB0bpkCCWpiJNxurvjoyGSg1C3yRDqntq1huJ/3mtVAenXsajJNUYscmgIBVEx2R0NelwiUyLgSGUSW52JaxHJWXa/MY2T3BnT54n9aOSe1w6qzrF8iVMkIc92IdDcOEEynANFagBA4QHeIJn6856tF6s10k0Z017duEPrLcfDQ+QHQ==</latexit>

%

<latexit sha1_base64="a5ejllF9BdQtOA29Dxi6EBQ/PfA=">AAAB7nicbVDLSgNBEOyNrxhfUY+KDAbBU9gVQb0FvXhMwDwgWcLsZDYZMjuzzMwGwpKjH+DFgyJe/YR8hze/wZ9w8jhoYkFDUdVNd1cQc6aN6345mZXVtfWN7GZua3tndy+/f1DTMlGEVonkUjUCrClnglYNM5w2YkVxFHBaD/p3E78+oEozKR7MMKZ+hLuChYxgY6V6a4CV6sl2vuAW3SnQMvHmpFA6Hle+H0/G5Xb+s9WRJImoMIRjrZueGxs/xcowwuko10o0jTHp4y5tWipwRLWfTs8doTOrdFAolS1h0FT9PZHiSOthFNjOCJueXvQm4n9eMzHhtZ8yESeGCjJbFCYcGYkmv6MOU5QYPrQEE8XsrYj0sMLE2IRyNgRv8eVlUrsoepfFm4pN4xZmyMIRnMI5eHAFJbiHMlSBQB+e4AVendh5dt6c91lrxpnPHMIfOB8/eE2TYQ==</latexit>

ESN

<latexit sha1_base64="rlo9vdCHAu7JGunaUZSElyjmkQc=">AAAB7XicbVDLSgNBEOyNrxhfUcGLl8EgeAq7Iqi3EBE8SYLmAckSZieTZMzszDIzK4Ql/+DFgyJePfkXfoE3L36Lk8dBEwsaiqpuuruCiDNtXPfLSS0sLi2vpFcza+sbm1vZ7Z2qlrEitEIkl6oeYE05E7RimOG0HimKw4DTWtC/GPm1e6o0k+LWDCLqh7grWIcRbKxUvWwlN9fDVjbn5t0x0DzxpiRX2Ct/s/fiR6mV/Wy2JYlDKgzhWOuG50bGT7AyjHA6zDRjTSNM+rhLG5YKHFLtJ+Nrh+jQKm3UkcqWMGis/p5IcKj1IAxsZ4hNT896I/E/rxGbzpmfMBHFhgoyWdSJOTISjV5HbaYoMXxgCSaK2VsR6WGFibEBZWwI3uzL86R6nPdO8udlm0YRJkjDPhzAEXhwCgW4ghJUgMAdPMATPDvSeXRenNdJa8qZzuzCHzhvPzVTkpw=</latexit>

Mej

<latexit sha1_base64="tbhpoEo7fv9CyCISemjKRMhjcFk=">AAAB7XicbVDLSgNBEJyNr5j4iHr0MhgFT2FXBPUW9OJFiGAekCxhdtJJJpmdWWZmA2HJP3jxoIhX/8Af8A+8+SF6dvI4aGJBQ1HVTXdXEHGmjet+Oqml5ZXVtfR6JruxubWd29mtaBkrCmUquVS1gGjgTEDZMMOhFikgYcChGvSvxn51AEozKe7MMAI/JB3B2owSY6XKTTOB3qiZy7sFdwK8SLwZyRcPv97eB9nvUjP30WhJGocgDOVE67rnRsZPiDKMchhlGrGGiNA+6UDdUkFC0H4yuXaEj6zSwm2pbAmDJ+rviYSEWg/DwHaGxHT1vDcW//PqsWmf+wkTUWxA0OmidsyxkXj8Om4xBdTwoSWEKmZvxbRLFKHGBpSxIXjzLy+SyknBOy1c3No0LtEUabSPDtAx8tAZKqJrVEJlRFEP3aNH9ORI58F5dl6mrSlnNrOH/sB5/QFqu5N6</latexit>

Rsh

<latexit sha1_base64="1nLR3ngIBbCvJmsGp0B3xZ07uxI=">AAAB7XicbVC7SgNBFL0bXzG+ooKNzWAQrMKuCGoXYmOZiHlAsoTZyWwyZnZmmZkVwpJ/sLFQxNbKv/AL7Gz8FiePQhMPXDiccy/33hPEnGnjul9OZml5ZXUtu57b2Nza3snv7tW1TBShNSK5VM0Aa8qZoDXDDKfNWFEcBZw2gsHV2G/cU6WZFLdmGFM/wj3BQkawsVL9ppPq/qiTL7hFdwK0SLwZKZQOqt/svfxR6eQ/211JkogKQzjWuuW5sfFTrAwjnI5y7UTTGJMB7tGWpQJHVPvp5NoROrZKF4VS2RIGTdTfEymOtB5Gge2MsOnreW8s/ue1EhNe+CkTcWKoINNFYcKRkWj8OuoyRYnhQ0swUczeikgfK0yMDShnQ/DmX14k9dOid1a8rNo0yjBFFg7hCE7Ag3MowTVUoAYE7uABnuDZkc6j8+K8TlszzmxmH/7AefsBoYqS4w==</latexit>

✘

the shock begins to 
feel the presence of 
the ambient gas and 

decelerates

Mej ⌧ Msw

<latexit sha1_base64="xRLDsWh9lPLx11yoOpEhHlS4Nt4=">AAAB+3icbZC7SgNBFIZn4y0mXtZY2gxGwSrsiqB2QRsbIYK5QBKW2cnZZMzshZnZaFj2VWwsFLHVF/AN7HwQrZ1cCk38YeDjP+dwzvxuxJlUlvVpZBYWl5ZXsqu5/Nr6xqa5VajJMBYUqjTkoWi4RAJnAVQVUxwakQDiuxzqbv98VK8PQEgWBtdqGEHbJ92AeYwSpS3HLFw6CdykuMU51ihvU+yYRatkjYXnwZ5Csbz39fY+yH9XHPOj1Qlp7EOgKCdSNm0rUu2ECMUohzTXiiVEhPZJF5oaA+KDbCfj21O8r50O9kKhX6Dw2P09kRBfyqHv6k6fqJ6crY3M/2rNWHkn7YQFUawgoJNFXsyxCvEoCNxhAqjiQw2ECqZvxbRHBKFKx5XTIdizX56H2mHJPiqdXuk0ztBEWbSDdtEBstExKqMLVEFVRNEdukeP6MlIjQfj2XiZtGaM6cw2+iPj9QcVSZhF</latexit>

cs ⇡ 10 km/s

<latexit sha1_base64="LHMl4az2pW/N+xmJFsTjR96MLPY=">AAACAnicbVDLSgMxFM3UV62vUVfiJrQIglBnRFB3RTcuK9gHdIYhk6ZtaDIZkow4DNWNn+AvuHGhiFu/wl3/xvSx0NYDFw7n3Mu994Qxo0o7ztDKLSwuLa/kVwtr6xubW/b2Tl2JRGJSw4IJ2QyRIoxGpKapZqQZS4J4yEgj7F+N/MYdkYqK6FanMfE56ka0QzHSRgrsPRwo6KE4luIeug58gJ7ksM+PVWCXnLIzBpwn7pSUKkXv6HlYSauB/e21BU44iTRmSKmW68Taz5DUFDMyKHiJIjHCfdQlLUMjxInys/ELA3hglDbsCGkq0nCs/p7IEFcq5aHp5Ej31Kw3Ev/zWonunPsZjeJEkwhPFnUSBrWAozxgm0qCNUsNQVhScyvEPSQR1ia1ggnBnX15ntRPyu5p+eLGpHEJJsiDfVAEh8AFZ6ACrkEV1AAGj+AFvIF368l6tT6sz0lrzprO7II/sL5+AFdMmRs=</latexit>

strong shock

✘



Astrophysical explosions
interstellar medium

P

<latexit sha1_base64="AwgCU+Ysl1NelorvyR1o7hAHiCA=">AAAB6HicbVC7SgNBFL0bX3F9RS1tBoNgFXZFUAsxaGOZgHlAssjs5G4yZvbBzKwQlnyBjYUitvox9jbi3zh5FJp44MLhnHO5Dz8RXGnH+bZyC4tLyyv5VXttfWNzq7C9U1dxKhnWWCxi2fSpQsEjrGmuBTYTiTT0BTb8/tXIb9yjVDyObvQgQS+k3YgHnFFtpGrltlB0Ss4YZJ64U1K8+LDPk/cv2+Q/252YpSFGmgmqVMt1Eu1lVGrOBA7tdqowoaxPu9gyNKIhKi8bLzokB0bpkCCWpiJNxurvjoyGSg1C3yRDqntq1huJ/3mtVAenXsajJNUYscmgIBVEx2R0NelwiUyLgSGUSW52JaxHJWXa/MY2T3BnT54n9aOSe1w6qzrF8iVMkIc92IdDcOEEynANFagBA4QHeIJn6856tF6s10k0Z017duEPrLcfDQ+QHQ==</latexit>

%

<latexit sha1_base64="a5ejllF9BdQtOA29Dxi6EBQ/PfA=">AAAB7nicbVDLSgNBEOyNrxhfUY+KDAbBU9gVQb0FvXhMwDwgWcLsZDYZMjuzzMwGwpKjH+DFgyJe/YR8hze/wZ9w8jhoYkFDUdVNd1cQc6aN6345mZXVtfWN7GZua3tndy+/f1DTMlGEVonkUjUCrClnglYNM5w2YkVxFHBaD/p3E78+oEozKR7MMKZ+hLuChYxgY6V6a4CV6sl2vuAW3SnQMvHmpFA6Hle+H0/G5Xb+s9WRJImoMIRjrZueGxs/xcowwuko10o0jTHp4y5tWipwRLWfTs8doTOrdFAolS1h0FT9PZHiSOthFNjOCJueXvQm4n9eMzHhtZ8yESeGCjJbFCYcGYkmv6MOU5QYPrQEE8XsrYj0sMLE2IRyNgRv8eVlUrsoepfFm4pN4xZmyMIRnMI5eHAFJbiHMlSBQB+e4AVendh5dt6c91lrxpnPHMIfOB8/eE2TYQ==</latexit>

ESN

<latexit sha1_base64="rlo9vdCHAu7JGunaUZSElyjmkQc=">AAAB7XicbVDLSgNBEOyNrxhfUcGLl8EgeAq7Iqi3EBE8SYLmAckSZieTZMzszDIzK4Ql/+DFgyJePfkXfoE3L36Lk8dBEwsaiqpuuruCiDNtXPfLSS0sLi2vpFcza+sbm1vZ7Z2qlrEitEIkl6oeYE05E7RimOG0HimKw4DTWtC/GPm1e6o0k+LWDCLqh7grWIcRbKxUvWwlN9fDVjbn5t0x0DzxpiRX2Ct/s/fiR6mV/Wy2JYlDKgzhWOuG50bGT7AyjHA6zDRjTSNM+rhLG5YKHFLtJ+Nrh+jQKm3UkcqWMGis/p5IcKj1IAxsZ4hNT896I/E/rxGbzpmfMBHFhgoyWdSJOTISjV5HbaYoMXxgCSaK2VsR6WGFibEBZWwI3uzL86R6nPdO8udlm0YRJkjDPhzAEXhwCgW4ghJUgMAdPMATPDvSeXRenNdJa8qZzuzCHzhvPzVTkpw=</latexit>

Mej

<latexit sha1_base64="tbhpoEo7fv9CyCISemjKRMhjcFk=">AAAB7XicbVDLSgNBEJyNr5j4iHr0MhgFT2FXBPUW9OJFiGAekCxhdtJJJpmdWWZmA2HJP3jxoIhX/8Af8A+8+SF6dvI4aGJBQ1HVTXdXEHGmjet+Oqml5ZXVtfR6JruxubWd29mtaBkrCmUquVS1gGjgTEDZMMOhFikgYcChGvSvxn51AEozKe7MMAI/JB3B2owSY6XKTTOB3qiZy7sFdwK8SLwZyRcPv97eB9nvUjP30WhJGocgDOVE67rnRsZPiDKMchhlGrGGiNA+6UDdUkFC0H4yuXaEj6zSwm2pbAmDJ+rviYSEWg/DwHaGxHT1vDcW//PqsWmf+wkTUWxA0OmidsyxkXj8Om4xBdTwoSWEKmZvxbRLFKHGBpSxIXjzLy+SyknBOy1c3No0LtEUabSPDtAx8tAZKqJrVEJlRFEP3aNH9ORI58F5dl6mrSlnNrOH/sB5/QFqu5N6</latexit>

Rsh

<latexit sha1_base64="1nLR3ngIBbCvJmsGp0B3xZ07uxI=">AAAB7XicbVC7SgNBFL0bXzG+ooKNzWAQrMKuCGoXYmOZiHlAsoTZyWwyZnZmmZkVwpJ/sLFQxNbKv/AL7Gz8FiePQhMPXDiccy/33hPEnGnjul9OZml5ZXUtu57b2Nza3snv7tW1TBShNSK5VM0Aa8qZoDXDDKfNWFEcBZw2gsHV2G/cU6WZFLdmGFM/wj3BQkawsVL9ppPq/qiTL7hFdwK0SLwZKZQOqt/svfxR6eQ/211JkogKQzjWuuW5sfFTrAwjnI5y7UTTGJMB7tGWpQJHVPvp5NoROrZKF4VS2RIGTdTfEymOtB5Gge2MsOnreW8s/ue1EhNe+CkTcWKoINNFYcKRkWj8OuoyRYnhQ0swUczeikgfK0yMDShnQ/DmX14k9dOid1a8rNo0yjBFFg7hCE7Ag3MowTVUoAYE7uABnuDZkc6j8+K8TlszzmxmH/7AefsBoYqS4w==</latexit>

✘

the shock begins to 
feel the presence of 
the ambient gas and 

decelerates

Mej ⌧ Msw

<latexit sha1_base64="xRLDsWh9lPLx11yoOpEhHlS4Nt4=">AAAB+3icbZC7SgNBFIZn4y0mXtZY2gxGwSrsiqB2QRsbIYK5QBKW2cnZZMzshZnZaFj2VWwsFLHVF/AN7HwQrZ1cCk38YeDjP+dwzvxuxJlUlvVpZBYWl5ZXsqu5/Nr6xqa5VajJMBYUqjTkoWi4RAJnAVQVUxwakQDiuxzqbv98VK8PQEgWBtdqGEHbJ92AeYwSpS3HLFw6CdykuMU51ihvU+yYRatkjYXnwZ5Csbz39fY+yH9XHPOj1Qlp7EOgKCdSNm0rUu2ECMUohzTXiiVEhPZJF5oaA+KDbCfj21O8r50O9kKhX6Dw2P09kRBfyqHv6k6fqJ6crY3M/2rNWHkn7YQFUawgoJNFXsyxCvEoCNxhAqjiQw2ECqZvxbRHBKFKx5XTIdizX56H2mHJPiqdXuk0ztBEWbSDdtEBstExKqMLVEFVRNEdukeP6MlIjQfj2XiZtGaM6cw2+iPj9QcVSZhF</latexit>

cs ⇡ 10 km/s

<latexit sha1_base64="LHMl4az2pW/N+xmJFsTjR96MLPY=">AAACAnicbVDLSgMxFM3UV62vUVfiJrQIglBnRFB3RTcuK9gHdIYhk6ZtaDIZkow4DNWNn+AvuHGhiFu/wl3/xvSx0NYDFw7n3Mu994Qxo0o7ztDKLSwuLa/kVwtr6xubW/b2Tl2JRGJSw4IJ2QyRIoxGpKapZqQZS4J4yEgj7F+N/MYdkYqK6FanMfE56ka0QzHSRgrsPRwo6KE4luIeug58gJ7ksM+PVWCXnLIzBpwn7pSUKkXv6HlYSauB/e21BU44iTRmSKmW68Taz5DUFDMyKHiJIjHCfdQlLUMjxInys/ELA3hglDbsCGkq0nCs/p7IEFcq5aHp5Ej31Kw3Ev/zWonunPsZjeJEkwhPFnUSBrWAozxgm0qCNUsNQVhScyvEPSQR1ia1ggnBnX15ntRPyu5p+eLGpHEJJsiDfVAEh8AFZ6ACrkEV1AAGj+AFvIF368l6tT6sz0lrzprO7II/sL5+AFdMmRs=</latexit>

strong shock

✘

a =
% R5

sh

ESN t2

<latexit sha1_base64="i0iZR8Oatqy9DW2S6zgTZymBTxg="></latexit>

non-dimensional quantity:
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<latexit sha1_base64="AwgCU+Ysl1NelorvyR1o7hAHiCA=">AAAB6HicbVC7SgNBFL0bX3F9RS1tBoNgFXZFUAsxaGOZgHlAssjs5G4yZvbBzKwQlnyBjYUitvox9jbi3zh5FJp44MLhnHO5Dz8RXGnH+bZyC4tLyyv5VXttfWNzq7C9U1dxKhnWWCxi2fSpQsEjrGmuBTYTiTT0BTb8/tXIb9yjVDyObvQgQS+k3YgHnFFtpGrltlB0Ss4YZJ64U1K8+LDPk/cv2+Q/252YpSFGmgmqVMt1Eu1lVGrOBA7tdqowoaxPu9gyNKIhKi8bLzokB0bpkCCWpiJNxurvjoyGSg1C3yRDqntq1huJ/3mtVAenXsajJNUYscmgIBVEx2R0NelwiUyLgSGUSW52JaxHJWXa/MY2T3BnT54n9aOSe1w6qzrF8iVMkIc92IdDcOEEynANFagBA4QHeIJn6856tF6s10k0Z017duEPrLcfDQ+QHQ==</latexit>

%

<latexit sha1_base64="a5ejllF9BdQtOA29Dxi6EBQ/PfA=">AAAB7nicbVDLSgNBEOyNrxhfUY+KDAbBU9gVQb0FvXhMwDwgWcLsZDYZMjuzzMwGwpKjH+DFgyJe/YR8hze/wZ9w8jhoYkFDUdVNd1cQc6aN6345mZXVtfWN7GZua3tndy+/f1DTMlGEVonkUjUCrClnglYNM5w2YkVxFHBaD/p3E78+oEozKR7MMKZ+hLuChYxgY6V6a4CV6sl2vuAW3SnQMvHmpFA6Hle+H0/G5Xb+s9WRJImoMIRjrZueGxs/xcowwuko10o0jTHp4y5tWipwRLWfTs8doTOrdFAolS1h0FT9PZHiSOthFNjOCJueXvQm4n9eMzHhtZ8yESeGCjJbFCYcGYkmv6MOU5QYPrQEE8XsrYj0sMLE2IRyNgRv8eVlUrsoepfFm4pN4xZmyMIRnMI5eHAFJbiHMlSBQB+e4AVendh5dt6c91lrxpnPHMIfOB8/eE2TYQ==</latexit>

ESN

<latexit sha1_base64="rlo9vdCHAu7JGunaUZSElyjmkQc=">AAAB7XicbVDLSgNBEOyNrxhfUcGLl8EgeAq7Iqi3EBE8SYLmAckSZieTZMzszDIzK4Ql/+DFgyJePfkXfoE3L36Lk8dBEwsaiqpuuruCiDNtXPfLSS0sLi2vpFcza+sbm1vZ7Z2qlrEitEIkl6oeYE05E7RimOG0HimKw4DTWtC/GPm1e6o0k+LWDCLqh7grWIcRbKxUvWwlN9fDVjbn5t0x0DzxpiRX2Ct/s/fiR6mV/Wy2JYlDKgzhWOuG50bGT7AyjHA6zDRjTSNM+rhLG5YKHFLtJ+Nrh+jQKm3UkcqWMGis/p5IcKj1IAxsZ4hNT896I/E/rxGbzpmfMBHFhgoyWdSJOTISjV5HbaYoMXxgCSaK2VsR6WGFibEBZWwI3uzL86R6nPdO8udlm0YRJkjDPhzAEXhwCgW4ghJUgMAdPMATPDvSeXRenNdJa8qZzuzCHzhvPzVTkpw=</latexit>

Mej

<latexit sha1_base64="tbhpoEo7fv9CyCISemjKRMhjcFk=">AAAB7XicbVDLSgNBEJyNr5j4iHr0MhgFT2FXBPUW9OJFiGAekCxhdtJJJpmdWWZmA2HJP3jxoIhX/8Af8A+8+SF6dvI4aGJBQ1HVTXdXEHGmjet+Oqml5ZXVtfR6JruxubWd29mtaBkrCmUquVS1gGjgTEDZMMOhFikgYcChGvSvxn51AEozKe7MMAI/JB3B2owSY6XKTTOB3qiZy7sFdwK8SLwZyRcPv97eB9nvUjP30WhJGocgDOVE67rnRsZPiDKMchhlGrGGiNA+6UDdUkFC0H4yuXaEj6zSwm2pbAmDJ+rviYSEWg/DwHaGxHT1vDcW//PqsWmf+wkTUWxA0OmidsyxkXj8Om4xBdTwoSWEKmZvxbRLFKHGBpSxIXjzLy+SyknBOy1c3No0LtEUabSPDtAx8tAZKqJrVEJlRFEP3aNH9ORI58F5dl6mrSlnNrOH/sB5/QFqu5N6</latexit>

Rsh

<latexit sha1_base64="1nLR3ngIBbCvJmsGp0B3xZ07uxI=">AAAB7XicbVC7SgNBFL0bXzG+ooKNzWAQrMKuCGoXYmOZiHlAsoTZyWwyZnZmmZkVwpJ/sLFQxNbKv/AL7Gz8FiePQhMPXDiccy/33hPEnGnjul9OZml5ZXUtu57b2Nza3snv7tW1TBShNSK5VM0Aa8qZoDXDDKfNWFEcBZw2gsHV2G/cU6WZFLdmGFM/wj3BQkawsVL9ppPq/qiTL7hFdwK0SLwZKZQOqt/svfxR6eQ/211JkogKQzjWuuW5sfFTrAwjnI5y7UTTGJMB7tGWpQJHVPvp5NoROrZKF4VS2RIGTdTfEymOtB5Gge2MsOnreW8s/ue1EhNe+CkTcWKoINNFYcKRkWj8OuoyRYnhQ0swUczeikgfK0yMDShnQ/DmX14k9dOid1a8rNo0yjBFFg7hCE7Ag3MowTVUoAYE7uABnuDZkc6j8+K8TlszzmxmH/7AefsBoYqS4w==</latexit>

✘

the shock begins to 
feel the presence of 
the ambient gas and 

decelerates

Mej ⌧ Msw

<latexit sha1_base64="xRLDsWh9lPLx11yoOpEhHlS4Nt4=">AAAB+3icbZC7SgNBFIZn4y0mXtZY2gxGwSrsiqB2QRsbIYK5QBKW2cnZZMzshZnZaFj2VWwsFLHVF/AN7HwQrZ1cCk38YeDjP+dwzvxuxJlUlvVpZBYWl5ZXsqu5/Nr6xqa5VajJMBYUqjTkoWi4RAJnAVQVUxwakQDiuxzqbv98VK8PQEgWBtdqGEHbJ92AeYwSpS3HLFw6CdykuMU51ihvU+yYRatkjYXnwZ5Csbz39fY+yH9XHPOj1Qlp7EOgKCdSNm0rUu2ECMUohzTXiiVEhPZJF5oaA+KDbCfj21O8r50O9kKhX6Dw2P09kRBfyqHv6k6fqJ6crY3M/2rNWHkn7YQFUawgoJNFXsyxCvEoCNxhAqjiQw2ECqZvxbRHBKFKx5XTIdizX56H2mHJPiqdXuk0ztBEWbSDdtEBstExKqMLVEFVRNEdukeP6MlIjQfj2XiZtGaM6cw2+iPj9QcVSZhF</latexit>

cs ⇡ 10 km/s

<latexit sha1_base64="LHMl4az2pW/N+xmJFsTjR96MLPY=">AAACAnicbVDLSgMxFM3UV62vUVfiJrQIglBnRFB3RTcuK9gHdIYhk6ZtaDIZkow4DNWNn+AvuHGhiFu/wl3/xvSx0NYDFw7n3Mu994Qxo0o7ztDKLSwuLa/kVwtr6xubW/b2Tl2JRGJSw4IJ2QyRIoxGpKapZqQZS4J4yEgj7F+N/MYdkYqK6FanMfE56ka0QzHSRgrsPRwo6KE4luIeug58gJ7ksM+PVWCXnLIzBpwn7pSUKkXv6HlYSauB/e21BU44iTRmSKmW68Taz5DUFDMyKHiJIjHCfdQlLUMjxInys/ELA3hglDbsCGkq0nCs/p7IEFcq5aHp5Ej31Kw3Ev/zWonunPsZjeJEkwhPFnUSBrWAozxgm0qCNUsNQVhScyvEPSQR1ia1ggnBnX15ntRPyu5p+eLGpHEJJsiDfVAEh8AFZ6ACrkEV1AAGj+AFvIF368l6tT6sz0lrzprO7II/sL5+AFdMmRs=</latexit>

strong shock

✘

a =
% R5

sh

ESN t2

<latexit sha1_base64="i0iZR8Oatqy9DW2S6zgTZymBTxg="></latexit>

non-dimensional quantity: �! Rsh = a

✓
ESN

%

◆1/5

t2/5

<latexit sha1_base64="o5jw2gz1aXPFHQuBXDdOlw3zs7c="></latexit>

order unity
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P

<latexit sha1_base64="AwgCU+Ysl1NelorvyR1o7hAHiCA=">AAAB6HicbVC7SgNBFL0bX3F9RS1tBoNgFXZFUAsxaGOZgHlAssjs5G4yZvbBzKwQlnyBjYUitvox9jbi3zh5FJp44MLhnHO5Dz8RXGnH+bZyC4tLyyv5VXttfWNzq7C9U1dxKhnWWCxi2fSpQsEjrGmuBTYTiTT0BTb8/tXIb9yjVDyObvQgQS+k3YgHnFFtpGrltlB0Ss4YZJ64U1K8+LDPk/cv2+Q/252YpSFGmgmqVMt1Eu1lVGrOBA7tdqowoaxPu9gyNKIhKi8bLzokB0bpkCCWpiJNxurvjoyGSg1C3yRDqntq1huJ/3mtVAenXsajJNUYscmgIBVEx2R0NelwiUyLgSGUSW52JaxHJWXa/MY2T3BnT54n9aOSe1w6qzrF8iVMkIc92IdDcOEEynANFagBA4QHeIJn6856tF6s10k0Z017duEPrLcfDQ+QHQ==</latexit>

%

<latexit sha1_base64="a5ejllF9BdQtOA29Dxi6EBQ/PfA=">AAAB7nicbVDLSgNBEOyNrxhfUY+KDAbBU9gVQb0FvXhMwDwgWcLsZDYZMjuzzMwGwpKjH+DFgyJe/YR8hze/wZ9w8jhoYkFDUdVNd1cQc6aN6345mZXVtfWN7GZua3tndy+/f1DTMlGEVonkUjUCrClnglYNM5w2YkVxFHBaD/p3E78+oEozKR7MMKZ+hLuChYxgY6V6a4CV6sl2vuAW3SnQMvHmpFA6Hle+H0/G5Xb+s9WRJImoMIRjrZueGxs/xcowwuko10o0jTHp4y5tWipwRLWfTs8doTOrdFAolS1h0FT9PZHiSOthFNjOCJueXvQm4n9eMzHhtZ8yESeGCjJbFCYcGYkmv6MOU5QYPrQEE8XsrYj0sMLE2IRyNgRv8eVlUrsoepfFm4pN4xZmyMIRnMI5eHAFJbiHMlSBQB+e4AVendh5dt6c91lrxpnPHMIfOB8/eE2TYQ==</latexit>

ESN

<latexit sha1_base64="rlo9vdCHAu7JGunaUZSElyjmkQc=">AAAB7XicbVDLSgNBEOyNrxhfUcGLl8EgeAq7Iqi3EBE8SYLmAckSZieTZMzszDIzK4Ql/+DFgyJePfkXfoE3L36Lk8dBEwsaiqpuuruCiDNtXPfLSS0sLi2vpFcza+sbm1vZ7Z2qlrEitEIkl6oeYE05E7RimOG0HimKw4DTWtC/GPm1e6o0k+LWDCLqh7grWIcRbKxUvWwlN9fDVjbn5t0x0DzxpiRX2Ct/s/fiR6mV/Wy2JYlDKgzhWOuG50bGT7AyjHA6zDRjTSNM+rhLG5YKHFLtJ+Nrh+jQKm3UkcqWMGis/p5IcKj1IAxsZ4hNT896I/E/rxGbzpmfMBHFhgoyWdSJOTISjV5HbaYoMXxgCSaK2VsR6WGFibEBZWwI3uzL86R6nPdO8udlm0YRJkjDPhzAEXhwCgW4ghJUgMAdPMATPDvSeXRenNdJa8qZzuzCHzhvPzVTkpw=</latexit>

Mej

<latexit sha1_base64="tbhpoEo7fv9CyCISemjKRMhjcFk=">AAAB7XicbVDLSgNBEJyNr5j4iHr0MhgFT2FXBPUW9OJFiGAekCxhdtJJJpmdWWZmA2HJP3jxoIhX/8Af8A+8+SF6dvI4aGJBQ1HVTXdXEHGmjet+Oqml5ZXVtfR6JruxubWd29mtaBkrCmUquVS1gGjgTEDZMMOhFikgYcChGvSvxn51AEozKe7MMAI/JB3B2owSY6XKTTOB3qiZy7sFdwK8SLwZyRcPv97eB9nvUjP30WhJGocgDOVE67rnRsZPiDKMchhlGrGGiNA+6UDdUkFC0H4yuXaEj6zSwm2pbAmDJ+rviYSEWg/DwHaGxHT1vDcW//PqsWmf+wkTUWxA0OmidsyxkXj8Om4xBdTwoSWEKmZvxbRLFKHGBpSxIXjzLy+SyknBOy1c3No0LtEUabSPDtAx8tAZKqJrVEJlRFEP3aNH9ORI58F5dl6mrSlnNrOH/sB5/QFqu5N6</latexit>

Rsh

<latexit sha1_base64="1nLR3ngIBbCvJmsGp0B3xZ07uxI=">AAAB7XicbVC7SgNBFL0bXzG+ooKNzWAQrMKuCGoXYmOZiHlAsoTZyWwyZnZmmZkVwpJ/sLFQxNbKv/AL7Gz8FiePQhMPXDiccy/33hPEnGnjul9OZml5ZXUtu57b2Nza3snv7tW1TBShNSK5VM0Aa8qZoDXDDKfNWFEcBZw2gsHV2G/cU6WZFLdmGFM/wj3BQkawsVL9ppPq/qiTL7hFdwK0SLwZKZQOqt/svfxR6eQ/211JkogKQzjWuuW5sfFTrAwjnI5y7UTTGJMB7tGWpQJHVPvp5NoROrZKF4VS2RIGTdTfEymOtB5Gge2MsOnreW8s/ue1EhNe+CkTcWKoINNFYcKRkWj8OuoyRYnhQ0swUczeikgfK0yMDShnQ/DmX14k9dOid1a8rNo0yjBFFg7hCE7Ag3MowTVUoAYE7uABnuDZkc6j8+K8TlszzmxmH/7AefsBoYqS4w==</latexit>

✘Mej ⌧ Msw

<latexit sha1_base64="xRLDsWh9lPLx11yoOpEhHlS4Nt4=">AAAB+3icbZC7SgNBFIZn4y0mXtZY2gxGwSrsiqB2QRsbIYK5QBKW2cnZZMzshZnZaFj2VWwsFLHVF/AN7HwQrZ1cCk38YeDjP+dwzvxuxJlUlvVpZBYWl5ZXsqu5/Nr6xqa5VajJMBYUqjTkoWi4RAJnAVQVUxwakQDiuxzqbv98VK8PQEgWBtdqGEHbJ92AeYwSpS3HLFw6CdykuMU51ihvU+yYRatkjYXnwZ5Csbz39fY+yH9XHPOj1Qlp7EOgKCdSNm0rUu2ECMUohzTXiiVEhPZJF5oaA+KDbCfj21O8r50O9kKhX6Dw2P09kRBfyqHv6k6fqJ6crY3M/2rNWHkn7YQFUawgoJNFXsyxCvEoCNxhAqjiQw2ECqZvxbRHBKFKx5XTIdizX56H2mHJPiqdXuk0ztBEWbSDdtEBstExKqMLVEFVRNEdukeP6MlIjQfj2XiZtGaM6cw2+iPj9QcVSZhF</latexit>

✘

Rsh = a

✓
ESN

%

◆1/5

t2/5

<latexit sha1_base64="FkSrcfljyrG/SoM66Xq0AzcMGbQ="></latexit>

Sedov-Taylor solution

ush =
2

5

Rsh

t
/ t�3/5

<latexit sha1_base64="dpBEJZdQWVtSkc++DmJQ15/rdDw="></latexit>
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P

<latexit sha1_base64="AwgCU+Ysl1NelorvyR1o7hAHiCA=">AAAB6HicbVC7SgNBFL0bX3F9RS1tBoNgFXZFUAsxaGOZgHlAssjs5G4yZvbBzKwQlnyBjYUitvox9jbi3zh5FJp44MLhnHO5Dz8RXGnH+bZyC4tLyyv5VXttfWNzq7C9U1dxKhnWWCxi2fSpQsEjrGmuBTYTiTT0BTb8/tXIb9yjVDyObvQgQS+k3YgHnFFtpGrltlB0Ss4YZJ64U1K8+LDPk/cv2+Q/252YpSFGmgmqVMt1Eu1lVGrOBA7tdqowoaxPu9gyNKIhKi8bLzokB0bpkCCWpiJNxurvjoyGSg1C3yRDqntq1huJ/3mtVAenXsajJNUYscmgIBVEx2R0NelwiUyLgSGUSW52JaxHJWXa/MY2T3BnT54n9aOSe1w6qzrF8iVMkIc92IdDcOEEynANFagBA4QHeIJn6856tF6s10k0Z017duEPrLcfDQ+QHQ==</latexit>

%

<latexit sha1_base64="a5ejllF9BdQtOA29Dxi6EBQ/PfA=">AAAB7nicbVDLSgNBEOyNrxhfUY+KDAbBU9gVQb0FvXhMwDwgWcLsZDYZMjuzzMwGwpKjH+DFgyJe/YR8hze/wZ9w8jhoYkFDUdVNd1cQc6aN6345mZXVtfWN7GZua3tndy+/f1DTMlGEVonkUjUCrClnglYNM5w2YkVxFHBaD/p3E78+oEozKR7MMKZ+hLuChYxgY6V6a4CV6sl2vuAW3SnQMvHmpFA6Hle+H0/G5Xb+s9WRJImoMIRjrZueGxs/xcowwuko10o0jTHp4y5tWipwRLWfTs8doTOrdFAolS1h0FT9PZHiSOthFNjOCJueXvQm4n9eMzHhtZ8yESeGCjJbFCYcGYkmv6MOU5QYPrQEE8XsrYj0sMLE2IRyNgRv8eVlUrsoepfFm4pN4xZmyMIRnMI5eHAFJbiHMlSBQB+e4AVendh5dt6c91lrxpnPHMIfOB8/eE2TYQ==</latexit>

ESN

<latexit sha1_base64="rlo9vdCHAu7JGunaUZSElyjmkQc=">AAAB7XicbVDLSgNBEOyNrxhfUcGLl8EgeAq7Iqi3EBE8SYLmAckSZieTZMzszDIzK4Ql/+DFgyJePfkXfoE3L36Lk8dBEwsaiqpuuruCiDNtXPfLSS0sLi2vpFcza+sbm1vZ7Z2qlrEitEIkl6oeYE05E7RimOG0HimKw4DTWtC/GPm1e6o0k+LWDCLqh7grWIcRbKxUvWwlN9fDVjbn5t0x0DzxpiRX2Ct/s/fiR6mV/Wy2JYlDKgzhWOuG50bGT7AyjHA6zDRjTSNM+rhLG5YKHFLtJ+Nrh+jQKm3UkcqWMGis/p5IcKj1IAxsZ4hNT896I/E/rxGbzpmfMBHFhgoyWdSJOTISjV5HbaYoMXxgCSaK2VsR6WGFibEBZWwI3uzL86R6nPdO8udlm0YRJkjDPhzAEXhwCgW4ghJUgMAdPMATPDvSeXRenNdJa8qZzuzCHzhvPzVTkpw=</latexit>

Mej

<latexit sha1_base64="tbhpoEo7fv9CyCISemjKRMhjcFk=">AAAB7XicbVDLSgNBEJyNr5j4iHr0MhgFT2FXBPUW9OJFiGAekCxhdtJJJpmdWWZmA2HJP3jxoIhX/8Af8A+8+SF6dvI4aGJBQ1HVTXdXEHGmjet+Oqml5ZXVtfR6JruxubWd29mtaBkrCmUquVS1gGjgTEDZMMOhFikgYcChGvSvxn51AEozKe7MMAI/JB3B2owSY6XKTTOB3qiZy7sFdwK8SLwZyRcPv97eB9nvUjP30WhJGocgDOVE67rnRsZPiDKMchhlGrGGiNA+6UDdUkFC0H4yuXaEj6zSwm2pbAmDJ+rviYSEWg/DwHaGxHT1vDcW//PqsWmf+wkTUWxA0OmidsyxkXj8Om4xBdTwoSWEKmZvxbRLFKHGBpSxIXjzLy+SyknBOy1c3No0LtEUabSPDtAx8tAZKqJrVEJlRFEP3aNH9ORI58F5dl6mrSlnNrOH/sB5/QFqu5N6</latexit>

Rsh

<latexit sha1_base64="1nLR3ngIBbCvJmsGp0B3xZ07uxI=">AAAB7XicbVC7SgNBFL0bXzG+ooKNzWAQrMKuCGoXYmOZiHlAsoTZyWwyZnZmmZkVwpJ/sLFQxNbKv/AL7Gz8FiePQhMPXDiccy/33hPEnGnjul9OZml5ZXUtu57b2Nza3snv7tW1TBShNSK5VM0Aa8qZoDXDDKfNWFEcBZw2gsHV2G/cU6WZFLdmGFM/wj3BQkawsVL9ppPq/qiTL7hFdwK0SLwZKZQOqt/svfxR6eQ/211JkogKQzjWuuW5sfFTrAwjnI5y7UTTGJMB7tGWpQJHVPvp5NoROrZKF4VS2RIGTdTfEymOtB5Gge2MsOnreW8s/ue1EhNe+CkTcWKoINNFYcKRkWj8OuoyRYnhQ0swUczeikgfK0yMDShnQ/DmX14k9dOid1a8rNo0yjBFFg7hCE7Ag3MowTVUoAYE7uABnuDZkc6j8+K8TlszzmxmH/7AefsBoYqS4w==</latexit>

✘Mej ⌧ Msw

<latexit sha1_base64="xRLDsWh9lPLx11yoOpEhHlS4Nt4=">AAAB+3icbZC7SgNBFIZn4y0mXtZY2gxGwSrsiqB2QRsbIYK5QBKW2cnZZMzshZnZaFj2VWwsFLHVF/AN7HwQrZ1cCk38YeDjP+dwzvxuxJlUlvVpZBYWl5ZXsqu5/Nr6xqa5VajJMBYUqjTkoWi4RAJnAVQVUxwakQDiuxzqbv98VK8PQEgWBtdqGEHbJ92AeYwSpS3HLFw6CdykuMU51ihvU+yYRatkjYXnwZ5Csbz39fY+yH9XHPOj1Qlp7EOgKCdSNm0rUu2ECMUohzTXiiVEhPZJF5oaA+KDbCfj21O8r50O9kKhX6Dw2P09kRBfyqHv6k6fqJ6crY3M/2rNWHkn7YQFUawgoJNFXsyxCvEoCNxhAqjiQw2ECqZvxbRHBKFKx5XTIdizX56H2mHJPiqdXuk0ztBEWbSDdtEBstExKqMLVEFVRNEdukeP6MlIjQfj2XiZtGaM6cw2+iPj9QcVSZhF</latexit>

✘

Rsh = a

✓
ESN

%

◆1/5

t2/5

<latexit sha1_base64="FkSrcfljyrG/SoM66Xq0AzcMGbQ="></latexit>

Sedov-Taylor solution

ush =
2

5

Rsh

t
/ t�3/5

<latexit sha1_base64="dpBEJZdQWVtSkc++DmJQ15/rdDw="></latexit>

This solution holds 
until t~104-105 yr, 
after that the SNR 
cools due to emission 

of X-ray photons



How do cosmic rays escape

from their sources?



Drury 2011

SNR shocks are spherical —> CR escape

SNR shock

Rsh

<latexit sha1_base64="1nLR3ngIBbCvJmsGp0B3xZ07uxI=">AAAB7XicbVC7SgNBFL0bXzG+ooKNzWAQrMKuCGoXYmOZiHlAsoTZyWwyZnZmmZkVwpJ/sLFQxNbKv/AL7Gz8FiePQhMPXDiccy/33hPEnGnjul9OZml5ZXUtu57b2Nza3snv7tW1TBShNSK5VM0Aa8qZoDXDDKfNWFEcBZw2gsHV2G/cU6WZFLdmGFM/wj3BQkawsVL9ppPq/qiTL7hFdwK0SLwZKZQOqt/svfxR6eQ/211JkogKQzjWuuW5sfFTrAwjnI5y7UTTGJMB7tGWpQJHVPvp5NoROrZKF4VS2RIGTdTfEymOtB5Gge2MsOnreW8s/ue1EhNe+CkTcWKoINNFYcKRkWj8OuoyRYnhQ0swUczeikgfK0yMDShnQ/DmX14k9dOid1a8rNo0yjBFFg7hCE7Ag3MowTVUoAYE7uABnuDZkc6j8+K8TlszzmxmH/7AefsBoYqS4w==</latexit>



Drury 2011

SNR shocks are spherical —> CR escape

SNR shock CR cloud

Rsh

<latexit sha1_base64="1nLR3ngIBbCvJmsGp0B3xZ07uxI=">AAAB7XicbVC7SgNBFL0bXzG+ooKNzWAQrMKuCGoXYmOZiHlAsoTZyWwyZnZmmZkVwpJ/sLFQxNbKv/AL7Gz8FiePQhMPXDiccy/33hPEnGnjul9OZml5ZXUtu57b2Nza3snv7tW1TBShNSK5VM0Aa8qZoDXDDKfNWFEcBZw2gsHV2G/cU6WZFLdmGFM/wj3BQkawsVL9ppPq/qiTL7hFdwK0SLwZKZQOqt/svfxR6eQ/211JkogKQzjWuuW5sfFTrAwjnI5y7UTTGJMB7tGWpQJHVPvp5NoROrZKF4VS2RIGTdTfEymOtB5Gge2MsOnreW8s/ue1EhNe+CkTcWKoINNFYcKRkWj8OuoyRYnhQ0swUczeikgfK0yMDShnQ/DmX14k9dOid1a8rNo0yjBFFg7hCE7Ag3MowTVUoAYE7uABnuDZkc6j8+K8TlszzmxmH/7AefsBoYqS4w==</latexit>



Drury 2011

SNR shocks are spherical —> CR escape

SNR shock

Rsh / t2/5 = t0.4

<latexit sha1_base64="Ftw1r8sjcmnd6L5TSiO1YpOiR7g=">AAACCXicbVDLSsNAFJ34rPUVFdy4GSyCq5iUiroQSt24bMU+oI1hMp20QycPZiZCCdm68Vd04UIRt/oF7tz4LU7aLrT1wMDhnHu5c44bMSqkaX5pc/MLi0vLuZX86tr6xqa+td0QYcwxqeOQhbzlIkEYDUhdUslIK+IE+S4jTXdwkfnNW8IFDYNrOYyI7aNeQD2KkVSSo8MrJxH9FHYiHkYyhPImKR4dp/A8Y6ZRSh29YBrmCH CWWBNSKO/Wvulj5aPq6J+dbohjnwQSMyRE2zIjaSeIS4oZSfOdWJAI4QHqkbaiAfKJsJNRkhQeKKULvZCrF0g4Un9vJMgXYui7atJHsi+mvUz8z2vH0ju1ExpEsSQBHh/yYgazyKoW2KWcYMmGiiDMqforxH3EEZaqvLwqwZqOPEsaRcMqGWc11UYFjJEDe2AfHAILnIAyuARVUAcY3IEH8AxetHvtSXvV3sajc9pkZwf8gfb+A2bEnJE=</latexit>

CR cloud

Rsh

<latexit sha1_base64="1nLR3ngIBbCvJmsGp0B3xZ07uxI=">AAAB7XicbVC7SgNBFL0bXzG+ooKNzWAQrMKuCGoXYmOZiHlAsoTZyWwyZnZmmZkVwpJ/sLFQxNbKv/AL7Gz8FiePQhMPXDiccy/33hPEnGnjul9OZml5ZXUtu57b2Nza3snv7tW1TBShNSK5VM0Aa8qZoDXDDKfNWFEcBZw2gsHV2G/cU6WZFLdmGFM/wj3BQkawsVL9ppPq/qiTL7hFdwK0SLwZKZQOqt/svfxR6eQ/211JkogKQzjWuuW5sfFTrAwjnI5y7UTTGJMB7tGWpQJHVPvp5NoROrZKF4VS2RIGTdTfEymOtB5Gge2MsOnreW8s/ue1EhNe+CkTcWKoINNFYcKRkWj8OuoyRYnhQ0swUczeikgfK0yMDShnQ/DmX14k9dOid1a8rNo0yjBFFg7hCE7Ag3MowTVUoAYE7uABnuDZkc6j8+K8TlszzmxmH/7AefsBoYqS4w==</latexit>



Drury 2011

SNR shocks are spherical —> CR escape

SNR shock

Rsh / t2/5 = t0.4

<latexit sha1_base64="Ftw1r8sjcmnd6L5TSiO1YpOiR7g=">AAACCXicbVDLSsNAFJ34rPUVFdy4GSyCq5iUiroQSt24bMU+oI1hMp20QycPZiZCCdm68Vd04UIRt/oF7tz4LU7aLrT1wMDhnHu5c44bMSqkaX5pc/MLi0vLuZX86tr6xqa+td0QYcwxqeOQhbzlIkEYDUhdUslIK+IE+S4jTXdwkfnNW8IFDYNrOYyI7aNeQD2KkVSSo8MrJxH9FHYiHkYyhPImKR4dp/A8Y6ZRSh29YBrmCH CWWBNSKO/Wvulj5aPq6J+dbohjnwQSMyRE2zIjaSeIS4oZSfOdWJAI4QHqkbaiAfKJsJNRkhQeKKULvZCrF0g4Un9vJMgXYui7atJHsi+mvUz8z2vH0ju1ExpEsSQBHh/yYgazyKoW2KWcYMmGiiDMqforxH3EEZaqvLwqwZqOPEsaRcMqGWc11UYFjJEDe2AfHAILnIAyuARVUAcY3IEH8AxetHvtSXvV3sajc9pkZwf8gfb+A2bEnJE=</latexit>

RCR / t1/2 = t0.5

<latexit sha1_base64="HacDwLrMeUcZzJ+1Ypcxj5gE4QM=">AAACCXicbVC7SgNBFJ2Nrxhfq4KNzWAQrNbdoKiFEJLGMgnmAcm6zE4myZDZBzOzQli2tfFXtLBQxFa/wM7Gb3E2SaGJBwYO59zLnXPckFEhTfNLyywsLi2vZFdza+sbm1v69k5DBBHHpI4DFvCWiwRh1Cd1SSUjrZAT5LmMNN1hOfWbt4QLGvjXchQS20N9n/YoRlJJjg5rTlyuJbAT8iCUAZQ3sXVcSOBlykzjNHH0vGmYY8B5Yk1JvrhX/aaPpY+Ko392ugGOPOJLzJAQbcsMpR0jLilmJMl1IkFChIeoT9qK+sgjwo7HSRJ4qJQu7AVcPV/Csfp7I0aeECPPVZMekgMx66Xif147kr1zO6Z+GEni48mhXsRgGlnVAruUEyzZSBGEOVV/hXiAOMJSlZdTJVizkedJo2BYJ8ZFVbVRAhNkwT44AEfAAmegCK5ABdQBBnfgATyDF+1ee9JetbfJaEab7uyCP9DefwDwUpxI</latexit>

CR cloud

Rsh

<latexit sha1_base64="1nLR3ngIBbCvJmsGp0B3xZ07uxI=">AAAB7XicbVC7SgNBFL0bXzG+ooKNzWAQrMKuCGoXYmOZiHlAsoTZyWwyZnZmmZkVwpJ/sLFQxNbKv/AL7Gz8FiePQhMPXDiccy/33hPEnGnjul9OZml5ZXUtu57b2Nza3snv7tW1TBShNSK5VM0Aa8qZoDXDDKfNWFEcBZw2gsHV2G/cU6WZFLdmGFM/wj3BQkawsVL9ppPq/qiTL7hFdwK0SLwZKZQOqt/svfxR6eQ/211JkogKQzjWuuW5sfFTrAwjnI5y7UTTGJMB7tGWpQJHVPvp5NoROrZKF4VS2RIGTdTfEymOtB5Gge2MsOnreW8s/ue1EhNe+CkTcWKoINNFYcKRkWj8OuoyRYnhQ0swUczeikgfK0yMDShnQ/DmX14k9dOid1a8rNo0yjBFFg7hCE7Ag3MowTVUoAYE7uABnuDZkc6j8+K8TlszzmxmH/7AefsBoYqS4w==</latexit>



Drury 2011

SNR shocks are spherical —> CR escape

SNR shock

Rsh / t2/5 = t0.4

<latexit sha1_base64="Ftw1r8sjcmnd6L5TSiO1YpOiR7g=">AAACCXicbVDLSsNAFJ34rPUVFdy4GSyCq5iUiroQSt24bMU+oI1hMp20QycPZiZCCdm68Vd04UIRt/oF7tz4LU7aLrT1wMDhnHu5c44bMSqkaX5pc/MLi0vLuZX86tr6xqa+td0QYcwxqeOQhbzlIkEYDUhdUslIK+IE+S4jTXdwkfnNW8IFDYNrOYyI7aNeQD2KkVSSo8MrJxH9FHYiHkYyhPImKR4dp/A8Y6ZRSh29YBrmCH CWWBNSKO/Wvulj5aPq6J+dbohjnwQSMyRE2zIjaSeIS4oZSfOdWJAI4QHqkbaiAfKJsJNRkhQeKKULvZCrF0g4Un9vJMgXYui7atJHsi+mvUz8z2vH0ju1ExpEsSQBHh/yYgazyKoW2KWcYMmGiiDMqforxH3EEZaqvLwqwZqOPEsaRcMqGWc11UYFjJEDe2AfHAILnIAyuARVUAcY3IEH8AxetHvtSXvV3sajc9pkZwf8gfb+A2bEnJE=</latexit>

RCR / t1/2 = t0.5

<latexit sha1_base64="HacDwLrMeUcZzJ+1Ypcxj5gE4QM=">AAACCXicbVC7SgNBFJ2Nrxhfq4KNzWAQrNbdoKiFEJLGMgnmAcm6zE4myZDZBzOzQli2tfFXtLBQxFa/wM7Gb3E2SaGJBwYO59zLnXPckFEhTfNLyywsLi2vZFdza+sbm1v69k5DBBHHpI4DFvCWiwRh1Cd1SSUjrZAT5LmMNN1hOfWbt4QLGvjXchQS20N9n/YoRlJJjg5rTlyuJbAT8iCUAZQ3sXVcSOBlykzjNHH0vGmYY8B5Yk1JvrhX/aaPpY+Ko392ugGOPOJLzJAQbcsMpR0jLilmJMl1IkFChIeoT9qK+sgjwo7HSRJ4qJQu7AVcPV/Csfp7I0aeECPPVZMekgMx66Xif147kr1zO6Z+GEni48mhXsRgGlnVAruUEyzZSBGEOVV/hXiAOMJSlZdTJVizkedJo2BYJ8ZFVbVRAhNkwT44AEfAAmegCK5ABdQBBnfgATyDF+1ee9JetbfJaEab7uyCP9DefwDwUpxI</latexit>

CR cloud

Rsh

<latexit sha1_base64="1nLR3ngIBbCvJmsGp0B3xZ07uxI=">AAAB7XicbVC7SgNBFL0bXzG+ooKNzWAQrMKuCGoXYmOZiHlAsoTZyWwyZnZmmZkVwpJ/sLFQxNbKv/AL7Gz8FiePQhMPXDiccy/33hPEnGnjul9OZml5ZXUtu57b2Nza3snv7tW1TBShNSK5VM0Aa8qZoDXDDKfNWFEcBZw2gsHV2G/cU6WZFLdmGFM/wj3BQkawsVL9ppPq/qiTL7hFdwK0SLwZKZQOqt/svfxR6eQ/211JkogKQzjWuuW5sfFTrAwjnI5y7UTTGJMB7tGWpQJHVPvp5NoROrZKF4VS2RIGTdTfEymOtB5Gge2MsOnreW8s/ue1EhNe+CkTcWKoINNFYcKRkWj8OuoyRYnhQ0swUczeikgfK0yMDShnQ/DmX14k9dOid1a8rNo0yjBFFg7hCE7Ag3MowTVUoAYE7uABnuDZkc6j8+K8TlszzmxmH/7AefsBoYqS4w==</latexit>

faster!



Drury 2011

SNR shocks are spherical —> CR escape

SNR shock

Rsh / t2/5 = t0.4

<latexit sha1_base64="Ftw1r8sjcmnd6L5TSiO1YpOiR7g=">AAACCXicbVDLSsNAFJ34rPUVFdy4GSyCq5iUiroQSt24bMU+oI1hMp20QycPZiZCCdm68Vd04UIRt/oF7tz4LU7aLrT1wMDhnHu5c44bMSqkaX5pc/MLi0vLuZX86tr6xqa+td0QYcwxqeOQhbzlIkEYDUhdUslIK+IE+S4jTXdwkfnNW8IFDYNrOYyI7aNeQD2KkVSSo8MrJxH9FHYiHkYyhPImKR4dp/A8Y6ZRSh29YBrmCH CWWBNSKO/Wvulj5aPq6J+dbohjnwQSMyRE2zIjaSeIS4oZSfOdWJAI4QHqkbaiAfKJsJNRkhQeKKULvZCrF0g4Un9vJMgXYui7atJHsi+mvUz8z2vH0ju1ExpEsSQBHh/yYgazyKoW2KWcYMmGiiDMqforxH3EEZaqvLwqwZqOPEsaRcMqGWc11UYFjJEDe2AfHAILnIAyuARVUAcY3IEH8AxetHvtSXvV3sajc9pkZwf8gfb+A2bEnJE=</latexit>

RCR / t1/2 = t0.5

<latexit sha1_base64="HacDwLrMeUcZzJ+1Ypcxj5gE4QM=">AAACCXicbVC7SgNBFJ2Nrxhfq4KNzWAQrNbdoKiFEJLGMgnmAcm6zE4myZDZBzOzQli2tfFXtLBQxFa/wM7Gb3E2SaGJBwYO59zLnXPckFEhTfNLyywsLi2vZFdza+sbm1v69k5DBBHHpI4DFvCWiwRh1Cd1SSUjrZAT5LmMNN1hOfWbt4QLGvjXchQS20N9n/YoRlJJjg5rTlyuJbAT8iCUAZQ3sXVcSOBlykzjNHH0vGmYY8B5Yk1JvrhX/aaPpY+Ko392ugGOPOJLzJAQbcsMpR0jLilmJMl1IkFChIeoT9qK+sgjwo7HSRJ4qJQu7AVcPV/Csfp7I0aeECPPVZMekgMx66Xif147kr1zO6Z+GEni48mhXsRgGlnVAruUEyzZSBGEOVV/hXiAOMJSlZdTJVizkedJo2BYJ8ZFVbVRAhNkwT44AEfAAmegCK5ABdQBBnfgATyDF+1ee9JetbfJaEab7uyCP9DefwDwUpxI</latexit>

CR cloud

Rsh

<latexit sha1_base64="1nLR3ngIBbCvJmsGp0B3xZ07uxI=">AAAB7XicbVC7SgNBFL0bXzG+ooKNzWAQrMKuCGoXYmOZiHlAsoTZyWwyZnZmmZkVwpJ/sLFQxNbKv/AL7Gz8FiePQhMPXDiccy/33hPEnGnjul9OZml5ZXUtu57b2Nza3snv7tW1TBShNSK5VM0Aa8qZoDXDDKfNWFEcBZw2gsHV2G/cU6WZFLdmGFM/wj3BQkawsVL9ppPq/qiTL7hFdwK0SLwZKZQOqt/svfxR6eQ/211JkogKQzjWuuW5sfFTrAwjnI5y7UTTGJMB7tGWpQJHVPvp5NoROrZKF4VS2RIGTdTfEymOtB5Gge2MsOnreW8s/ue1EhNe+CkTcWKoINNFYcKRkWj8OuoyRYnhQ0swUczeikgfK0yMDShnQ/DmX14k9dOid1a8rNo0yjBFFg7hCE7Ag3MowTVUoAYE7uABnuDZkc6j8+K8TlszzmxmH/7AefsBoYqS4w==</latexit>

faster!

particle escape from SNRs?



Drury 2011

SNR shocks are spherical —> CR escape

SNR shock

Rsh / t2/5 = t0.4

<latexit sha1_base64="Ftw1r8sjcmnd6L5TSiO1YpOiR7g=">AAACCXicbVDLSsNAFJ34rPUVFdy4GSyCq5iUiroQSt24bMU+oI1hMp20QycPZiZCCdm68Vd04UIRt/oF7tz4LU7aLrT1wMDhnHu5c44bMSqkaX5pc/MLi0vLuZX86tr6xqa+td0QYcwxqeOQhbzlIkEYDUhdUslIK+IE+S4jTXdwkfnNW8IFDYNrOYyI7aNeQD2KkVSSo8MrJxH9FHYiHkYyhPImKR4dp/A8Y6ZRSh29YBrmCH CWWBNSKO/Wvulj5aPq6J+dbohjnwQSMyRE2zIjaSeIS4oZSfOdWJAI4QHqkbaiAfKJsJNRkhQeKKULvZCrF0g4Un9vJMgXYui7atJHsi+mvUz8z2vH0ju1ExpEsSQBHh/yYgazyKoW2KWcYMmGiiDMqforxH3EEZaqvLwqwZqOPEsaRcMqGWc11UYFjJEDe2AfHAILnIAyuARVUAcY3IEH8AxetHvtSXvV3sajc9pkZwf8gfb+A2bEnJE=</latexit>

RCR / t1/2 = t0.5

<latexit sha1_base64="HacDwLrMeUcZzJ+1Ypcxj5gE4QM=">AAACCXicbVC7SgNBFJ2Nrxhfq4KNzWAQrNbdoKiFEJLGMgnmAcm6zE4myZDZBzOzQli2tfFXtLBQxFa/wM7Gb3E2SaGJBwYO59zLnXPckFEhTfNLyywsLi2vZFdza+sbm1v69k5DBBHHpI4DFvCWiwRh1Cd1SSUjrZAT5LmMNN1hOfWbt4QLGvjXchQS20N9n/YoRlJJjg5rTlyuJbAT8iCUAZQ3sXVcSOBlykzjNHH0vGmYY8B5Yk1JvrhX/aaPpY+Ko392ugGOPOJLzJAQbcsMpR0jLilmJMl1IkFChIeoT9qK+sgjwo7HSRJ4qJQu7AVcPV/Csfp7I0aeECPPVZMekgMx66Xif147kr1zO6Z+GEni48mhXsRgGlnVAruUEyzZSBGEOVV/hXiAOMJSlZdTJVizkedJo2BYJ8ZFVbVRAhNkwT44AEfAAmegCK5ABdQBBnfgATyDF+1ee9JetbfJaEab7uyCP9DefwDwUpxI</latexit>

CR cloud

Rsh

<latexit sha1_base64="1nLR3ngIBbCvJmsGp0B3xZ07uxI=">AAAB7XicbVC7SgNBFL0bXzG+ooKNzWAQrMKuCGoXYmOZiHlAsoTZyWwyZnZmmZkVwpJ/sLFQxNbKv/AL7Gz8FiePQhMPXDiccy/33hPEnGnjul9OZml5ZXUtu57b2Nza3snv7tW1TBShNSK5VM0Aa8qZoDXDDKfNWFEcBZw2gsHV2G/cU6WZFLdmGFM/wj3BQkawsVL9ppPq/qiTL7hFdwK0SLwZKZQOqt/svfxR6eQ/211JkogKQzjWuuW5sfFTrAwjnI5y7UTTGJMB7tGWpQJHVPvp5NoROrZKF4VS2RIGTdTfEymOtB5Gge2MsOnreW8s/ue1EhNe+CkTcWKoINNFYcKRkWj8OuoyRYnhQ0swUczeikgfK0yMDShnQ/DmX14k9dOid1a8rNo0yjBFFg7hCE7Ag3MowTVUoAYE7uABnuDZkc6j8+K8TlszzmxmH/7AefsBoYqS4w==</latexit>

faster!

particle escape from SNRs?

diffusion is faster for larger energies —> high energy particles escape first?
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Rsh

<latexit sha1_base64="1nLR3ngIBbCvJmsGp0B3xZ07uxI=">AAAB7XicbVC7SgNBFL0bXzG+ooKNzWAQrMKuCGoXYmOZiHlAsoTZyWwyZnZmmZkVwpJ/sLFQxNbKv/AL7Gz8FiePQhMPXDiccy/33hPEnGnjul9OZml5ZXUtu57b2Nza3snv7tW1TBShNSK5VM0Aa8qZoDXDDKfNWFEcBZw2gsHV2G/cU6WZFLdmGFM/wj3BQkawsVL9ppPq/qiTL7hFdwK0SLwZKZQOqt/svfxR6eQ/211JkogKQzjWuuW5sfFTrAwjnI5y7UTTGJMB7tGWpQJHVPvp5NoROrZKF4VS2RIGTdTfEymOtB5Gge2MsOnreW8s/ue1EhNe+CkTcWKoINNFYcKRkWj8OuoyRYnhQ0swUczeikgfK0yMDShnQ/DmX14k9dOid1a8rNo0yjBFFg7hCE7Ag3MowTVUoAYE7uABnuDZkc6j8+K8TlszzmxmH/7AefsBoYqS4w==</latexit>

R̂

<latexit sha1_base64="k7RrWpmg94Angc7psqJAY6PXNxs=">AAAB7nicbZDLSgMxFIYz9VbHW9Wlm2ARXJUZEdSFWHTjsoq9QDuUTJppQzOZkJwRytCHcONCERdufBP3bsS3Mb0stPWHwMf/n0POOaES3IDnfTu5hcWl5ZX8qru2vrG5VdjeqZkk1ZRVaSIS3QiJYYJLVgUOgjWUZiQOBauH/atRXr9n2vBE3sFAsSAmXckjTglYq97qEchuh+1C0St5Y+F58KdQvPhwz9Xbl1tpFz5bnYSmMZNABTGm6XsKgoxo4FSwodtKDVOE9kmXNS1KEjMTZONxh/jAOh0cJdo+CXjs/u7ISGzMIA5tZUygZ2azkflf1kwhOg0yLlUKTNLJR1EqMCR4tDvucM0oiIEFQjW3s2LaI5pQsBdy7RH82ZXnoXZU8o9LZzdesXyJJsqjPbSPDpGPTlAZXaMKqiKK+ugBPaFnRzmPzovzOinNOdOeXfRHzvsP2eWS7A==</latexit>

CR particle

return probability to the shock for a particle located upstream

for simplicity let’s take the shock to be at rest
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Rsh

<latexit sha1_base64="1nLR3ngIBbCvJmsGp0B3xZ07uxI=">AAAB7XicbVC7SgNBFL0bXzG+ooKNzWAQrMKuCGoXYmOZiHlAsoTZyWwyZnZmmZkVwpJ/sLFQxNbKv/AL7Gz8FiePQhMPXDiccy/33hPEnGnjul9OZml5ZXUtu57b2Nza3snv7tW1TBShNSK5VM0Aa8qZoDXDDKfNWFEcBZw2gsHV2G/cU6WZFLdmGFM/wj3BQkawsVL9ppPq/qiTL7hFdwK0SLwZKZQOqt/svfxR6eQ/211JkogKQzjWuuW5sfFTrAwjnI5y7UTTGJMB7tGWpQJHVPvp5NoROrZKF4VS2RIGTdTfEymOtB5Gge2MsOnreW8s/ue1EhNe+CkTcWKoINNFYcKRkWj8OuoyRYnhQ0swUczeikgfK0yMDShnQ/DmX14k9dOid1a8rNo0yjBFFg7hCE7Ag3MowTVUoAYE7uABnuDZkc6j8+K8TlszzmxmH/7AefsBoYqS4w==</latexit>

R̂

<latexit sha1_base64="k7RrWpmg94Angc7psqJAY6PXNxs=">AAAB7nicbZDLSgMxFIYz9VbHW9Wlm2ARXJUZEdSFWHTjsoq9QDuUTJppQzOZkJwRytCHcONCERdufBP3bsS3Mb0stPWHwMf/n0POOaES3IDnfTu5hcWl5ZX8qru2vrG5VdjeqZkk1ZRVaSIS3QiJYYJLVgUOgjWUZiQOBauH/atRXr9n2vBE3sFAsSAmXckjTglYq97qEchuh+1C0St5Y+F58KdQvPhwz9Xbl1tpFz5bnYSmMZNABTGm6XsKgoxo4FSwodtKDVOE9kmXNS1KEjMTZONxh/jAOh0cJdo+CXjs/u7ISGzMIA5tZUygZ2azkflf1kwhOg0yLlUKTNLJR1EqMCR4tDvucM0oiIEFQjW3s2LaI5pQsBdy7RH82ZXnoXZU8o9LZzdesXyJJsqjPbSPDpGPTlAZXaMKqiKK+ugBPaFnRzmPzovzOinNOdOeXfRHzvsP2eWS7A==</latexit>

CR particle

return probability to the shock for a particle located upstream

for simplicity let’s take the shock to be at rest

1

R2

@

@R

✓
R2D

@f

@R

◆
= �(R� R̂)

<latexit sha1_base64="QcNIimabW7aJwAKJhdYq01cdrpU="></latexit>

diffusion equation
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Rsh

<latexit sha1_base64="1nLR3ngIBbCvJmsGp0B3xZ07uxI=">AAAB7XicbVC7SgNBFL0bXzG+ooKNzWAQrMKuCGoXYmOZiHlAsoTZyWwyZnZmmZkVwpJ/sLFQxNbKv/AL7Gz8FiePQhMPXDiccy/33hPEnGnjul9OZml5ZXUtu57b2Nza3snv7tW1TBShNSK5VM0Aa8qZoDXDDKfNWFEcBZw2gsHV2G/cU6WZFLdmGFM/wj3BQkawsVL9ppPq/qiTL7hFdwK0SLwZKZQOqt/svfxR6eQ/211JkogKQzjWuuW5sfFTrAwjnI5y7UTTGJMB7tGWpQJHVPvp5NoROrZKF4VS2RIGTdTfEymOtB5Gge2MsOnreW8s/ue1EhNe+CkTcWKoINNFYcKRkWj8OuoyRYnhQ0swUczeikgfK0yMDShnQ/DmX14k9dOid1a8rNo0yjBFFg7hCE7Ag3MowTVUoAYE7uABnuDZkc6j8+K8TlszzmxmH/7AefsBoYqS4w==</latexit>

R̂

<latexit sha1_base64="k7RrWpmg94Angc7psqJAY6PXNxs=">AAAB7nicbZDLSgMxFIYz9VbHW9Wlm2ARXJUZEdSFWHTjsoq9QDuUTJppQzOZkJwRytCHcONCERdufBP3bsS3Mb0stPWHwMf/n0POOaES3IDnfTu5hcWl5ZX8qru2vrG5VdjeqZkk1ZRVaSIS3QiJYYJLVgUOgjWUZiQOBauH/atRXr9n2vBE3sFAsSAmXckjTglYq97qEchuh+1C0St5Y+F58KdQvPhwz9Xbl1tpFz5bnYSmMZNABTGm6XsKgoxo4FSwodtKDVOE9kmXNS1KEjMTZONxh/jAOh0cJdo+CXjs/u7ISGzMIA5tZUygZ2azkflf1kwhOg0yLlUKTNLJR1EqMCR4tDvucM0oiIEFQjW3s2LaI5pQsBdy7RH82ZXnoXZU8o9LZzdesXyJJsqjPbSPDpGPTlAZXaMKqiKK+ugBPaFnRzmPzovzOinNOdOeXfRHzvsP2eWS7A==</latexit>

CR particle

return probability to the shock for a particle located upstream

for simplicity let’s take the shock to be at rest

fictitious source

1

R2

@

@R

✓
R2D

@f

@R

◆
= �(R� R̂)

<latexit sha1_base64="QcNIimabW7aJwAKJhdYq01cdrpU="></latexit>

diffusion equation
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Rsh

<latexit sha1_base64="1nLR3ngIBbCvJmsGp0B3xZ07uxI=">AAAB7XicbVC7SgNBFL0bXzG+ooKNzWAQrMKuCGoXYmOZiHlAsoTZyWwyZnZmmZkVwpJ/sLFQxNbKv/AL7Gz8FiePQhMPXDiccy/33hPEnGnjul9OZml5ZXUtu57b2Nza3snv7tW1TBShNSK5VM0Aa8qZoDXDDKfNWFEcBZw2gsHV2G/cU6WZFLdmGFM/wj3BQkawsVL9ppPq/qiTL7hFdwK0SLwZKZQOqt/svfxR6eQ/211JkogKQzjWuuW5sfFTrAwjnI5y7UTTGJMB7tGWpQJHVPvp5NoROrZKF4VS2RIGTdTfEymOtB5Gge2MsOnreW8s/ue1EhNe+CkTcWKoINNFYcKRkWj8OuoyRYnhQ0swUczeikgfK0yMDShnQ/DmX14k9dOid1a8rNo0yjBFFg7hCE7Ag3MowTVUoAYE7uABnuDZkc6j8+K8TlszzmxmH/7AefsBoYqS4w==</latexit>

R̂

<latexit sha1_base64="k7RrWpmg94Angc7psqJAY6PXNxs=">AAAB7nicbZDLSgMxFIYz9VbHW9Wlm2ARXJUZEdSFWHTjsoq9QDuUTJppQzOZkJwRytCHcONCERdufBP3bsS3Mb0stPWHwMf/n0POOaES3IDnfTu5hcWl5ZX8qru2vrG5VdjeqZkk1ZRVaSIS3QiJYYJLVgUOgjWUZiQOBauH/atRXr9n2vBE3sFAsSAmXckjTglYq97qEchuh+1C0St5Y+F58KdQvPhwz9Xbl1tpFz5bnYSmMZNABTGm6XsKgoxo4FSwodtKDVOE9kmXNS1KEjMTZONxh/jAOh0cJdo+CXjs/u7ISGzMIA5tZUygZ2azkflf1kwhOg0yLlUKTNLJR1EqMCR4tDvucM0oiIEFQjW3s2LaI5pQsBdy7RH82ZXnoXZU8o9LZzdesXyJJsqjPbSPDpGPTlAZXaMKqiKK+ugBPaFnRzmPzovzOinNOdOeXfRHzvsP2eWS7A==</latexit>

CR particle

return probability to the shock for a particle located upstream

for simplicity let’s take the shock to be at rest

fictitious source

1

R2

@

@R

✓
R2D

@f

@R

◆
= �(R� R̂)

<latexit sha1_base64="QcNIimabW7aJwAKJhdYq01cdrpU="></latexit>

diffusion equation

lim
R!1

f = 0

<latexit sha1_base64="nTOrKTND6KrRQgo5ZF3rxFkYTjo=">AAACAHicbVBNS8NAEJ34WetX1YMHL4tF8FQTEVREKHrxWIvVQhPqZrvRpZtN2J0IJeTiX/HiQRGv/gxv/hu3rQe/Hgw83pthZl6YSmHQdT+cicmp6ZnZ0lx5fmFxabmysnppkkwz3mKJTHQ7pIZLoXgLBUreTjWncSj5Vdg/HfpXd1wbkagLHKQ8iOmNEpFgFK3Uraz7UsTdvOlj4gsV4aAgETkmbrdSdWvuCOQv8b5ItX4EznWzsdPoVt79XsKymCtkkhrT8dwUg5xqFEzyouxnhqeU9ekN71iqaMxNkI8eKMiWVXokSrQthWSkfp/IaWzMIA5tZ0zx1vz2huJ/XifD6CDIhUoz5IqNF0WZJJiQYRqkJzRnKAeWUKaFvZWwW6opQ5tZ2Ybg/X75L7ncrXl7tcNzm8YJjFGCDdiEbfBgH+pwBg1oAYMCHuAJnp1759F5cV7HrRPO18wa/IDz9gn+bJeF</latexit>

f(Rsh) = 0

<latexit sha1_base64="FkHAONcKYfMqujLCx0OG4KJjtGc=">AAAB9HicbVDLSgNBEOyNrxhfUY9ehgQhIoRdEdSDEPTiMYp5QLKE2clsMmR2dp2ZDSxL/kLw4kERr36Mt/yNk8dBEwsaiqpuuru8iDOlbXtsZVZW19Y3spu5re2d3b38/kFdhbEktEZCHsqmhxXlTNCaZprTZiQpDjxOG97gduI3hlQqFopHnUTUDXBPMJ8RrI3k+qWHTqr6oxN0jexOvmiX7SnQMnHmpFgptE+fx5Wk2sl/t7shiQMqNOFYqZZjR9pNsdSMcDrKtWNFI0wGuEdbhgocUOWm06NH6NgoXeSH0pTQaKr+nkhxoFQSeKYzwLqvFr2J+J/XirV/6aZMRLGmgswW+TFHOkSTBFCXSUo0TwzBRDJzKyJ9LDHRJqecCcFZfHmZ1M/Kznn56t6kcQMzZOEIClACBy6gAndQhRoQeIIXeIN3a2i9Wh/W56w1Y81nDuEPrK8fELWT+w==</latexit>

we treat the shock as 
an absorbing boundary

boundary conditions
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R̂

<latexit sha1_base64="k7RrWpmg94Angc7psqJAY6PXNxs=">AAAB7nicbZDLSgMxFIYz9VbHW9Wlm2ARXJUZEdSFWHTjsoq9QDuUTJppQzOZkJwRytCHcONCERdufBP3bsS3Mb0stPWHwMf/n0POOaES3IDnfTu5hcWl5ZX8qru2vrG5VdjeqZkk1ZRVaSIS3QiJYYJLVgUOgjWUZiQOBauH/atRXr9n2vBE3sFAsSAmXckjTglYq97qEchuh+1C0St5Y+F58KdQvPhwz9Xbl1tpFz5bnYSmMZNABTGm6XsKgoxo4FSwodtKDVOE9kmXNS1KEjMTZONxh/jAOh0cJdo+CXjs/u7ISGzMIA5tZUygZ2azkflf1kwhOg0yLlUKTNLJR1EqMCR4tDvucM0oiIEFQjW3s2LaI5pQsBdy7RH82ZXnoXZU8o9LZzdesXyJJsqjPbSPDpGPTlAZXaMKqiKK+ugBPaFnRzmPzovzOinNOdOeXfRHzvsP2eWS7A==</latexit>

CR particle

return probability to the shock for a particle located upstream

let’s solve the equation for R ≠ R̂

Rsh

<latexit sha1_base64="1nLR3ngIBbCvJmsGp0B3xZ07uxI=">AAAB7XicbVC7SgNBFL0bXzG+ooKNzWAQrMKuCGoXYmOZiHlAsoTZyWwyZnZmmZkVwpJ/sLFQxNbKv/AL7Gz8FiePQhMPXDiccy/33hPEnGnjul9OZml5ZXUtu57b2Nza3snv7tW1TBShNSK5VM0Aa8qZoDXDDKfNWFEcBZw2gsHV2G/cU6WZFLdmGFM/wj3BQkawsVL9ppPq/qiTL7hFdwK0SLwZKZQOqt/svfxR6eQ/211JkogKQzjWuuW5sfFTrAwjnI5y7UTTGJMB7tGWpQJHVPvp5NoROrZKF4VS2RIGTdTfEymOtB5Gge2MsOnreW8s/ue1EhNe+CkTcWKoINNFYcKRkWj8OuoyRYnhQ0swUczeikgfK0yMDShnQ/DmX14k9dOid1a8rNo0yjBFFg7hCE7Ag3MowTVUoAYE7uABnuDZkc6j8+K8TlszzmxmH/7AefsBoYqS4w==</latexit>
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R̂

<latexit sha1_base64="k7RrWpmg94Angc7psqJAY6PXNxs=">AAAB7nicbZDLSgMxFIYz9VbHW9Wlm2ARXJUZEdSFWHTjsoq9QDuUTJppQzOZkJwRytCHcONCERdufBP3bsS3Mb0stPWHwMf/n0POOaES3IDnfTu5hcWl5ZX8qru2vrG5VdjeqZkk1ZRVaSIS3QiJYYJLVgUOgjWUZiQOBauH/atRXr9n2vBE3sFAsSAmXckjTglYq97qEchuh+1C0St5Y+F58KdQvPhwz9Xbl1tpFz5bnYSmMZNABTGm6XsKgoxo4FSwodtKDVOE9kmXNS1KEjMTZONxh/jAOh0cJdo+CXjs/u7ISGzMIA5tZUygZ2azkflf1kwhOg0yLlUKTNLJR1EqMCR4tDvucM0oiIEFQjW3s2LaI5pQsBdy7RH82ZXnoXZU8o9LZzdesXyJJsqjPbSPDpGPTlAZXaMKqiKK+ugBPaFnRzmPzovzOinNOdOeXfRHzvsP2eWS7A==</latexit>

CR particle

return probability to the shock for a particle located upstream

let’s solve the equation for R ≠ R̂

Rsh

<latexit sha1_base64="1nLR3ngIBbCvJmsGp0B3xZ07uxI=">AAAB7XicbVC7SgNBFL0bXzG+ooKNzWAQrMKuCGoXYmOZiHlAsoTZyWwyZnZmmZkVwpJ/sLFQxNbKv/AL7Gz8FiePQhMPXDiccy/33hPEnGnjul9OZml5ZXUtu57b2Nza3snv7tW1TBShNSK5VM0Aa8qZoDXDDKfNWFEcBZw2gsHV2G/cU6WZFLdmGFM/wj3BQkawsVL9ppPq/qiTL7hFdwK0SLwZKZQOqt/svfxR6eQ/211JkogKQzjWuuW5sfFTrAwjnI5y7UTTGJMB7tGWpQJHVPvp5NoROrZKF4VS2RIGTdTfEymOtB5Gge2MsOnreW8s/ue1EhNe+CkTcWKoINNFYcKRkWj8OuoyRYnhQ0swUczeikgfK0yMDShnQ/DmX14k9dOid1a8rNo0yjBFFg7hCE7Ag3MowTVUoAYE7uABnuDZkc6j8+K8TlszzmxmH/7AefsBoYqS4w==</latexit>

R2D
df
dR

= ϕ → f = −
ϕ
D ( 1

R
+ a)

constant
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R̂

<latexit sha1_base64="k7RrWpmg94Angc7psqJAY6PXNxs=">AAAB7nicbZDLSgMxFIYz9VbHW9Wlm2ARXJUZEdSFWHTjsoq9QDuUTJppQzOZkJwRytCHcONCERdufBP3bsS3Mb0stPWHwMf/n0POOaES3IDnfTu5hcWl5ZX8qru2vrG5VdjeqZkk1ZRVaSIS3QiJYYJLVgUOgjWUZiQOBauH/atRXr9n2vBE3sFAsSAmXckjTglYq97qEchuh+1C0St5Y+F58KdQvPhwz9Xbl1tpFz5bnYSmMZNABTGm6XsKgoxo4FSwodtKDVOE9kmXNS1KEjMTZONxh/jAOh0cJdo+CXjs/u7ISGzMIA5tZUygZ2azkflf1kwhOg0yLlUKTNLJR1EqMCR4tDvucM0oiIEFQjW3s2LaI5pQsBdy7RH82ZXnoXZU8o9LZzdesXyJJsqjPbSPDpGPTlAZXaMKqiKK+ugBPaFnRzmPzovzOinNOdOeXfRHzvsP2eWS7A==</latexit>

CR particle

return probability to the shock for a particle located upstream

let’s solve the equation for R ≠ R̂

Rsh

<latexit sha1_base64="1nLR3ngIBbCvJmsGp0B3xZ07uxI=">AAAB7XicbVC7SgNBFL0bXzG+ooKNzWAQrMKuCGoXYmOZiHlAsoTZyWwyZnZmmZkVwpJ/sLFQxNbKv/AL7Gz8FiePQhMPXDiccy/33hPEnGnjul9OZml5ZXUtu57b2Nza3snv7tW1TBShNSK5VM0Aa8qZoDXDDKfNWFEcBZw2gsHV2G/cU6WZFLdmGFM/wj3BQkawsVL9ppPq/qiTL7hFdwK0SLwZKZQOqt/svfxR6eQ/211JkogKQzjWuuW5sfFTrAwjnI5y7UTTGJMB7tGWpQJHVPvp5NoROrZKF4VS2RIGTdTfEymOtB5Gge2MsOnreW8s/ue1EhNe+CkTcWKoINNFYcKRkWj8OuoyRYnhQ0swUczeikgfK0yMDShnQ/DmX14k9dOid1a8rNo0yjBFFg7hCE7Ag3MowTVUoAYE7uABnuDZkc6j8+K8TlszzmxmH/7AefsBoYqS4w==</latexit>

this is the 
diffusive flux

this is the diffusive flux

R2D
df
dR

= ϕ → f = −
ϕ
D ( 1

R
+ a)

constant
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R̂

<latexit sha1_base64="k7RrWpmg94Angc7psqJAY6PXNxs=">AAAB7nicbZDLSgMxFIYz9VbHW9Wlm2ARXJUZEdSFWHTjsoq9QDuUTJppQzOZkJwRytCHcONCERdufBP3bsS3Mb0stPWHwMf/n0POOaES3IDnfTu5hcWl5ZX8qru2vrG5VdjeqZkk1ZRVaSIS3QiJYYJLVgUOgjWUZiQOBauH/atRXr9n2vBE3sFAsSAmXckjTglYq97qEchuh+1C0St5Y+F58KdQvPhwz9Xbl1tpFz5bnYSmMZNABTGm6XsKgoxo4FSwodtKDVOE9kmXNS1KEjMTZONxh/jAOh0cJdo+CXjs/u7ISGzMIA5tZUygZ2azkflf1kwhOg0yLlUKTNLJR1EqMCR4tDvucM0oiIEFQjW3s2LaI5pQsBdy7RH82ZXnoXZU8o9LZzdesXyJJsqjPbSPDpGPTlAZXaMKqiKK+ugBPaFnRzmPzovzOinNOdOeXfRHzvsP2eWS7A==</latexit>

CR particle

return probability to the shock for a particle located upstream

let’s solve the equation for R ≠ R̂

Rsh

<latexit sha1_base64="1nLR3ngIBbCvJmsGp0B3xZ07uxI=">AAAB7XicbVC7SgNBFL0bXzG+ooKNzWAQrMKuCGoXYmOZiHlAsoTZyWwyZnZmmZkVwpJ/sLFQxNbKv/AL7Gz8FiePQhMPXDiccy/33hPEnGnjul9OZml5ZXUtu57b2Nza3snv7tW1TBShNSK5VM0Aa8qZoDXDDKfNWFEcBZw2gsHV2G/cU6WZFLdmGFM/wj3BQkawsVL9ppPq/qiTL7hFdwK0SLwZKZQOqt/svfxR6eQ/211JkogKQzjWuuW5sfFTrAwjnI5y7UTTGJMB7tGWpQJHVPvp5NoROrZKF4VS2RIGTdTfEymOtB5Gge2MsOnreW8s/ue1EhNe+CkTcWKoINNFYcKRkWj8OuoyRYnhQ0swUczeikgfK0yMDShnQ/DmX14k9dOid1a8rNo0yjBFFg7hCE7Ag3MowTVUoAYE7uABnuDZkc6j8+K8TlszzmxmH/7AefsBoYqS4w==</latexit>

Rsh < R < R̂

f(Rsh) = 0 → f = −
ϕsh

D ( 1
R

−
1

Rsh )

this is the 
diffusive flux

this is the diffusive flux

R2D
df
dR

= ϕ → f = −
ϕ
D ( 1

R
+ a)

constant
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R̂

<latexit sha1_base64="k7RrWpmg94Angc7psqJAY6PXNxs=">AAAB7nicbZDLSgMxFIYz9VbHW9Wlm2ARXJUZEdSFWHTjsoq9QDuUTJppQzOZkJwRytCHcONCERdufBP3bsS3Mb0stPWHwMf/n0POOaES3IDnfTu5hcWl5ZX8qru2vrG5VdjeqZkk1ZRVaSIS3QiJYYJLVgUOgjWUZiQOBauH/atRXr9n2vBE3sFAsSAmXckjTglYq97qEchuh+1C0St5Y+F58KdQvPhwz9Xbl1tpFz5bnYSmMZNABTGm6XsKgoxo4FSwodtKDVOE9kmXNS1KEjMTZONxh/jAOh0cJdo+CXjs/u7ISGzMIA5tZUygZ2azkflf1kwhOg0yLlUKTNLJR1EqMCR4tDvucM0oiIEFQjW3s2LaI5pQsBdy7RH82ZXnoXZU8o9LZzdesXyJJsqjPbSPDpGPTlAZXaMKqiKK+ugBPaFnRzmPzovzOinNOdOeXfRHzvsP2eWS7A==</latexit>

CR particle

return probability to the shock for a particle located upstream

let’s solve the equation for R ≠ R̂

Rsh

<latexit sha1_base64="1nLR3ngIBbCvJmsGp0B3xZ07uxI=">AAAB7XicbVC7SgNBFL0bXzG+ooKNzWAQrMKuCGoXYmOZiHlAsoTZyWwyZnZmmZkVwpJ/sLFQxNbKv/AL7Gz8FiePQhMPXDiccy/33hPEnGnjul9OZml5ZXUtu57b2Nza3snv7tW1TBShNSK5VM0Aa8qZoDXDDKfNWFEcBZw2gsHV2G/cU6WZFLdmGFM/wj3BQkawsVL9ppPq/qiTL7hFdwK0SLwZKZQOqt/svfxR6eQ/211JkogKQzjWuuW5sfFTrAwjnI5y7UTTGJMB7tGWpQJHVPvp5NoROrZKF4VS2RIGTdTfEymOtB5Gge2MsOnreW8s/ue1EhNe+CkTcWKoINNFYcKRkWj8OuoyRYnhQ0swUczeikgfK0yMDShnQ/DmX14k9dOid1a8rNo0yjBFFg7hCE7Ag3MowTVUoAYE7uABnuDZkc6j8+K8TlszzmxmH/7AefsBoYqS4w==</latexit>

Rsh < R < R̂

f(Rsh) = 0 → f = −
ϕsh

D ( 1
R

−
1

Rsh )

this is the 
diffusive flux

this is the diffusive flux

R2D
df
dR

= ϕ → f = −
ϕ
D ( 1

R
+ a)

constant

R > R̂

f(R → ∞) = 0 → f = −
ϕ∞

D
1
R

this is negative
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R̂

<latexit sha1_base64="k7RrWpmg94Angc7psqJAY6PXNxs=">AAAB7nicbZDLSgMxFIYz9VbHW9Wlm2ARXJUZEdSFWHTjsoq9QDuUTJppQzOZkJwRytCHcONCERdufBP3bsS3Mb0stPWHwMf/n0POOaES3IDnfTu5hcWl5ZX8qru2vrG5VdjeqZkk1ZRVaSIS3QiJYYJLVgUOgjWUZiQOBauH/atRXr9n2vBE3sFAsSAmXckjTglYq97qEchuh+1C0St5Y+F58KdQvPhwz9Xbl1tpFz5bnYSmMZNABTGm6XsKgoxo4FSwodtKDVOE9kmXNS1KEjMTZONxh/jAOh0cJdo+CXjs/u7ISGzMIA5tZUygZ2azkflf1kwhOg0yLlUKTNLJR1EqMCR4tDvucM0oiIEFQjW3s2LaI5pQsBdy7RH82ZXnoXZU8o9LZzdesXyJJsqjPbSPDpGPTlAZXaMKqiKK+ugBPaFnRzmPzovzOinNOdOeXfRHzvsP2eWS7A==</latexit>

CR particle

return probability to the shock for a particle located upstream

let’s solve the equation for R ≠ R̂

Rsh

<latexit sha1_base64="1nLR3ngIBbCvJmsGp0B3xZ07uxI=">AAAB7XicbVC7SgNBFL0bXzG+ooKNzWAQrMKuCGoXYmOZiHlAsoTZyWwyZnZmmZkVwpJ/sLFQxNbKv/AL7Gz8FiePQhMPXDiccy/33hPEnGnjul9OZml5ZXUtu57b2Nza3snv7tW1TBShNSK5VM0Aa8qZoDXDDKfNWFEcBZw2gsHV2G/cU6WZFLdmGFM/wj3BQkawsVL9ppPq/qiTL7hFdwK0SLwZKZQOqt/svfxR6eQ/211JkogKQzjWuuW5sfFTrAwjnI5y7UTTGJMB7tGWpQJHVPvp5NoROrZKF4VS2RIGTdTfEymOtB5Gge2MsOnreW8s/ue1EhNe+CkTcWKoINNFYcKRkWj8OuoyRYnhQ0swUczeikgfK0yMDShnQ/DmX14k9dOid1a8rNo0yjBFFg7hCE7Ag3MowTVUoAYE7uABnuDZkc6j8+K8TlszzmxmH/7AefsBoYqS4w==</latexit>

Rsh < R < R̂

f(Rsh) = 0 → f = −
ϕsh

D ( 1
R

−
1

Rsh )

this is the 
diffusive flux

this is the diffusive flux

R2D
df
dR

= ϕ → f = −
ϕ
D ( 1

R
+ a)

constant

R > R̂

f(R → ∞) = 0 → f = −
ϕ∞

D
1
R

this is negative

we make it positive



SNR shocks are spherical
return probability to the shock for a particle located upstream

the two solutions must be equal (continuity) in R = R̂

Rsh < R < R̂ R > R̂f = −
ϕsh

D ( 1
R

−
1

Rsh ) f =
ϕ∞

D
1
R
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D ( 1
R

−
1
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D
1
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1
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SNR shocks are spherical
return probability to the shock for a particle located upstream

the two solutions must be equal (continuity) in R = R̂

Rsh < R < R̂ R > R̂f = −
ϕsh

D ( 1
R

−
1

Rsh ) f =
ϕ∞

D
1
R

−
ϕsh

D ( 1
R̂

−
1

Rsh ) =
ϕ∞

D
1
R̂

ϕ∞ = ϕsh ( R̂
Rsh

− 1)



SNR shocks are spherical
return probability to the shock for a particle located upstream

ϕ∞ = ϕsh ( R̂
Rsh

− 1)

Drury 2011

R̂

<latexit sha1_base64="k7RrWpmg94Angc7psqJAY6PXNxs=">AAAB7nicbZDLSgMxFIYz9VbHW9Wlm2ARXJUZEdSFWHTjsoq9QDuUTJppQzOZkJwRytCHcONCERdufBP3bsS3Mb0stPWHwMf/n0POOaES3IDnfTu5hcWl5ZX8qru2vrG5VdjeqZkk1ZRVaSIS3QiJYYJLVgUOgjWUZiQOBauH/atRXr9n2vBE3sFAsSAmXckjTglYq97qEchuh+1C0St5Y+F58KdQvPhwz9Xbl1tpFz5bnYSmMZNABTGm6XsKgoxo4FSwodtKDVOE9kmXNS1KEjMTZONxh/jAOh0cJdo+CXjs/u7ISGzMIA5tZUygZ2azkflf1kwhOg0yLlUKTNLJR1EqMCR4tDvucM0oiIEFQjW3s2LaI5pQsBdy7RH82ZXnoXZU8o9LZzdesXyJJsqjPbSPDpGPTlAZXaMKqiKK+ugBPaFnRzmPzovzOinNOdOeXfRHzvsP2eWS7A==</latexit>

CR particle

Rsh

<latexit sha1_base64="1nLR3ngIBbCvJmsGp0B3xZ07uxI=">AAAB7XicbVC7SgNBFL0bXzG+ooKNzWAQrMKuCGoXYmOZiHlAsoTZyWwyZnZmmZkVwpJ/sLFQxNbKv/AL7Gz8FiePQhMPXDiccy/33hPEnGnjul9OZml5ZXUtu57b2Nza3snv7tW1TBShNSK5VM0Aa8qZoDXDDKfNWFEcBZw2gsHV2G/cU6WZFLdmGFM/wj3BQkawsVL9ppPq/qiTL7hFdwK0SLwZKZQOqt/svfxR6eQ/211JkogKQzjWuuW5sfFTrAwjnI5y7UTTGJMB7tGWpQJHVPvp5NoROrZKF4VS2RIGTdTfEymOtB5Gge2MsOnreW8s/ue1EhNe+CkTcWKoINNFYcKRkWj8OuoyRYnhQ0swUczeikgfK0yMDShnQ/DmX14k9dOid1a8rNo0yjBFFg7hCE7Ag3MowTVUoAYE7uABnuDZkc6j8+K8TlszzmxmH/7AefsBoYqS4w==</latexit>



SNR shocks are spherical
return probability to the shock for a particle located upstream

ϕ∞ = ϕsh ( R̂
Rsh

− 1)

Drury 2011

R̂

<latexit sha1_base64="k7RrWpmg94Angc7psqJAY6PXNxs=">AAAB7nicbZDLSgMxFIYz9VbHW9Wlm2ARXJUZEdSFWHTjsoq9QDuUTJppQzOZkJwRytCHcONCERdufBP3bsS3Mb0stPWHwMf/n0POOaES3IDnfTu5hcWl5ZX8qru2vrG5VdjeqZkk1ZRVaSIS3QiJYYJLVgUOgjWUZiQOBauH/atRXr9n2vBE3sFAsSAmXckjTglYq97qEchuh+1C0St5Y+F58KdQvPhwz9Xbl1tpFz5bnYSmMZNABTGm6XsKgoxo4FSwodtKDVOE9kmXNS1KEjMTZONxh/jAOh0cJdo+CXjs/u7ISGzMIA5tZUygZ2azkflf1kwhOg0yLlUKTNLJR1EqMCR4tDvucM0oiIEFQjW3s2LaI5pQsBdy7RH82ZXnoXZU8o9LZzdesXyJJsqjPbSPDpGPTlAZXaMKqiKK+ugBPaFnRzmPzovzOinNOdOeXfRHzvsP2eWS7A==</latexit>

CR particle

Rsh

<latexit sha1_base64="1nLR3ngIBbCvJmsGp0B3xZ07uxI=">AAAB7XicbVC7SgNBFL0bXzG+ooKNzWAQrMKuCGoXYmOZiHlAsoTZyWwyZnZmmZkVwpJ/sLFQxNbKv/AL7Gz8FiePQhMPXDiccy/33hPEnGnjul9OZml5ZXUtu57b2Nza3snv7tW1TBShNSK5VM0Aa8qZoDXDDKfNWFEcBZw2gsHV2G/cU6WZFLdmGFM/wj3BQkawsVL9ppPq/qiTL7hFdwK0SLwZKZQOqt/svfxR6eQ/211JkogKQzjWuuW5sfFTrAwjnI5y7UTTGJMB7tGWpQJHVPvp5NoROrZKF4VS2RIGTdTfEymOtB5Gge2MsOnreW8s/ue1EhNe+CkTcWKoINNFYcKRkWj8OuoyRYnhQ0swUczeikgfK0yMDShnQ/DmX14k9dOid1a8rNo0yjBFFg7hCE7Ag3MowTVUoAYE7uABnuDZkc6j8+K8TlszzmxmH/7AefsBoYqS4w==</latexit>

Pret =
ϕsh

ϕsh + ϕ∞
=

Rsh

R̂

Pesc = 1 −
Rsh

R̂



SNR shocks are spherical
DSA theory —> we computed the return probability for a plane shock
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PDSA
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DSA theory —> we computed the return probability for a plane shock

this is the probability (per cycle) 
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accelerated because it escapes 
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esc =
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SNR shocks are spherical
DSA theory —> we computed the return probability for a plane shock

this is the probability (per cycle) 
that the particle stops being 

accelerated because it escapes 
DOWNSTREAM (inside the SNR)

plane shock (DSA)

PDSA
ret = 1 −

ush

c

PDSA
esc =

ush

c
this is the probability that the 

particle stops being accelerated 
because it escapes UPSTREAM 

(instead of going back to the shock)

Pgeom
ret =

Rsh

R̂

spherical shock (geometry)

Pgeom
esc = 1 −

Rsh

R̂

Pgeom
esc ≈ PDSA

esc ⟶
R̂ − Rsh

R̂
=

ush

c
≪ 1



SNR shocks are spherical
consequences of what said so far…

1 −
Rsh

R̂
=

ush

c
≪ 1

R̂

<latexit sha1_base64="k7RrWpmg94Angc7psqJAY6PXNxs=">AAAB7nicbZDLSgMxFIYz9VbHW9Wlm2ARXJUZEdSFWHTjsoq9QDuUTJppQzOZkJwRytCHcONCERdufBP3bsS3Mb0stPWHwMf/n0POOaES3IDnfTu5hcWl5ZX8qru2vrG5VdjeqZkk1ZRVaSIS3QiJYYJLVgUOgjWUZiQOBauH/atRXr9n2vBE3sFAsSAmXckjTglYq97qEchuh+1C0St5Y+F58KdQvPhwz9Xbl1tpFz5bnYSmMZNABTGm6XsKgoxo4FSwodtKDVOE9kmXNS1KEjMTZONxh/jAOh0cJdo+CXjs/u7ISGzMIA5tZUygZ2azkflf1kwhOg0yLlUKTNLJR1EqMCR4tDvucM0oiIEFQjW3s2LaI5pQsBdy7RH82ZXnoXZU8o9LZzdesXyJJsqjPbSPDpGPTlAZXaMKqiKK+ugBPaFnRzmPzovzOinNOdOeXfRHzvsP2eWS7A==</latexit>

CR particle

Rsh

<latexit sha1_base64="1nLR3ngIBbCvJmsGp0B3xZ07uxI=">AAAB7XicbVC7SgNBFL0bXzG+ooKNzWAQrMKuCGoXYmOZiHlAsoTZyWwyZnZmmZkVwpJ/sLFQxNbKv/AL7Gz8FiePQhMPXDiccy/33hPEnGnjul9OZml5ZXUtu57b2Nza3snv7tW1TBShNSK5VM0Aa8qZoDXDDKfNWFEcBZw2gsHV2G/cU6WZFLdmGFM/wj3BQkawsVL9ppPq/qiTL7hFdwK0SLwZKZQOqt/svfxR6eQ/211JkogKQzjWuuW5sfFTrAwjnI5y7UTTGJMB7tGWpQJHVPvp5NoROrZKF4VS2RIGTdTfEymOtB5Gge2MsOnreW8s/ue1EhNe+CkTcWKoINNFYcKRkWj8OuoyRYnhQ0swUczeikgfK0yMDShnQ/DmX14k9dOid1a8rNo0yjBFFg7hCE7Ag3MowTVUoAYE7uABnuDZkc6j8+K8TlszzmxmH/7AefsBoYqS4w==</latexit>



SNR shocks are spherical
consequences of what said so far…

1 −
Rsh

R̂
=

ush

c
≪ 1 ⟶

R̂
Rsh

= (1 −
ush

c )
−1

R̂

<latexit sha1_base64="k7RrWpmg94Angc7psqJAY6PXNxs=">AAAB7nicbZDLSgMxFIYz9VbHW9Wlm2ARXJUZEdSFWHTjsoq9QDuUTJppQzOZkJwRytCHcONCERdufBP3bsS3Mb0stPWHwMf/n0POOaES3IDnfTu5hcWl5ZX8qru2vrG5VdjeqZkk1ZRVaSIS3QiJYYJLVgUOgjWUZiQOBauH/atRXr9n2vBE3sFAsSAmXckjTglYq97qEchuh+1C0St5Y+F58KdQvPhwz9Xbl1tpFz5bnYSmMZNABTGm6XsKgoxo4FSwodtKDVOE9kmXNS1KEjMTZONxh/jAOh0cJdo+CXjs/u7ISGzMIA5tZUygZ2azkflf1kwhOg0yLlUKTNLJR1EqMCR4tDvucM0oiIEFQjW3s2LaI5pQsBdy7RH82ZXnoXZU8o9LZzdesXyJJsqjPbSPDpGPTlAZXaMKqiKK+ugBPaFnRzmPzovzOinNOdOeXfRHzvsP2eWS7A==</latexit>

CR particle

Rsh

<latexit sha1_base64="1nLR3ngIBbCvJmsGp0B3xZ07uxI=">AAAB7XicbVC7SgNBFL0bXzG+ooKNzWAQrMKuCGoXYmOZiHlAsoTZyWwyZnZmmZkVwpJ/sLFQxNbKv/AL7Gz8FiePQhMPXDiccy/33hPEnGnjul9OZml5ZXUtu57b2Nza3snv7tW1TBShNSK5VM0Aa8qZoDXDDKfNWFEcBZw2gsHV2G/cU6WZFLdmGFM/wj3BQkawsVL9ppPq/qiTL7hFdwK0SLwZKZQOqt/svfxR6eQ/211JkogKQzjWuuW5sfFTrAwjnI5y7UTTGJMB7tGWpQJHVPvp5NoROrZKF4VS2RIGTdTfEymOtB5Gge2MsOnreW8s/ue1EhNe+CkTcWKoINNFYcKRkWj8OuoyRYnhQ0swUczeikgfK0yMDShnQ/DmX14k9dOid1a8rNo0yjBFFg7hCE7Ag3MowTVUoAYE7uABnuDZkc6j8+K8TlszzmxmH/7AefsBoYqS4w==</latexit>



SNR shocks are spherical
consequences of what said so far…

1 −
Rsh

R̂
=

ush

c
≪ 1 ⟶

R̂
Rsh

= (1 −
ush

c )
−1

≈ 1 +
ush

c
∼ 1 + 0.03 ( ush

104 km/s )

R̂

<latexit sha1_base64="k7RrWpmg94Angc7psqJAY6PXNxs=">AAAB7nicbZDLSgMxFIYz9VbHW9Wlm2ARXJUZEdSFWHTjsoq9QDuUTJppQzOZkJwRytCHcONCERdufBP3bsS3Mb0stPWHwMf/n0POOaES3IDnfTu5hcWl5ZX8qru2vrG5VdjeqZkk1ZRVaSIS3QiJYYJLVgUOgjWUZiQOBauH/atRXr9n2vBE3sFAsSAmXckjTglYq97qEchuh+1C0St5Y+F58KdQvPhwz9Xbl1tpFz5bnYSmMZNABTGm6XsKgoxo4FSwodtKDVOE9kmXNS1KEjMTZONxh/jAOh0cJdo+CXjs/u7ISGzMIA5tZUygZ2azkflf1kwhOg0yLlUKTNLJR1EqMCR4tDvucM0oiIEFQjW3s2LaI5pQsBdy7RH82ZXnoXZU8o9LZzdesXyJJsqjPbSPDpGPTlAZXaMKqiKK+ugBPaFnRzmPzovzOinNOdOeXfRHzvsP2eWS7A==</latexit>

CR particle

Rsh

<latexit sha1_base64="1nLR3ngIBbCvJmsGp0B3xZ07uxI=">AAAB7XicbVC7SgNBFL0bXzG+ooKNzWAQrMKuCGoXYmOZiHlAsoTZyWwyZnZmmZkVwpJ/sLFQxNbKv/AL7Gz8FiePQhMPXDiccy/33hPEnGnjul9OZml5ZXUtu57b2Nza3snv7tW1TBShNSK5VM0Aa8qZoDXDDKfNWFEcBZw2gsHV2G/cU6WZFLdmGFM/wj3BQkawsVL9ppPq/qiTL7hFdwK0SLwZKZQOqt/svfxR6eQ/211JkogKQzjWuuW5sfFTrAwjnI5y7UTTGJMB7tGWpQJHVPvp5NoROrZKF4VS2RIGTdTfEymOtB5Gge2MsOnreW8s/ue1EhNe+CkTcWKoINNFYcKRkWj8OuoyRYnhQ0swUczeikgfK0yMDShnQ/DmX14k9dOid1a8rNo0yjBFFg7hCE7Ag3MowTVUoAYE7uABnuDZkc6j8+K8TlszzmxmH/7AefsBoYqS4w==</latexit>



SNR shocks are spherical
consequences of what said so far…

1 −
Rsh

R̂
=

ush

c
≪ 1 ⟶

R̂
Rsh

= (1 −
ush

c )
−1

≈ 1 +
ush

c
∼ 1 + 0.03 ( ush

104 km/s )

R̂
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this is very small

ΔR



SNR shocks are spherical
consequences of what said so far…

1 −
Rsh

R̂
=

ush

c
≪ 1 ⟶

R̂
Rsh

= (1 −
ush

c )
−1

≈ 1 +
ush

c
∼ 1 + 0.03 ( ush

104 km/s )

R̂
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this is very small

ΔR

escape upstream is more likely 
than escape downstream 



SNR shocks are spherical
consequences of what said so far…

1 −
Rsh

R̂
=

ush

c
≪ 1 ⟶

R̂
Rsh

= (1 −
ush

c )
−1

≈ 1 +
ush

c
∼ 1 + 0.03 ( ush

104 km/s )
[1] the plane shock approximation is OK 

this is very small

more accurate estimate
ΔR
Rsh

=
R̂ − Rsh

Rsh
≈ 5 − 10 %

R̂
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SNR shocks are spherical
consequences of what said so far…

1 −
Rsh

R̂
=

ush

c
≪ 1 ⟶

R̂
Rsh

= (1 −
ush

c )
−1

≈ 1 +
ush

c
∼ 1 + 0.03 ( ush

104 km/s )
[1] the plane shock approximation is OK 

this is very small

more accurate estimate
ΔR
Rsh

=
R̂ − Rsh

Rsh
≈ 5 − 10 %

[2] in the Hillas criterion we should not 
use Rsh, but rather ΔR

—> Emax goes down by ~1 order of magnitude

R̂
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<latexit sha1_base64="1nLR3ngIBbCvJmsGp0B3xZ07uxI=">AAAB7XicbVC7SgNBFL0bXzG+ooKNzWAQrMKuCGoXYmOZiHlAsoTZyWwyZnZmmZkVwpJ/sLFQxNbKv/AL7Gz8FiePQhMPXDiccy/33hPEnGnjul9OZml5ZXUtu57b2Nza3snv7tW1TBShNSK5VM0Aa8qZoDXDDKfNWFEcBZw2gsHV2G/cU6WZFLdmGFM/wj3BQkawsVL9ppPq/qiTL7hFdwK0SLwZKZQOqt/svfxR6eQ/211JkogKQzjWuuW5sfFTrAwjnI5y7UTTGJMB7tGWpQJHVPvp5NoROrZKF4VS2RIGTdTfEymOtB5Gge2MsOnreW8s/ue1EhNe+CkTcWKoINNFYcKRkWj8OuoyRYnhQ0swUczeikgfK0yMDShnQ/DmX14k9dOid1a8rNo0yjBFFg7hCE7Ag3MowTVUoAYE7uABnuDZkc6j8+K8TlszzmxmH/7AefsBoYqS4w==</latexit>

ΔR



Plane (infinite) versus spherical shocks

particles can escape DOWNSTREAM ONLY —> escape BOTH down and up-stream

plane (infinite) spherical (finite)



Plane (infinite) versus spherical shocks

particles can escape DOWNSTREAM ONLY —> escape BOTH down and up-stream

 infinite time —> arbitrarily large energy —> escape upstream limits Emax!

plane (infinite) spherical (finite)



Plane (infinite) versus spherical shocks

particles can escape DOWNSTREAM ONLY —> escape BOTH down and up-stream

 infinite time —> arbitrarily large energy —> escape upstream limits Emax!

 an observer at Earth sees —> NOTHING! —> what escapes upstream

plane (infinite) spherical (finite)



Which Emax at SNR shocks?
three possibilities:

[1] age limited —> τacc(E) = τage

R̂
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Which Emax at SNR shocks?
three possibilities:

[1] age limited —> τacc(E) = τage
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[2] size limited —> ld(E) = ΔR
diffusion length



Which Emax at SNR shocks?
three possibilities:

[1] age limited —> τacc(E) = τage

[2] loss limited —> τacc(E) = τloss
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Which Emax at SNR shocks?
three possibilities:

[1] age limited —> τacc(E) = τage

[2] loss limited —> τacc(E) = τloss

R̂
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[2] size limited —> ld(E) = ΔR
diffusion length
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Which Emax at SNR shocks?
three possibilities:

[1] age limited —> τacc(E) = τage

[2] loss limited —> τacc(E) = τloss

R̂
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ΔR

[2] size limited —> ld(E) = ΔR
diffusion length

tpp = (ngas �pp c k)�1

4 x 10-26 cm2 0.45 (inelasticity)

inelastic proton-proton interactions p+ p ! p+ p+ ⇡0

CR
ambient 
medium

≈ 60 ( n
cm−3 )

−1

Myr

time

space

energy



Which Emax at SNR shocks?
three possibilities:

[1] age limited —> τacc(E) = τage

[2] loss limited —> τacc(E) = τloss

R̂
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Which Emax at SNR shocks?
RL(Emax) = 3η ( ush

c ) Rsh RL(E) =
E(eV)

300 B(G)
cm

Emax ≈ 30 ( η
0.1 ) ( B

3 μG ) ( ush

104 km/s ) ( Rsh

pc ) TeV

R* = Rsh(τ*age) ≈ 2 pc

Emax ≈ 60 TeV
orders of magnitude

Lagage & Cesarsky 1983
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Gradual release of CRs
Emax

τage

fr
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 e
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Sedov

τ*age

60 TeV

Emax —> nothing escapes

time limited

Emax —> CRs @Emax escape

escape limited

real life: ush not necessarily constant in free expansion, it may slowly 
decelerate —> few CR escape also during this phase 
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this is (was) not
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Bd ≈ 100 × BISM

NON LINEAR!

CR acceleration

—> CR escape


—> electric current 
—> plasma instability 

—> B is amplified
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large B!

Getting close…

knee!

boosting Emax is not enough! Can SNR accelerate ENOUGH particles up there? 
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Bell 2004 … Bell et al 2013
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direction

see also earlier works (space plasma community): Sentman+ 81, Winske & Leroy 84, Gary 93
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How is that? Non-resonant “Bell” instability

Bell 2004 … Bell et al 2013

z

~B0

circularly polarised

wavelength << Larmor radius

~B1

escaping CRs barely deflected

—> CR current j along B0 


—> return current in the opposite 
direction

(until the size of the perturbation is of the order of 
the Larmor radius or magnetic tension balances it )

see also earlier works (space plasma community): Sentman+ 81, Winske & Leroy 84, Gary 93

�~j ⇥ ~B1 force acting on the plasma —> expands the helical perturbation of B



few CRs escape


current is small


inefficient amplification


less confinement


more CRs escape


current is large


efficient amplification


more confinement

A non-linear (self regulating) process…
CR current-driven instability: a self-regulating mechanism

Bell et al. 2013Bell 2004
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Iterative methods…
assumption: pareticles with E < Emax are diffusively confined within the shock, 

while particles with E > Emax can freely escape

f0(p) = Ap�qspectrum at the shock —>

~410% SNR energy

diffusive shock acceleration theory —> acceleration rate at pmax —> j(pmax) !!!

unknown

try a pmax —> determine current j —> get B —> get a new pmax —> adjust and restart

note that in the case B depends on time —> different scalings for Emax(t)
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Ṁ = 10�5M�/yr



Only very young SNRs accelerate to PeV
Sc

hu
re

 &
 B

el
l 2

01
3

type II type Ia

<latexit sha1_base64="VYOtiwaM9j1q/G/I8UNRSOIByiA=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiCxUBJUHgtSBQtLpSLRh9SEyHHd1qrjRLaDFEX5ARZ+hYUBhFjZ2fgb3DYDFI50paNz7rXvPX7EqFSW9WUU5uYXFpeKy6WV1bX1DXNzqyXDWGDSxCELRcdHkjDKSVNRxUgnEgQFPiNtf3Q19tv3REga8luVRMQN0IDTPsVIackz95xeqNJ6Bi+gbd2lhycZrHupE2o1O0odEcBEZJ5ZtirWBPAvsXNSBjkanvmpn8VxQLjCDEnZta1IuSkSimJGspITSxIhPEID0tWUo4BIN51ck8F9rfRgPxS6uIIT9edEigIpk8DXnQFSQznrjcX/vG6s+uduSnkUK8Lx9KN+zKAK4Tga2KOCYMUSTRAWVO8K8RAJhJUOsKRDsGdP/ktaxxX7tFK9qZZrl3kcRbADdsEBsMEZqIFr0ABNgMEDeAIv4NV4NJ6NN+N92low8plt8AvGxzfo6Zrd</latexit>
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 3 consequences:


 can SNR accelerate CRs up to the knee and beyond? —> most likely yes!


 very rare events —> # of active PeV SNRs = 0  —> enough CRs? —> maybe not?


 “knee” in the spectrum from one SNR at transition to Sedov 

✘
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(At least) three serious issues remains

Ref: Binns, Tatischeff

[2] can the SNR paradigm 
explain the anomalous excess 

of the 22Ne/20Ne ratio?

[1] can SNR shocks accelerate 
particles up to the largest 

observed energies?

[3] DSA predicts E-2 spectra, but we need E-2.2 !
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maybe another class of sources produces 

the highest energy Galactic CRs?
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