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the system is adiabatic;  
the ambient interstellar medium is homogeneous;  
the shock is strong, i.e., the pressure of the interstellar medium can be neglected;  
the rate of energy injection L is constant in time, and;  
the mass ejected by the wind is negligible with respect to the mass of the 
interstellar medium swept up by the shock. 
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This is perfectly analogue to the SNR in the adiabatic phase, with E = Lt
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There are several different ways to solve these exercise

the system is adiabatic;  
the ambient interstellar medium is homogeneous;  
the shock is strong, i.e., the pressure of the interstellar medium can be neglected;  
the rate of energy injection L is constant in time, and;  
the mass ejected by the wind is negligible with respect to the mass of the 
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Another way to solve the problem…

Ṁ

<latexit sha1_base64="QrImJNevjGL03EOpfRfCu/YuhJ4=">AAAB7nicbVDLSgMxFL1TX7W+qi7dBIvgqsxIQd0V3bgRKtgHtEPJpJk2NJMZkjtCGfoRblwo4tbvceffmLaz0NYDgcM595B7T5BIYdB1v53C2vrG5lZxu7Szu7d/UD48apk41Yw3WSxj3Qmo4VIo3kSBkncSzWkUSN4Oxrczv/3EtRGxesRJwv2IDpUIBaNopXZvEGN2P+2XK27VnYOsEi8nFcjR6Je/bJKlEVfIJDWm67kJ+hnVKJjk01IvNTyhbEyHvGupohE3fjZfd0rOrDIgYaztU0jm6u9ERiNjJlFgJyOKI7PszcT/vG6K4ZWfCZWkyBVbfBSmkmBMZreTgdCcoZxYQpkWdlfCRlRThrahki3BWz55lbQuql6tev1Qq9Rv8jqKcAKncA4eXEId7qABTWAwhmd4hTcncV6cd+djMVpw8swx/IHz+QOCEY+0</latexit>
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<latexit sha1_base64="CyXByV2YTpBA61FRrOjdd80LoDo=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4r2g9oQ9lsN+3SzSbsTpQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4WV1bX1jeJmaWt7Z3evvH/QNHGqGW+wWMa6HVDDpVC8gQIlbyea0yiQvBWMbqZ+65FrI2L1gOOE+xEdKBEKRtFK92nvqVeuuFV3BrJMvJxUIEe9V/7q9mOWRlwhk9SYjucm6GdUo2CST0rd1PCEshEd8I6likbc+Nns1Ak5sUqfhLG2pZDM1N8TGY2MGUeB7YwoDs2iNxX/8zophpd+JlSSIldsvihMJcGYTP8mfaE5Qzm2hDIt7K2EDammDG06JRuCt/jyMmmeVb3z6tXdeaV2ncdRhCM4hlPw4AJqcAt1aACDATzDK7w50nlx3p2PeWvByWcO4Q+czx91Fo3v</latexit>

Mass is ejected at a rate

and at a velocity



Another way to solve the problem…

Ṁ
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The solution should depend on L %

<latexit sha1_base64="EBfh4K6QGbRqZaDrf+bexlau7IQ=">AAAB9XicbVA9SwNBEJ2LXzF+RS1tFoNgFe4koHZBGwuLCOYDkjPsbfaSJXu7x+5eJBzxd9hYKGLrf7Hz37hJrtDEBwOP92aYmRfEnGnjut9ObmV1bX0jv1nY2t7Z3SvuHzS0TBShdSK5VK0Aa8qZoHXDDKetWFEcBZw2g+H11G+OqNJMinszjqkf4b5gISPYWOnhFj1ZoM4IKzWQ3WLJLbszoGXiZaQEGWrd4lenJ0kSUWEIx1q3PTc2foqVYYTTSaGTaBpjMsR92rZU4IhqP51dPUEnVumhUCpbwqCZ+nsixZHW4yiwnRE2A73oTcX/vHZiwgs/ZSJODBVkvihMODISTSNAPaYoMXxsCSaK2VsRGWCFibFBFWwI3uLLy6RxVvYq5cu7Sql6lcWRhyM4hlPw4ByqcAM1qAMBBc/wCm/Oo/PivDsf89ack80cwh84nz93U5KE</latexit>
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Mass is ejected at a rate

and at a velocity

L =
1

2
Ṁu2

w

<latexit sha1_base64="HSzm1RFPbEcB8MQd6jL+B0sbe2Q=">AAACBnicbVC7SgNBFL0bXzG+Vi1FGAyCVdgNAbUQgjYWChHMA5I1zE5mkyGzD2ZmlbBsZeOv2FgoYus32Pk3TpItNPHAwOGce7hzjxtxJpVlfRu5hcWl5ZX8amFtfWNzy9zeacgwFoTWSchD0XKxpJwFtK6Y4rQVCYp9l9OmO7wY+817KiQLg1s1iqjj437APEaw0lLX3L9CZ6jjCUwSO03KKer0QpVcpyjuPtyVu2bRKlkToHliZ6QIGWpd80vnSezTQBGOpWzbVqScBAvFCKdpoRNLGmEyxH3a1jTAPpVOMjkjRYda6SEvFPoFCk3U34kE+1KOfFdP+lgN5Kw3Fv/z2rHyTpyEBVGsaECmi7yYIxWicSeoxwQlio80wUQw/VdEBlh3onRzBV2CPXvyPGmUS3aldHpTKVbPszrysAcHcAQ2HEMVLqEGdSDwCM/wCm/Gk/FivBsf09GckWV24Q+Mzx+MjZfw</latexit>

Luminosity

X

The solution should depend on L %

<latexit sha1_base64="EBfh4K6QGbRqZaDrf+bexlau7IQ=">AAAB9XicbVA9SwNBEJ2LXzF+RS1tFoNgFe4koHZBGwuLCOYDkjPsbfaSJXu7x+5eJBzxd9hYKGLrf7Hz37hJrtDEBwOP92aYmRfEnGnjut9ObmV1bX0jv1nY2t7Z3SvuHzS0TBShdSK5VK0Aa8qZoHXDDKetWFEcBZw2g+H11G+OqNJMinszjqkf4b5gISPYWOnhFj1ZoM4IKzWQ3WLJLbszoGXiZaQEGWrd4lenJ0kSUWEIx1q3PTc2foqVYYTTSaGTaBpjMsR92rZU4IhqP51dPUEnVumhUCpbwqCZ+nsixZHW4yiwnRE2A73oTcX/vHZiwgs/ZSJODBVkvihMODISTSNAPaYoMXxsCSaK2VsRGWCFibFBFWwI3uLLy6RxVvYq5cu7Sql6lcWRhyM4hlPw4ByqcAM1qAMBBc/wCm/Oo/PivDsf89ack80cwh84nz93U5KE</latexit>

Rs ⇠ L↵%�t�

<latexit sha1_base64="JffJAXL7Mhzr1EwsYRwZfV63/iI=">AAACF3icbZDLSgMxFIYz9VbrrerSTbAIrsqMCOqu6MaFiyr2Ap1azqRpG5rMDMmZQhn6Fm58FTcuFHGrO9/G9LLQ1h8CX/5zDsn5g1gKg6777WSWlldW17LruY3Nre2d/O5e1USJZrzCIhnpegCGSxHyCgqUvB5rDiqQvBb0r8b12oBrI6LwHocxbyrohqIjGKC1WvniXctQ3whFbx5SH2TcgxH1B6B1L7JGwNHe0VIXlIJRK19wi+5EdBG8GRTITOVW/stvRyxRPEQmwZiG58bYTEGjYJKPcn5ieAysD13esBiC4qaZTvYa0SPrtGkn0vaESCfu74kUlDFDFdhOBdgz87Wx+V+tkWDnvJmKME6Qh2z6UCeRFCM6Dom2heYM5dACMC3sXynrgQaGNsqcDcGbX3kRqidF77R4cXtaKF3O4siSA3JIjolHzkiJXJMyqRBGHskzeSVvzpPz4rw7H9PWjDOb2Sd/5Hz+AIi5oDU=</latexit>

X = (M↵X2↵T�2↵)(M�X�3�)(T �)

<latexit sha1_base64="Yqo5+TGuw93M6FjenVbTP/gck90="></latexit>

length



Another way to solve the problem…

Ṁ

<latexit sha1_base64="QrImJNevjGL03EOpfRfCu/YuhJ4=">AAAB7nicbVDLSgMxFL1TX7W+qi7dBIvgqsxIQd0V3bgRKtgHtEPJpJk2NJMZkjtCGfoRblwo4tbvceffmLaz0NYDgcM595B7T5BIYdB1v53C2vrG5lZxu7Szu7d/UD48apk41Yw3WSxj3Qmo4VIo3kSBkncSzWkUSN4Oxrczv/3EtRGxesRJwv2IDpUIBaNopXZvEGN2P+2XK27VnYOsEi8nFcjR6Je/bJKlEVfIJDWm67kJ+hnVKJjk01IvNTyhbEyHvGupohE3fjZfd0rOrDIgYaztU0jm6u9ERiNjJlFgJyOKI7PszcT/vG6K4ZWfCZWkyBVbfBSmkmBMZreTgdCcoZxYQpkWdlfCRlRThrahki3BWz55lbQuql6tev1Qq9Rv8jqKcAKncA4eXEId7qABTWAwhmd4hTcncV6cd+djMVpw8swx/IHz+QOCEY+0</latexit>

uw

<latexit sha1_base64="CyXByV2YTpBA61FRrOjdd80LoDo=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4r2g9oQ9lsN+3SzSbsTpQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4WV1bX1jeJmaWt7Z3evvH/QNHGqGW+wWMa6HVDDpVC8gQIlbyea0yiQvBWMbqZ+65FrI2L1gOOE+xEdKBEKRtFK92nvqVeuuFV3BrJMvJxUIEe9V/7q9mOWRlwhk9SYjucm6GdUo2CST0rd1PCEshEd8I6likbc+Nns1Ak5sUqfhLG2pZDM1N8TGY2MGUeB7YwoDs2iNxX/8zophpd+JlSSIldsvihMJcGYTP8mfaE5Qzm2hDIt7K2EDammDG06JRuCt/jyMmmeVb3z6tXdeaV2ncdRhCM4hlPw4AJqcAt1aACDATzDK7w50nlx3p2PeWvByWcO4Q+czx91Fo3v</latexit>

Mass is ejected at a rate

and at a velocity

L =
1

2
Ṁu2

w

<latexit sha1_base64="HSzm1RFPbEcB8MQd6jL+B0sbe2Q=">AAACBnicbVC7SgNBFL0bXzG+Vi1FGAyCVdgNAbUQgjYWChHMA5I1zE5mkyGzD2ZmlbBsZeOv2FgoYus32Pk3TpItNPHAwOGce7hzjxtxJpVlfRu5hcWl5ZX8amFtfWNzy9zeacgwFoTWSchD0XKxpJwFtK6Y4rQVCYp9l9OmO7wY+817KiQLg1s1iqjj437APEaw0lLX3L9CZ6jjCUwSO03KKer0QpVcpyjuPtyVu2bRKlkToHliZ6QIGWpd80vnSezTQBGOpWzbVqScBAvFCKdpoRNLGmEyxH3a1jTAPpVOMjkjRYda6SEvFPoFCk3U34kE+1KOfFdP+lgN5Kw3Fv/z2rHyTpyEBVGsaECmi7yYIxWicSeoxwQlio80wUQw/VdEBlh3onRzBV2CPXvyPGmUS3aldHpTKVbPszrysAcHcAQ2HEMVLqEGdSDwCM/wCm/Gk/FivBsf09GckWV24Q+Mzx+MjZfw</latexit>

Luminosity

X

The solution should depend on L %

<latexit sha1_base64="EBfh4K6QGbRqZaDrf+bexlau7IQ=">AAAB9XicbVA9SwNBEJ2LXzF+RS1tFoNgFe4koHZBGwuLCOYDkjPsbfaSJXu7x+5eJBzxd9hYKGLrf7Hz37hJrtDEBwOP92aYmRfEnGnjut9ObmV1bX0jv1nY2t7Z3SvuHzS0TBShdSK5VK0Aa8qZoHXDDKetWFEcBZw2g+H11G+OqNJMinszjqkf4b5gISPYWOnhFj1ZoM4IKzWQ3WLJLbszoGXiZaQEGWrd4lenJ0kSUWEIx1q3PTc2foqVYYTTSaGTaBpjMsR92rZU4IhqP51dPUEnVumhUCpbwqCZ+nsixZHW4yiwnRE2A73oTcX/vHZiwgs/ZSJODBVkvihMODISTSNAPaYoMXxsCSaK2VsRGWCFibFBFWwI3uLLy6RxVvYq5cu7Sql6lcWRhyM4hlPw4ByqcAM1qAMBBc/wCm/Oo/PivDsf89ack80cwh84nz93U5KE</latexit>

Rs ⇠ L↵%�t�

<latexit sha1_base64="JffJAXL7Mhzr1EwsYRwZfV63/iI=">AAACF3icbZDLSgMxFIYz9VbrrerSTbAIrsqMCOqu6MaFiyr2Ap1azqRpG5rMDMmZQhn6Fm58FTcuFHGrO9/G9LLQ1h8CX/5zDsn5g1gKg6777WSWlldW17LruY3Nre2d/O5e1USJZrzCIhnpegCGSxHyCgqUvB5rDiqQvBb0r8b12oBrI6LwHocxbyrohqIjGKC1WvniXctQ3whFbx5SH2TcgxH1B6B1L7JGwNHe0VIXlIJRK19wi+5EdBG8GRTITOVW/stvRyxRPEQmwZiG58bYTEGjYJKPcn5ieAysD13esBiC4qaZTvYa0SPrtGkn0vaESCfu74kUlDFDFdhOBdgz87Wx+V+tkWDnvJmKME6Qh2z6UCeRFCM6Dom2heYM5dACMC3sXynrgQaGNsqcDcGbX3kRqidF77R4cXtaKF3O4siSA3JIjolHzkiJXJMyqRBGHskzeSVvzpPz4rw7H9PWjDOb2Sd/5Hz+AIi5oDU=</latexit>

X = (M↵X2↵T�2↵)(M�X�3�)(T �)

<latexit sha1_base64="Yqo5+TGuw93M6FjenVbTP/gck90="></latexit>

length

8
<

:

1 = 2↵� 3�
0 = ↵+ �
0 = �3↵+ �

<latexit sha1_base64="F4vOKzrBan0vMB7+MxHWhWKVyHI="></latexit>



Interstellar bubble — 2

Lrad

<latexit sha1_base64="gvI2su4+DW2LEoUD+riLR7AacFs=">AAAB7nicbVC7SgNBFL3rM8ZXVLCxGQyCVdgVQe1CbCwsEjAPSJYwOzubDJmdHWZmhbDkI2wsFLG18S/8Ajsbv8XJo9DEAxcO59zLvfcEkjNtXPfLWVpeWV1bz23kN7e2d3YLe/sNnaSK0DpJeKJaAdaUM0HrhhlOW1JRHAecNoPB9dhv3lOlWSLuzFBSP8Y9wSJGsLFS87abKRyOuoWiW3InQIvEm5Fi+bD2zd4rH9Vu4bMTJiSNqTCEY63bniuNn2FlGOF0lO+kmkpMBrhH25YKHFPtZ5NzR+jEKiGKEmVLGDRRf09kONZ6GAe2M8amr+e9sfif105NdOlnTMjUUEGmi6KUI5Og8e8oZIoSw4eWYKKYvRWRPlaYGJtQ3obgzb+8SBpnJe+8dFWzaVRgihwcwTGcggcXUIYbqEIdCAzgAZ7g2ZHOo/PivE5bl5zZzAH8gfP2A0sVk0M=</latexit>

Energy radiated by the shell (shock)



Interstellar bubble — 2

Lrad

<latexit sha1_base64="gvI2su4+DW2LEoUD+riLR7AacFs=">AAAB7nicbVC7SgNBFL3rM8ZXVLCxGQyCVdgVQe1CbCwsEjAPSJYwOzubDJmdHWZmhbDkI2wsFLG18S/8Ajsbv8XJo9DEAxcO59zLvfcEkjNtXPfLWVpeWV1bz23kN7e2d3YLe/sNnaSK0DpJeKJaAdaUM0HrhhlOW1JRHAecNoPB9dhv3lOlWSLuzFBSP8Y9wSJGsLFS87abKRyOuoWiW3InQIvEm5Fi+bD2zd4rH9Vu4bMTJiSNqTCEY63bniuNn2FlGOF0lO+kmkpMBrhH25YKHFPtZ5NzR+jEKiGKEmVLGDRRf09kONZ6GAe2M8amr+e9sfif105NdOlnTMjUUEGmi6KUI5Og8e8oZIoSw4eWYKKYvRWRPlaYGJtQ3obgzb+8SBpnJe+8dFWzaVRgihwcwTGcggcXUIYbqEIdCAzgAZ7g2ZHOo/PivE5bl5zZzAH8gfP2A0sVk0M=</latexit>

Energy radiated by the shell (shock)

Effective luminosity Leff = L� Lrad

<latexit sha1_base64="vDSt+oTKn8sG7HfOR8R3HeJLagA=">AAAB/nicbVDLSsNAFJ3UV219RMWVm8EquLEkIqgLoejGRRcV7APaECaTSTt0Mgkzk0IJAX/FjQtF3Il7/8CdH6Jrp4+FVg9cOHPOvcy9x4sZlcqyPozc3PzC4lJ+uVBcWV1bNzc2GzJKBCZ1HLFItDwkCaOc1BVVjLRiQVDoMdL0+pcjvzkgQtKI36hhTJwQdTkNKEZKS665XXVTEgQZPIdVeAj1SyA/c82SVbbGgH+JPSWlyt7ny9ug+FVzzfeOH+EkJFxhhqRs21asnBQJRTEjWaGTSBIj3Edd0taUo5BIJx2vn8F9rfgwiIQuruBY/TmRolDKYejpzhCpnpz1RuJ/XjtRwamTUh4ninA8+ShIGFQRHGUBfSoIVmyoCcKC6l0h7iGBsNKJFXQI9uzJf0njqGwfl8+udRoXYII82AG74ADY4ARUwBWogTrAIAV34AE8GrfGvfFkPE9ac8Z0Zgv8gvH6DQf1mLI=</latexit>



Interstellar bubble — 2

Lrad

<latexit sha1_base64="gvI2su4+DW2LEoUD+riLR7AacFs=">AAAB7nicbVC7SgNBFL3rM8ZXVLCxGQyCVdgVQe1CbCwsEjAPSJYwOzubDJmdHWZmhbDkI2wsFLG18S/8Ajsbv8XJo9DEAxcO59zLvfcEkjNtXPfLWVpeWV1bz23kN7e2d3YLe/sNnaSK0DpJeKJaAdaUM0HrhhlOW1JRHAecNoPB9dhv3lOlWSLuzFBSP8Y9wSJGsLFS87abKRyOuoWiW3InQIvEm5Fi+bD2zd4rH9Vu4bMTJiSNqTCEY63bniuNn2FlGOF0lO+kmkpMBrhH25YKHFPtZ5NzR+jEKiGKEmVLGDRRf09kONZ6GAe2M8amr+e9sfif105NdOlnTMjUUEGmi6KUI5Og8e8oZIoSw4eWYKKYvRWRPlaYGJtQ3obgzb+8SBpnJe+8dFWzaVRgihwcwTGcggcXUIYbqEIdCAzgAZ7g2ZHOo/PivE5bl5zZzAH8gfP2A0sVk0M=</latexit>

Energy radiated by the shell (shock)

Effective luminosity Leff = L� Lrad

<latexit sha1_base64="vDSt+oTKn8sG7HfOR8R3HeJLagA=">AAAB/nicbVDLSsNAFJ3UV219RMWVm8EquLEkIqgLoejGRRcV7APaECaTSTt0Mgkzk0IJAX/FjQtF3Il7/8CdH6Jrp4+FVg9cOHPOvcy9x4sZlcqyPozc3PzC4lJ+uVBcWV1bNzc2GzJKBCZ1HLFItDwkCaOc1BVVjLRiQVDoMdL0+pcjvzkgQtKI36hhTJwQdTkNKEZKS665XXVTEgQZPIdVeAj1SyA/c82SVbbGgH+JPSWlyt7ny9ug+FVzzfeOH+EkJFxhhqRs21asnBQJRTEjWaGTSBIj3Edd0taUo5BIJx2vn8F9rfgwiIQuruBY/TmRolDKYejpzhCpnpz1RuJ/XjtRwamTUh4ninA8+ShIGFQRHGUBfSoIVmyoCcKC6l0h7iGBsNKJFXQI9uzJf0njqGwfl8+udRoXYII82AG74ADY4ARUwBWogTrAIAV34AE8GrfGvfFkPE9ac8Z0Zgv8gvH6DQf1mLI=</latexit>

To have a self similar (scale free) solution L and Lrad must scale in the same way with t



Interstellar bubble — 2

Lrad

<latexit sha1_base64="gvI2su4+DW2LEoUD+riLR7AacFs=">AAAB7nicbVC7SgNBFL3rM8ZXVLCxGQyCVdgVQe1CbCwsEjAPSJYwOzubDJmdHWZmhbDkI2wsFLG18S/8Ajsbv8XJo9DEAxcO59zLvfcEkjNtXPfLWVpeWV1bz23kN7e2d3YLe/sNnaSK0DpJeKJaAdaUM0HrhhlOW1JRHAecNoPB9dhv3lOlWSLuzFBSP8Y9wSJGsLFS87abKRyOuoWiW3InQIvEm5Fi+bD2zd4rH9Vu4bMTJiSNqTCEY63bniuNn2FlGOF0lO+kmkpMBrhH25YKHFPtZ5NzR+jEKiGKEmVLGDRRf09kONZ6GAe2M8amr+e9sfif105NdOlnTMjUUEGmi6KUI5Og8e8oZIoSw4eWYKKYvRWRPlaYGJtQ3obgzb+8SBpnJe+8dFWzaVRgihwcwTGcggcXUIYbqEIdCAzgAZ7g2ZHOo/PivE5bl5zZzAH8gfP2A0sVk0M=</latexit>

Energy radiated by the shell (shock)

Effective luminosity Leff = L� Lrad

<latexit sha1_base64="vDSt+oTKn8sG7HfOR8R3HeJLagA=">AAAB/nicbVDLSsNAFJ3UV219RMWVm8EquLEkIqgLoejGRRcV7APaECaTSTt0Mgkzk0IJAX/FjQtF3Il7/8CdH6Jrp4+FVg9cOHPOvcy9x4sZlcqyPozc3PzC4lJ+uVBcWV1bNzc2GzJKBCZ1HLFItDwkCaOc1BVVjLRiQVDoMdL0+pcjvzkgQtKI36hhTJwQdTkNKEZKS665XXVTEgQZPIdVeAj1SyA/c82SVbbGgH+JPSWlyt7ny9ug+FVzzfeOH+EkJFxhhqRs21asnBQJRTEjWaGTSBIj3Edd0taUo5BIJx2vn8F9rfgwiIQuruBY/TmRolDKYejpzhCpnpz1RuJ/XjtRwamTUh4ninA8+ShIGFQRHGUBfSoIVmyoCcKC6l0h7iGBsNKJFXQI9uzJf0njqGwfl8+udRoXYII82AG74ADY4ARUwBWogTrAIAV34AE8GrfGvfFkPE9ac8Z0Zgv8gvH6DQf1mLI=</latexit>

To have a self similar (scale free) solution L and Lrad must scale in the same way with t

L is constant in time —> Lrad constant in time —> Leff constant in time



Interstellar bubble — 2

Lrad

<latexit sha1_base64="gvI2su4+DW2LEoUD+riLR7AacFs=">AAAB7nicbVC7SgNBFL3rM8ZXVLCxGQyCVdgVQe1CbCwsEjAPSJYwOzubDJmdHWZmhbDkI2wsFLG18S/8Ajsbv8XJo9DEAxcO59zLvfcEkjNtXPfLWVpeWV1bz23kN7e2d3YLe/sNnaSK0DpJeKJaAdaUM0HrhhlOW1JRHAecNoPB9dhv3lOlWSLuzFBSP8Y9wSJGsLFS87abKRyOuoWiW3InQIvEm5Fi+bD2zd4rH9Vu4bMTJiSNqTCEY63bniuNn2FlGOF0lO+kmkpMBrhH25YKHFPtZ5NzR+jEKiGKEmVLGDRRf09kONZ6GAe2M8amr+e9sfif105NdOlnTMjUUEGmi6KUI5Og8e8oZIoSw4eWYKKYvRWRPlaYGJtQ3obgzb+8SBpnJe+8dFWzaVRgihwcwTGcggcXUIYbqEIdCAzgAZ7g2ZHOo/PivE5bl5zZzAH8gfP2A0sVk0M=</latexit>

Energy radiated by the shell (shock)

Effective luminosity Leff = L� Lrad

<latexit sha1_base64="vDSt+oTKn8sG7HfOR8R3HeJLagA=">AAAB/nicbVDLSsNAFJ3UV219RMWVm8EquLEkIqgLoejGRRcV7APaECaTSTt0Mgkzk0IJAX/FjQtF3Il7/8CdH6Jrp4+FVg9cOHPOvcy9x4sZlcqyPozc3PzC4lJ+uVBcWV1bNzc2GzJKBCZ1HLFItDwkCaOc1BVVjLRiQVDoMdL0+pcjvzkgQtKI36hhTJwQdTkNKEZKS665XXVTEgQZPIdVeAj1SyA/c82SVbbGgH+JPSWlyt7ny9ug+FVzzfeOH+EkJFxhhqRs21asnBQJRTEjWaGTSBIj3Edd0taUo5BIJx2vn8F9rfgwiIQuruBY/TmRolDKYejpzhCpnpz1RuJ/XjtRwamTUh4ninA8+ShIGFQRHGUBfSoIVmyoCcKC6l0h7iGBsNKJFXQI9uzJf0njqGwfl8+udRoXYII82AG74ADY4ARUwBWogTrAIAV34AE8GrfGvfFkPE9ac8Z0Zgv8gvH6DQf1mLI=</latexit>

To have a self similar (scale free) solution L and Lrad must scale in the same way with t

L is constant in time —> Lrad constant in time —> Leff constant in time

So we can repeat the same exercise as in part-1, using Leff instead of L, 
to get exactly the same scaling



Interstellar bubble — 2

Lrad

<latexit sha1_base64="gvI2su4+DW2LEoUD+riLR7AacFs=">AAAB7nicbVC7SgNBFL3rM8ZXVLCxGQyCVdgVQe1CbCwsEjAPSJYwOzubDJmdHWZmhbDkI2wsFLG18S/8Ajsbv8XJo9DEAxcO59zLvfcEkjNtXPfLWVpeWV1bz23kN7e2d3YLe/sNnaSK0DpJeKJaAdaUM0HrhhlOW1JRHAecNoPB9dhv3lOlWSLuzFBSP8Y9wSJGsLFS87abKRyOuoWiW3InQIvEm5Fi+bD2zd4rH9Vu4bMTJiSNqTCEY63bniuNn2FlGOF0lO+kmkpMBrhH25YKHFPtZ5NzR+jEKiGKEmVLGDRRf09kONZ6GAe2M8amr+e9sfif105NdOlnTMjUUEGmi6KUI5Og8e8oZIoSw4eWYKKYvRWRPlaYGJtQ3obgzb+8SBpnJe+8dFWzaVRgihwcwTGcggcXUIYbqEIdCAzgAZ7g2ZHOo/PivE5bl5zZzAH8gfP2A0sVk0M=</latexit>

Energy radiated by the shell (shock)

Effective luminosity Leff = L� Lrad

<latexit sha1_base64="vDSt+oTKn8sG7HfOR8R3HeJLagA=">AAAB/nicbVDLSsNAFJ3UV219RMWVm8EquLEkIqgLoejGRRcV7APaECaTSTt0Mgkzk0IJAX/FjQtF3Il7/8CdH6Jrp4+FVg9cOHPOvcy9x4sZlcqyPozc3PzC4lJ+uVBcWV1bNzc2GzJKBCZ1HLFItDwkCaOc1BVVjLRiQVDoMdL0+pcjvzkgQtKI36hhTJwQdTkNKEZKS665XXVTEgQZPIdVeAj1SyA/c82SVbbGgH+JPSWlyt7ny9ug+FVzzfeOH+EkJFxhhqRs21asnBQJRTEjWaGTSBIj3Edd0taUo5BIJx2vn8F9rfgwiIQuruBY/TmRolDKYejpzhCpnpz1RuJ/XjtRwamTUh4ninA8+ShIGFQRHGUBfSoIVmyoCcKC6l0h7iGBsNKJFXQI9uzJf0njqGwfl8+udRoXYII82AG74ADY4ARUwBWogTrAIAV34AE8GrfGvfFkPE9ac8Z0Zgv8gvH6DQf1mLI=</latexit>

To have a self similar (scale free) solution L and Lrad must scale in the same way with t

L is constant in time —> Lrad constant in time —> Leff constant in time

So we can repeat the same exercise as in part-1, using Leff instead of L, 
to get exactly the same scaling

Rs ⇠
✓
Leff

%

◆1/5

t3/5

<latexit sha1_base64="CDOxwTu7d0aJn7OYxt4qYwXt7n0="></latexit>



Another way to solve the exercise

Lrad =
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<latexit sha1_base64="i/jmuzgUt4rmU+80hQL0JP367qE="></latexit>

Radiative shock —> the flux of kinetic energy across the shock is radiated away 



Another way to solve the exercise

Lrad =
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1

2
%u2

s

◆�
4⇡R2

s

�

<latexit sha1_base64="i/jmuzgUt4rmU+80hQL0JP367qE="></latexit>

Radiative shock —> the flux of kinetic energy across the shock is radiated away 

/ t3(↵�1)t2↵

<latexit sha1_base64="3K5SZipYKhNbeazG7ZtgUmfPxY4=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiCVgSoplYCtgoWxSPQhNaFyXKe16iSW7SBVUX6AhV9hYQAhVnY2/ganzQAtR7J07jn36voejzMqlWV9G4Wl5ZXVteJ6aWNza3vH3N1ryygWmLRwxCLR9ZAkjIakpahipMsFQYHHSMcbX2d+54EISaPwTk04cQM0DKlPMVJa6ptHDhcRVxFU98lZxUGMj9CpfZJmdQ3O6rRvlq2qNQVcJHZOyiBHs29+OYMIxwEJFWZIyp5tceUmSCiKGUlLTiwJR3iMhqSnaYgCIt1kek0Kj7UygH4k9AsVnKq/JxIUSDkJPN0ZIDWS814m/uf1YuVfuAkNeaxIiGeL/JjB7HodDRxQQbBiE00QFlT/FeIREggrHWBJh2DPn7xI2rWqXa9e3tbLjas8jiI4AIegAmxwDhrgBjRBC2DwCJ7BK3gznowX4934mLUWjHxmH/yB8fkDCDqa6w==</latexit>

Rs / t↵ us / t↵�1

<latexit sha1_base64="FqDazcn6Rhfk2Im4JhrigWPBUv0=">AAACH3icbVDLSgMxFM34rPU16tJNsAhuLDNSfOyKblxWsQ/ojEMmzbShmUxIMkIZ6pe48VfcuFBE3PVvTNtZaNsDgcM593JzTigYVdpxRtbS8srq2npho7i5tb2za+/tN1SSSkzqOGGJbIVIEUY5qWuqGWkJSVAcMtIM+zdjv/lEpKIJf9ADQfwYdTmNKEbaSIF9fh8o6AmZCJ1A/Zh5iIkeGsJnA5gu8uApdIeBXXLKzgRwnrg5KYEctcD+8ToJTmPCNWZIqbbrCO1nSGqKGRkWvVQRgXAfdUnbUI5iovxskm8Ij43SgVEizeMaTtS/GxmKlRrEoZmMke6pWW8sLvLaqY4u/YxykWrC8fRQlDI4zmvKgh0qCdZsYAjCkpq/QtxDEmFtKi2aEtzZyPOkcVZ2K+Wru0qpep3XUQCH4AicABdcgCq4BTVQBxi8gDfwAT6tV+vd+rK+p6NLVr5zAP7BGv0C+mSi7A==</latexit>



Another way to solve the exercise

Lrad =

✓
1

2
%u2

s
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4⇡R2

s

�

<latexit sha1_base64="i/jmuzgUt4rmU+80hQL0JP367qE="></latexit>

Radiative shock —> the flux of kinetic energy across the shock is radiated away 

⇠ t5↵�3

<latexit sha1_base64="17StzHR/LEtmZ4QvF9bAkXsv3RM=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSyCG0uiFXVXdOOygn1AE8tkOm2HTiZh5kaoofgrblwo4tb/cOffOG2z0NYDFw7n3Mu99wSx4Boc59vKLSwuLa/kVwtr6xubW/b2Tl1HiaKsRiMRqWZANBNcshpwEKwZK0bCQLBGMLge+40HpjSP5B0MY+aHpCd5l1MCRmrbe57mIYb79MwjIu4TfIxPR2276JScCfA8cTNSRBmqbfvL60Q0CZkEKojWLdeJwU+JAk4FGxW8RLOY0AHpsZahkoRM++nk+hE+NEoHdyNlSgKeqL8nUhJqPQwD0xkS6OtZbyz+57US6F74KZdxAkzS6aJuIjBEeBwF7nDFKIihIYQqbm7FtE8UoWACK5gQ3NmX50n9pOSWS5e35WLlKosjj/bRATpCLjpHFXSDqqiGKHpEz+gVvVlP1ov1bn1MW3NWNrOL/sD6/AH0opRF</latexit>

/ t3(↵�1)t2↵

<latexit sha1_base64="3K5SZipYKhNbeazG7ZtgUmfPxY4=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiCVgSoplYCtgoWxSPQhNaFyXKe16iSW7SBVUX6AhV9hYQAhVnY2/ganzQAtR7J07jn36voejzMqlWV9G4Wl5ZXVteJ6aWNza3vH3N1ryygWmLRwxCLR9ZAkjIakpahipMsFQYHHSMcbX2d+54EISaPwTk04cQM0DKlPMVJa6ptHDhcRVxFU98lZxUGMj9CpfZJmdQ3O6rRvlq2qNQVcJHZOyiBHs29+OYMIxwEJFWZIyp5tceUmSCiKGUlLTiwJR3iMhqSnaYgCIt1kek0Kj7UygH4k9AsVnKq/JxIUSDkJPN0ZIDWS814m/uf1YuVfuAkNeaxIiGeL/JjB7HodDRxQQbBiE00QFlT/FeIREggrHWBJh2DPn7xI2rWqXa9e3tbLjas8jiI4AIegAmxwDhrgBjRBC2DwCJ7BK3gznowX4934mLUWjHxmH/yB8fkDCDqa6w==</latexit>

Rs / t↵ us / t↵�1

<latexit sha1_base64="FqDazcn6Rhfk2Im4JhrigWPBUv0=">AAACH3icbVDLSgMxFM34rPU16tJNsAhuLDNSfOyKblxWsQ/ojEMmzbShmUxIMkIZ6pe48VfcuFBE3PVvTNtZaNsDgcM593JzTigYVdpxRtbS8srq2npho7i5tb2za+/tN1SSSkzqOGGJbIVIEUY5qWuqGWkJSVAcMtIM+zdjv/lEpKIJf9ADQfwYdTmNKEbaSIF9fh8o6AmZCJ1A/Zh5iIkeGsJnA5gu8uApdIeBXXLKzgRwnrg5KYEctcD+8ToJTmPCNWZIqbbrCO1nSGqKGRkWvVQRgXAfdUnbUI5iovxskm8Ij43SgVEizeMaTtS/GxmKlRrEoZmMke6pWW8sLvLaqY4u/YxykWrC8fRQlDI4zmvKgh0qCdZsYAjCkpq/QtxDEmFtKi2aEtzZyPOkcVZ2K+Wru0qpep3XUQCH4AicABdcgCq4BTVQBxi8gDfwAT6tV+vd+rK+p6NLVr5zAP7BGv0C+mSi7A==</latexit>



Another way to solve the exercise

Lrad =
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�

<latexit sha1_base64="i/jmuzgUt4rmU+80hQL0JP367qE="></latexit>

Radiative shock —> the flux of kinetic energy across the shock is radiated away 

⇠ t5↵�3

<latexit sha1_base64="17StzHR/LEtmZ4QvF9bAkXsv3RM=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSyCG0uiFXVXdOOygn1AE8tkOm2HTiZh5kaoofgrblwo4tb/cOffOG2z0NYDFw7n3Mu99wSx4Boc59vKLSwuLa/kVwtr6xubW/b2Tl1HiaKsRiMRqWZANBNcshpwEKwZK0bCQLBGMLge+40HpjSP5B0MY+aHpCd5l1MCRmrbe57mIYb79MwjIu4TfIxPR2276JScCfA8cTNSRBmqbfvL60Q0CZkEKojWLdeJwU+JAk4FGxW8RLOY0AHpsZahkoRM++nk+hE+NEoHdyNlSgKeqL8nUhJqPQwD0xkS6OtZbyz+57US6F74KZdxAkzS6aJuIjBEeBwF7nDFKIihIYQqbm7FtE8UoWACK5gQ3NmX50n9pOSWS5e35WLlKosjj/bRATpCLjpHFXSDqqiGKHpEz+gVvVlP1ov1bn1MW3NWNrOL/sD6/AH0opRF</latexit>

/ t3(↵�1)t2↵

<latexit sha1_base64="3K5SZipYKhNbeazG7ZtgUmfPxY4=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiCVgSoplYCtgoWxSPQhNaFyXKe16iSW7SBVUX6AhV9hYQAhVnY2/ganzQAtR7J07jn36voejzMqlWV9G4Wl5ZXVteJ6aWNza3vH3N1ryygWmLRwxCLR9ZAkjIakpahipMsFQYHHSMcbX2d+54EISaPwTk04cQM0DKlPMVJa6ptHDhcRVxFU98lZxUGMj9CpfZJmdQ3O6rRvlq2qNQVcJHZOyiBHs29+OYMIxwEJFWZIyp5tceUmSCiKGUlLTiwJR3iMhqSnaYgCIt1kek0Kj7UygH4k9AsVnKq/JxIUSDkJPN0ZIDWS814m/uf1YuVfuAkNeaxIiGeL/JjB7HodDRxQQbBiE00QFlT/FeIREggrHWBJh2DPn7xI2rWqXa9e3tbLjas8jiI4AIegAmxwDhrgBjRBC2DwCJ7BK3gznowX4934mLUWjHxmH/yB8fkDCDqa6w==</latexit>

Rs / t↵ us / t↵�1

<latexit sha1_base64="FqDazcn6Rhfk2Im4JhrigWPBUv0=">AAACH3icbVDLSgMxFM34rPU16tJNsAhuLDNSfOyKblxWsQ/ojEMmzbShmUxIMkIZ6pe48VfcuFBE3PVvTNtZaNsDgcM593JzTigYVdpxRtbS8srq2npho7i5tb2za+/tN1SSSkzqOGGJbIVIEUY5qWuqGWkJSVAcMtIM+zdjv/lEpKIJf9ADQfwYdTmNKEbaSIF9fh8o6AmZCJ1A/Zh5iIkeGsJnA5gu8uApdIeBXXLKzgRwnrg5KYEctcD+8ToJTmPCNWZIqbbrCO1nSGqKGRkWvVQRgXAfdUnbUI5iovxskm8Ij43SgVEizeMaTtS/GxmKlRrEoZmMke6pWW8sLvLaqY4u/YxykWrC8fRQlDI4zmvKgh0qCdZsYAjCkpq/QtxDEmFtKi2aEtzZyPOkcVZ2K+Wru0qpep3XUQCH4AicABdcgCq4BTVQBxi8gDfwAT6tV+vd+rK+p6NLVr5zAP7BGv0C+mSi7A==</latexit>

/ t0

<latexit sha1_base64="8hwQkGicWb8Tdgs/vqisPWS2R7A=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KjNSUHdFNy4r2AdMx5JJM21oJgnJHaGUfoYbF4q49Wvc+Tem7Sy09UDgcM695J4Ta8Et+P63V1hb39jcKm6Xdnb39g/Kh0ctqzJDWZMqoUwnJpYJLlkTOAjW0YaRNBasHY9uZ377iRnLlXyAsWZRSgaSJ5wScFLY1UZpUBge/V654lf9OfAqCXJSQTkavfJXt69oljIJVBBrw8DXEE2IAU4Fm5a6mWWa0BEZsNBRSVJmo8n85Ck+c0ofJ8q4JwHP1d8bE5JaO05jN5kSGNplbyb+54UZJFfRhEudAZN08VGSCTwL6fLjPjeMghg7Qqjh7lZMh8QQCq6lkishWI68SloX1aBWvb6vVeo3eR1FdIJO0TkK0CWqozvUQE1EkULP6BW9eeC9eO/ex2K04OU7x+gPvM8f/9ORFg==</latexit>

↵ =
3

5

<latexit sha1_base64="Wv22/FyWLHZLmTBnMiQlZ7iysWw=">AAAB/XicbVDLSsNAFJ34rPUVHzs3g0VwVRKtqAuh6MZlBfuAppSb6aQdOpmEmYlQQ/BX3LhQxK3/4c6/cdpmoa0HLhzOuZd77/FjzpR2nG9rYXFpeWW1sFZc39jc2rZ3dhsqSiShdRLxSLZ8UJQzQeuaaU5bsaQQ+pw2/eHN2G8+UKlYJO71KKadEPqCBYyANlLX3veAxwPAV9gLJJD0NEvPsq5dcsrOBHieuDkpoRy1rv3l9SKShFRowkGptuvEupOC1IxwmhW9RNEYyBD6tG2ogJCqTjq5PsNHRunhIJKmhMYT9fdECqFSo9A3nSHogZr1xuJ/XjvRwUUnZSJONBVkuihIONYRHkeBe0xSovnIECCSmVsxGYBJQZvAiiYEd/bledI4KbuV8uVdpVS9zuMooAN0iI6Ri85RFd2iGqojgh7RM3pFb9aT9WK9Wx/T1gUrn9lDf2B9/gCReZSu</latexit>



Another way to solve the exercise

Lrad =
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s

�

<latexit sha1_base64="i/jmuzgUt4rmU+80hQL0JP367qE="></latexit>

Radiative shock —> the flux of kinetic energy across the shock is radiated away 

⇠ t5↵�3

<latexit sha1_base64="17StzHR/LEtmZ4QvF9bAkXsv3RM=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSyCG0uiFXVXdOOygn1AE8tkOm2HTiZh5kaoofgrblwo4tb/cOffOG2z0NYDFw7n3Mu99wSx4Boc59vKLSwuLa/kVwtr6xubW/b2Tl1HiaKsRiMRqWZANBNcshpwEKwZK0bCQLBGMLge+40HpjSP5B0MY+aHpCd5l1MCRmrbe57mIYb79MwjIu4TfIxPR2276JScCfA8cTNSRBmqbfvL60Q0CZkEKojWLdeJwU+JAk4FGxW8RLOY0AHpsZahkoRM++nk+hE+NEoHdyNlSgKeqL8nUhJqPQwD0xkS6OtZbyz+57US6F74KZdxAkzS6aJuIjBEeBwF7nDFKIihIYQqbm7FtE8UoWACK5gQ3NmX50n9pOSWS5e35WLlKosjj/bRATpCLjpHFXSDqqiGKHpEz+gVvVlP1ov1bn1MW3NWNrOL/sD6/AH0opRF</latexit>

/ t3(↵�1)t2↵

<latexit sha1_base64="3K5SZipYKhNbeazG7ZtgUmfPxY4=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiCVgSoplYCtgoWxSPQhNaFyXKe16iSW7SBVUX6AhV9hYQAhVnY2/ganzQAtR7J07jn36voejzMqlWV9G4Wl5ZXVteJ6aWNza3vH3N1ryygWmLRwxCLR9ZAkjIakpahipMsFQYHHSMcbX2d+54EISaPwTk04cQM0DKlPMVJa6ptHDhcRVxFU98lZxUGMj9CpfZJmdQ3O6rRvlq2qNQVcJHZOyiBHs29+OYMIxwEJFWZIyp5tceUmSCiKGUlLTiwJR3iMhqSnaYgCIt1kek0Kj7UygH4k9AsVnKq/JxIUSDkJPN0ZIDWS814m/uf1YuVfuAkNeaxIiGeL/JjB7HodDRxQQbBiE00QFlT/FeIREggrHWBJh2DPn7xI2rWqXa9e3tbLjas8jiI4AIegAmxwDhrgBjRBC2DwCJ7BK3gznowX4934mLUWjHxmH/yB8fkDCDqa6w==</latexit>

Rs / t↵ us / t↵�1

<latexit sha1_base64="FqDazcn6Rhfk2Im4JhrigWPBUv0=">AAACH3icbVDLSgMxFM34rPU16tJNsAhuLDNSfOyKblxWsQ/ojEMmzbShmUxIMkIZ6pe48VfcuFBE3PVvTNtZaNsDgcM593JzTigYVdpxRtbS8srq2npho7i5tb2za+/tN1SSSkzqOGGJbIVIEUY5qWuqGWkJSVAcMtIM+zdjv/lEpKIJf9ADQfwYdTmNKEbaSIF9fh8o6AmZCJ1A/Zh5iIkeGsJnA5gu8uApdIeBXXLKzgRwnrg5KYEctcD+8ToJTmPCNWZIqbbrCO1nSGqKGRkWvVQRgXAfdUnbUI5iovxskm8Ij43SgVEizeMaTtS/GxmKlRrEoZmMke6pWW8sLvLaqY4u/YxykWrC8fRQlDI4zmvKgh0qCdZsYAjCkpq/QtxDEmFtKi2aEtzZyPOkcVZ2K+Wru0qpep3XUQCH4AicABdcgCq4BTVQBxi8gDfwAT6tV+vd+rK+p6NLVr5zAP7BGv0C+mSi7A==</latexit>

/ t0

<latexit sha1_base64="8hwQkGicWb8Tdgs/vqisPWS2R7A=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KjNSUHdFNy4r2AdMx5JJM21oJgnJHaGUfoYbF4q49Wvc+Tem7Sy09UDgcM695J4Ta8Et+P63V1hb39jcKm6Xdnb39g/Kh0ctqzJDWZMqoUwnJpYJLlkTOAjW0YaRNBasHY9uZ377iRnLlXyAsWZRSgaSJ5wScFLY1UZpUBge/V654lf9OfAqCXJSQTkavfJXt69oljIJVBBrw8DXEE2IAU4Fm5a6mWWa0BEZsNBRSVJmo8n85Ck+c0ofJ8q4JwHP1d8bE5JaO05jN5kSGNplbyb+54UZJFfRhEudAZN08VGSCTwL6fLjPjeMghg7Qqjh7lZMh8QQCq6lkishWI68SloX1aBWvb6vVeo3eR1FdIJO0TkK0CWqozvUQE1EkULP6BW9eeC9eO/ex2K04OU7x+gPvM8f/9ORFg==</latexit>

↵ =
3

5

<latexit sha1_base64="Wv22/FyWLHZLmTBnMiQlZ7iysWw=">AAAB/XicbVDLSsNAFJ34rPUVHzs3g0VwVRKtqAuh6MZlBfuAppSb6aQdOpmEmYlQQ/BX3LhQxK3/4c6/cdpmoa0HLhzOuZd77/FjzpR2nG9rYXFpeWW1sFZc39jc2rZ3dhsqSiShdRLxSLZ8UJQzQeuaaU5bsaQQ+pw2/eHN2G8+UKlYJO71KKadEPqCBYyANlLX3veAxwPAV9gLJJD0NEvPsq5dcsrOBHieuDkpoRy1rv3l9SKShFRowkGptuvEupOC1IxwmhW9RNEYyBD6tG2ogJCqTjq5PsNHRunhIJKmhMYT9fdECqFSo9A3nSHogZr1xuJ/XjvRwUUnZSJONBVkuihIONYRHkeBe0xSovnIECCSmVsxGYBJQZvAiiYEd/bledI4KbuV8uVdpVS9zuMooAN0iI6Ri85RFd2iGqojgh7RM3pFb9aT9WK9Wx/T1gUrn9lDf2B9/gCReZSu</latexit>

Same scaling of Rs with t as in Part-1 of the exercise 



Another way to solve the exercise

Lrad =
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�

<latexit sha1_base64="i/jmuzgUt4rmU+80hQL0JP367qE="></latexit>

Radiative shock —> the flux of kinetic energy across the shock is radiated away 

⇠ t5↵�3

<latexit sha1_base64="17StzHR/LEtmZ4QvF9bAkXsv3RM=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSyCG0uiFXVXdOOygn1AE8tkOm2HTiZh5kaoofgrblwo4tb/cOffOG2z0NYDFw7n3Mu99wSx4Boc59vKLSwuLa/kVwtr6xubW/b2Tl1HiaKsRiMRqWZANBNcshpwEKwZK0bCQLBGMLge+40HpjSP5B0MY+aHpCd5l1MCRmrbe57mIYb79MwjIu4TfIxPR2276JScCfA8cTNSRBmqbfvL60Q0CZkEKojWLdeJwU+JAk4FGxW8RLOY0AHpsZahkoRM++nk+hE+NEoHdyNlSgKeqL8nUhJqPQwD0xkS6OtZbyz+57US6F74KZdxAkzS6aJuIjBEeBwF7nDFKIihIYQqbm7FtE8UoWACK5gQ3NmX50n9pOSWS5e35WLlKosjj/bRATpCLjpHFXSDqqiGKHpEz+gVvVlP1ov1bn1MW3NWNrOL/sD6/AH0opRF</latexit>

/ t3(↵�1)t2↵

<latexit sha1_base64="3K5SZipYKhNbeazG7ZtgUmfPxY4=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiCVgSoplYCtgoWxSPQhNaFyXKe16iSW7SBVUX6AhV9hYQAhVnY2/ganzQAtR7J07jn36voejzMqlWV9G4Wl5ZXVteJ6aWNza3vH3N1ryygWmLRwxCLR9ZAkjIakpahipMsFQYHHSMcbX2d+54EISaPwTk04cQM0DKlPMVJa6ptHDhcRVxFU98lZxUGMj9CpfZJmdQ3O6rRvlq2qNQVcJHZOyiBHs29+OYMIxwEJFWZIyp5tceUmSCiKGUlLTiwJR3iMhqSnaYgCIt1kek0Kj7UygH4k9AsVnKq/JxIUSDkJPN0ZIDWS814m/uf1YuVfuAkNeaxIiGeL/JjB7HodDRxQQbBiE00QFlT/FeIREggrHWBJh2DPn7xI2rWqXa9e3tbLjas8jiI4AIegAmxwDhrgBjRBC2DwCJ7BK3gznowX4934mLUWjHxmH/yB8fkDCDqa6w==</latexit>

Rs / t↵ us / t↵�1

<latexit sha1_base64="FqDazcn6Rhfk2Im4JhrigWPBUv0=">AAACH3icbVDLSgMxFM34rPU16tJNsAhuLDNSfOyKblxWsQ/ojEMmzbShmUxIMkIZ6pe48VfcuFBE3PVvTNtZaNsDgcM593JzTigYVdpxRtbS8srq2npho7i5tb2za+/tN1SSSkzqOGGJbIVIEUY5qWuqGWkJSVAcMtIM+zdjv/lEpKIJf9ADQfwYdTmNKEbaSIF9fh8o6AmZCJ1A/Zh5iIkeGsJnA5gu8uApdIeBXXLKzgRwnrg5KYEctcD+8ToJTmPCNWZIqbbrCO1nSGqKGRkWvVQRgXAfdUnbUI5iovxskm8Ij43SgVEizeMaTtS/GxmKlRrEoZmMke6pWW8sLvLaqY4u/YxykWrC8fRQlDI4zmvKgh0qCdZsYAjCkpq/QtxDEmFtKi2aEtzZyPOkcVZ2K+Wru0qpep3XUQCH4AicABdcgCq4BTVQBxi8gDfwAT6tV+vd+rK+p6NLVr5zAP7BGv0C+mSi7A==</latexit>

/ t0

<latexit sha1_base64="8hwQkGicWb8Tdgs/vqisPWS2R7A=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KjNSUHdFNy4r2AdMx5JJM21oJgnJHaGUfoYbF4q49Wvc+Tem7Sy09UDgcM695J4Ta8Et+P63V1hb39jcKm6Xdnb39g/Kh0ctqzJDWZMqoUwnJpYJLlkTOAjW0YaRNBasHY9uZ377iRnLlXyAsWZRSgaSJ5wScFLY1UZpUBge/V654lf9OfAqCXJSQTkavfJXt69oljIJVBBrw8DXEE2IAU4Fm5a6mWWa0BEZsNBRSVJmo8n85Ck+c0ofJ8q4JwHP1d8bE5JaO05jN5kSGNplbyb+54UZJFfRhEudAZN08VGSCTwL6fLjPjeMghg7Qqjh7lZMh8QQCq6lkishWI68SloX1aBWvb6vVeo3eR1FdIJO0TkK0CWqozvUQE1EkULP6BW9eeC9eO/ex2K04OU7x+gPvM8f/9ORFg==</latexit>

↵ =
3

5

<latexit sha1_base64="Wv22/FyWLHZLmTBnMiQlZ7iysWw=">AAAB/XicbVDLSsNAFJ34rPUVHzs3g0VwVRKtqAuh6MZlBfuAppSb6aQdOpmEmYlQQ/BX3LhQxK3/4c6/cdpmoa0HLhzOuZd77/FjzpR2nG9rYXFpeWW1sFZc39jc2rZ3dhsqSiShdRLxSLZ8UJQzQeuaaU5bsaQQ+pw2/eHN2G8+UKlYJO71KKadEPqCBYyANlLX3veAxwPAV9gLJJD0NEvPsq5dcsrOBHieuDkpoRy1rv3l9SKShFRowkGptuvEupOC1IxwmhW9RNEYyBD6tG2ogJCqTjq5PsNHRunhIJKmhMYT9fdECqFSo9A3nSHogZr1xuJ/XjvRwUUnZSJONBVkuihIONYRHkeBe0xSovnIECCSmVsxGYBJQZvAiiYEd/bledI4KbuV8uVdpVS9zuMooAN0iI6Ri85RFd2iGqojgh7RM3pFb9aT9WK9Wx/T1gUrn9lDf2B9/gCReZSu</latexit>

Same scaling of Rs with t as in Part-1 of the exercise 

Rs = At↵ ! Lrad = 2⇡%A2t6/5A3

✓
3

5

◆3

t�6/5

<latexit sha1_base64="5OVo7R65vmtpyvk42AlS0VruFbE="></latexit>



Another way to solve the exercise

Lrad =

✓
1

2
%u2

s

◆�
4⇡R2

s

�

<latexit sha1_base64="i/jmuzgUt4rmU+80hQL0JP367qE="></latexit>

Radiative shock —> the flux of kinetic energy across the shock is radiated away 

⇠ t5↵�3

<latexit sha1_base64="17StzHR/LEtmZ4QvF9bAkXsv3RM=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSyCG0uiFXVXdOOygn1AE8tkOm2HTiZh5kaoofgrblwo4tb/cOffOG2z0NYDFw7n3Mu99wSx4Boc59vKLSwuLa/kVwtr6xubW/b2Tl1HiaKsRiMRqWZANBNcshpwEKwZK0bCQLBGMLge+40HpjSP5B0MY+aHpCd5l1MCRmrbe57mIYb79MwjIu4TfIxPR2276JScCfA8cTNSRBmqbfvL60Q0CZkEKojWLdeJwU+JAk4FGxW8RLOY0AHpsZahkoRM++nk+hE+NEoHdyNlSgKeqL8nUhJqPQwD0xkS6OtZbyz+57US6F74KZdxAkzS6aJuIjBEeBwF7nDFKIihIYQqbm7FtE8UoWACK5gQ3NmX50n9pOSWS5e35WLlKosjj/bRATpCLjpHFXSDqqiGKHpEz+gVvVlP1ov1bn1MW3NWNrOL/sD6/AH0opRF</latexit>

/ t3(↵�1)t2↵

<latexit sha1_base64="3K5SZipYKhNbeazG7ZtgUmfPxY4=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiCVgSoplYCtgoWxSPQhNaFyXKe16iSW7SBVUX6AhV9hYQAhVnY2/ganzQAtR7J07jn36voejzMqlWV9G4Wl5ZXVteJ6aWNza3vH3N1ryygWmLRwxCLR9ZAkjIakpahipMsFQYHHSMcbX2d+54EISaPwTk04cQM0DKlPMVJa6ptHDhcRVxFU98lZxUGMj9CpfZJmdQ3O6rRvlq2qNQVcJHZOyiBHs29+OYMIxwEJFWZIyp5tceUmSCiKGUlLTiwJR3iMhqSnaYgCIt1kek0Kj7UygH4k9AsVnKq/JxIUSDkJPN0ZIDWS814m/uf1YuVfuAkNeaxIiGeL/JjB7HodDRxQQbBiE00QFlT/FeIREggrHWBJh2DPn7xI2rWqXa9e3tbLjas8jiI4AIegAmxwDhrgBjRBC2DwCJ7BK3gznowX4934mLUWjHxmH/yB8fkDCDqa6w==</latexit>

Rs / t↵ us / t↵�1

<latexit sha1_base64="FqDazcn6Rhfk2Im4JhrigWPBUv0=">AAACH3icbVDLSgMxFM34rPU16tJNsAhuLDNSfOyKblxWsQ/ojEMmzbShmUxIMkIZ6pe48VfcuFBE3PVvTNtZaNsDgcM593JzTigYVdpxRtbS8srq2npho7i5tb2za+/tN1SSSkzqOGGJbIVIEUY5qWuqGWkJSVAcMtIM+zdjv/lEpKIJf9ADQfwYdTmNKEbaSIF9fh8o6AmZCJ1A/Zh5iIkeGsJnA5gu8uApdIeBXXLKzgRwnrg5KYEctcD+8ToJTmPCNWZIqbbrCO1nSGqKGRkWvVQRgXAfdUnbUI5iovxskm8Ij43SgVEizeMaTtS/GxmKlRrEoZmMke6pWW8sLvLaqY4u/YxykWrC8fRQlDI4zmvKgh0qCdZsYAjCkpq/QtxDEmFtKi2aEtzZyPOkcVZ2K+Wru0qpep3XUQCH4AicABdcgCq4BTVQBxi8gDfwAT6tV+vd+rK+p6NLVr5zAP7BGv0C+mSi7A==</latexit>

/ t0

<latexit sha1_base64="8hwQkGicWb8Tdgs/vqisPWS2R7A=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KjNSUHdFNy4r2AdMx5JJM21oJgnJHaGUfoYbF4q49Wvc+Tem7Sy09UDgcM695J4Ta8Et+P63V1hb39jcKm6Xdnb39g/Kh0ctqzJDWZMqoUwnJpYJLlkTOAjW0YaRNBasHY9uZ377iRnLlXyAsWZRSgaSJ5wScFLY1UZpUBge/V654lf9OfAqCXJSQTkavfJXt69oljIJVBBrw8DXEE2IAU4Fm5a6mWWa0BEZsNBRSVJmo8n85Ck+c0ofJ8q4JwHP1d8bE5JaO05jN5kSGNplbyb+54UZJFfRhEudAZN08VGSCTwL6fLjPjeMghg7Qqjh7lZMh8QQCq6lkishWI68SloX1aBWvb6vVeo3eR1FdIJO0TkK0CWqozvUQE1EkULP6BW9eeC9eO/ex2K04OU7x+gPvM8f/9ORFg==</latexit>

↵ =
3

5

<latexit sha1_base64="Wv22/FyWLHZLmTBnMiQlZ7iysWw=">AAAB/XicbVDLSsNAFJ34rPUVHzs3g0VwVRKtqAuh6MZlBfuAppSb6aQdOpmEmYlQQ/BX3LhQxK3/4c6/cdpmoa0HLhzOuZd77/FjzpR2nG9rYXFpeWW1sFZc39jc2rZ3dhsqSiShdRLxSLZ8UJQzQeuaaU5bsaQQ+pw2/eHN2G8+UKlYJO71KKadEPqCBYyANlLX3veAxwPAV9gLJJD0NEvPsq5dcsrOBHieuDkpoRy1rv3l9SKShFRowkGptuvEupOC1IxwmhW9RNEYyBD6tG2ogJCqTjq5PsNHRunhIJKmhMYT9fdECqFSo9A3nSHogZr1xuJ/XjvRwUUnZSJONBVkuihIONYRHkeBe0xSovnIECCSmVsxGYBJQZvAiiYEd/bledI4KbuV8uVdpVS9zuMooAN0iI6Ri85RFd2iGqojgh7RM3pFb9aT9WK9Wx/T1gUrn9lDf2B9/gCReZSu</latexit>

Same scaling of Rs with t as in Part-1 of the exercise 

= 2⇡%A5

✓
3

5

◆3

<latexit sha1_base64="9qzt7Y0865j8ZJrK8rCREPjArEs=">AAACGXicbVDJSgNBEO2JW4zbqEcvjUGIlzCTBfUgRL14jGASIZOEnk5P0qRnobsmEIb8hhd/xYsHRTzqyb+xsxw08UHB470qquq5keAKLOvbSK2srq1vpDczW9s7u3vm/kFdhbGkrEZDEcoHlygmeMBqwEGwh0gy4ruCNdzBzcRvDJlUPAzuYRSxlk96Afc4JaCljmld4gJ2Io6dIZGyH+Krdhk7gnmQw44nCU2K46Q8xo7kvT6ctosdM2vlrSnwMrHnJIvmqHbMT6cb0thnAVBBlGraVgSthEjgVLBxxokViwgdkB5rahoQn6lWMv1sjE+00sVeKHUFgKfq74mE+EqNfFd3+gT6atGbiP95zRi881bCgygGFtDZIi8WGEI8iQl3uWQUxEgTQiXXt2LaJzoP0GFmdAj24svLpF7I26X8xV0pW7mex5FGR+gY5ZCNzlAF3aIqqiGKHtEzekVvxpPxYrwbH7PWlDGfOUR/YHz9AB6inpA=</latexit>

Rs = At↵ ! Lrad = 2⇡%A2t6/5A3

✓
3

5

◆3

t�6/5

<latexit sha1_base64="5OVo7R65vmtpyvk42AlS0VruFbE="></latexit>



Effective luminosity Leff = L� Lrad

<latexit sha1_base64="vDSt+oTKn8sG7HfOR8R3HeJLagA=">AAAB/nicbVDLSsNAFJ3UV219RMWVm8EquLEkIqgLoejGRRcV7APaECaTSTt0Mgkzk0IJAX/FjQtF3Il7/8CdH6Jrp4+FVg9cOHPOvcy9x4sZlcqyPozc3PzC4lJ+uVBcWV1bNzc2GzJKBCZ1HLFItDwkCaOc1BVVjLRiQVDoMdL0+pcjvzkgQtKI36hhTJwQdTkNKEZKS665XXVTEgQZPIdVeAj1SyA/c82SVbbGgH+JPSWlyt7ny9ug+FVzzfeOH+EkJFxhhqRs21asnBQJRTEjWaGTSBIj3Edd0taUo5BIJx2vn8F9rfgwiIQuruBY/TmRolDKYejpzhCpnpz1RuJ/XjtRwamTUh4ninA8+ShIGFQRHGUBfSoIVmyoCcKC6l0h7iGBsNKJFXQI9uzJf0njqGwfl8+udRoXYII82AG74ADY4ARUwBWogTrAIAV34AE8GrfGvfFkPE9ac8Z0Zgv8gvH6DQf1mLI=</latexit>



Effective luminosity Leff = L� Lrad

<latexit sha1_base64="vDSt+oTKn8sG7HfOR8R3HeJLagA=">AAAB/nicbVDLSsNAFJ3UV219RMWVm8EquLEkIqgLoejGRRcV7APaECaTSTt0Mgkzk0IJAX/FjQtF3Il7/8CdH6Jrp4+FVg9cOHPOvcy9x4sZlcqyPozc3PzC4lJ+uVBcWV1bNzc2GzJKBCZ1HLFItDwkCaOc1BVVjLRiQVDoMdL0+pcjvzkgQtKI36hhTJwQdTkNKEZKS665XXVTEgQZPIdVeAj1SyA/c82SVbbGgH+JPSWlyt7ny9ug+FVzzfeOH+EkJFxhhqRs21asnBQJRTEjWaGTSBIj3Edd0taUo5BIJx2vn8F9rfgwiIQuruBY/TmRolDKYejpzhCpnpz1RuJ/XjtRwamTUh4ninA8+ShIGFQRHGUBfSoIVmyoCcKC6l0h7iGBsNKJFXQI9uzJf0njqGwfl8+udRoXYII82AG74ADY4ARUwBWogTrAIAV34AE8GrfGvfFkPE9ac8Z0Zgv8gvH6DQf1mLI=</latexit>

Rs ⇠
✓
Leff

%

◆1/5

t3/5

<latexit sha1_base64="CDOxwTu7d0aJn7OYxt4qYwXt7n0="></latexit>



Effective luminosity Leff = L� Lrad

<latexit sha1_base64="vDSt+oTKn8sG7HfOR8R3HeJLagA=">AAAB/nicbVDLSsNAFJ3UV219RMWVm8EquLEkIqgLoejGRRcV7APaECaTSTt0Mgkzk0IJAX/FjQtF3Il7/8CdH6Jrp4+FVg9cOHPOvcy9x4sZlcqyPozc3PzC4lJ+uVBcWV1bNzc2GzJKBCZ1HLFItDwkCaOc1BVVjLRiQVDoMdL0+pcjvzkgQtKI36hhTJwQdTkNKEZKS665XXVTEgQZPIdVeAj1SyA/c82SVbbGgH+JPSWlyt7ny9ug+FVzzfeOH+EkJFxhhqRs21asnBQJRTEjWaGTSBIj3Edd0taUo5BIJx2vn8F9rfgwiIQuruBY/TmRolDKYejpzhCpnpz1RuJ/XjtRwamTUh4ninA8+ShIGFQRHGUBfSoIVmyoCcKC6l0h7iGBsNKJFXQI9uzJf0njqGwfl8+udRoXYII82AG74ADY4ARUwBWogTrAIAV34AE8GrfGvfFkPE9ac8Z0Zgv8gvH6DQf1mLI=</latexit>

Rs ⇠
✓
Leff

%

◆1/5

t3/5

<latexit sha1_base64="CDOxwTu7d0aJn7OYxt4qYwXt7n0="></latexit>

Leff = L� Lrad = L� 2⇡%

✓
3

5

◆3 Leff

%

<latexit sha1_base64="V8z8lzJZtxIG+u1p96wTMlk7aMk="></latexit>



Effective luminosity Leff = L� Lrad

<latexit sha1_base64="vDSt+oTKn8sG7HfOR8R3HeJLagA=">AAAB/nicbVDLSsNAFJ3UV219RMWVm8EquLEkIqgLoejGRRcV7APaECaTSTt0Mgkzk0IJAX/FjQtF3Il7/8CdH6Jrp4+FVg9cOHPOvcy9x4sZlcqyPozc3PzC4lJ+uVBcWV1bNzc2GzJKBCZ1HLFItDwkCaOc1BVVjLRiQVDoMdL0+pcjvzkgQtKI36hhTJwQdTkNKEZKS665XXVTEgQZPIdVeAj1SyA/c82SVbbGgH+JPSWlyt7ny9ug+FVzzfeOH+EkJFxhhqRs21asnBQJRTEjWaGTSBIj3Edd0taUo5BIJx2vn8F9rfgwiIQuruBY/TmRolDKYejpzhCpnpz1RuJ/XjtRwamTUh4ninA8+ShIGFQRHGUBfSoIVmyoCcKC6l0h7iGBsNKJFXQI9uzJf0njqGwfl8+udRoXYII82AG74ADY4ARUwBWogTrAIAV34AE8GrfGvfFkPE9ac8Z0Zgv8gvH6DQf1mLI=</latexit>

Rs ⇠
✓
Leff

%

◆1/5

t3/5

<latexit sha1_base64="CDOxwTu7d0aJn7OYxt4qYwXt7n0="></latexit>

Leff = L� Lrad = L� 2⇡%

✓
3

5

◆3 Leff

%

<latexit sha1_base64="V8z8lzJZtxIG+u1p96wTMlk7aMk="></latexit>

�! Leff =
L

1 + 2⇡
�
3
5

�3

<latexit sha1_base64="Q3HaGXtpAczuvlenvbWI1d8z1IU="></latexit>



Effective luminosity Leff = L� Lrad

<latexit sha1_base64="vDSt+oTKn8sG7HfOR8R3HeJLagA=">AAAB/nicbVDLSsNAFJ3UV219RMWVm8EquLEkIqgLoejGRRcV7APaECaTSTt0Mgkzk0IJAX/FjQtF3Il7/8CdH6Jrp4+FVg9cOHPOvcy9x4sZlcqyPozc3PzC4lJ+uVBcWV1bNzc2GzJKBCZ1HLFItDwkCaOc1BVVjLRiQVDoMdL0+pcjvzkgQtKI36hhTJwQdTkNKEZKS665XXVTEgQZPIdVeAj1SyA/c82SVbbGgH+JPSWlyt7ny9ug+FVzzfeOH+EkJFxhhqRs21asnBQJRTEjWaGTSBIj3Edd0taUo5BIJx2vn8F9rfgwiIQuruBY/TmRolDKYejpzhCpnpz1RuJ/XjtRwamTUh4ninA8+ShIGFQRHGUBfSoIVmyoCcKC6l0h7iGBsNKJFXQI9uzJf0njqGwfl8+udRoXYII82AG74ADY4ARUwBWogTrAIAV34AE8GrfGvfFkPE9ac8Z0Zgv8gvH6DQf1mLI=</latexit>

Rs ⇠
✓
Leff

%

◆1/5

t3/5

<latexit sha1_base64="CDOxwTu7d0aJn7OYxt4qYwXt7n0="></latexit>

Leff = L� Lrad = L� 2⇡%

✓
3

5

◆3 Leff

%

<latexit sha1_base64="V8z8lzJZtxIG+u1p96wTMlk7aMk="></latexit>

�! Leff =
L

1 + 2⇡
�
3
5

�3

<latexit sha1_base64="Q3HaGXtpAczuvlenvbWI1d8z1IU="></latexit>

Rs ⇠
 

1

1 + 2⇡
�
3
5

�3

!1/5✓
L

%

◆1/5

t3/5

<latexit sha1_base64="K3OzLLHxNMHWpwrD0Zx1q0mNmFo="></latexit>



Effective luminosity Leff = L� Lrad

<latexit sha1_base64="vDSt+oTKn8sG7HfOR8R3HeJLagA=">AAAB/nicbVDLSsNAFJ3UV219RMWVm8EquLEkIqgLoejGRRcV7APaECaTSTt0Mgkzk0IJAX/FjQtF3Il7/8CdH6Jrp4+FVg9cOHPOvcy9x4sZlcqyPozc3PzC4lJ+uVBcWV1bNzc2GzJKBCZ1HLFItDwkCaOc1BVVjLRiQVDoMdL0+pcjvzkgQtKI36hhTJwQdTkNKEZKS665XXVTEgQZPIdVeAj1SyA/c82SVbbGgH+JPSWlyt7ny9ug+FVzzfeOH+EkJFxhhqRs21asnBQJRTEjWaGTSBIj3Edd0taUo5BIJx2vn8F9rfgwiIQuruBY/TmRolDKYejpzhCpnpz1RuJ/XjtRwamTUh4ninA8+ShIGFQRHGUBfSoIVmyoCcKC6l0h7iGBsNKJFXQI9uzJf0njqGwfl8+udRoXYII82AG74ADY4ARUwBWogTrAIAV34AE8GrfGvfFkPE9ac8Z0Zgv8gvH6DQf1mLI=</latexit>

Rs ⇠
✓
Leff

%

◆1/5

t3/5

<latexit sha1_base64="CDOxwTu7d0aJn7OYxt4qYwXt7n0="></latexit>

Leff = L� Lrad = L� 2⇡%

✓
3

5

◆3 Leff

%

<latexit sha1_base64="V8z8lzJZtxIG+u1p96wTMlk7aMk="></latexit>

�! Leff =
L

1 + 2⇡
�
3
5

�3

<latexit sha1_base64="Q3HaGXtpAczuvlenvbWI1d8z1IU="></latexit>

Rs ⇠
 

1

1 + 2⇡
�
3
5

�3

!1/5✓
L

%

◆1/5

t3/5

<latexit sha1_base64="K3OzLLHxNMHWpwrD0Zx1q0mNmFo="></latexit>



Interstellar bubble — 3

L =
1

2
Ṁu2

w

<latexit sha1_base64="HSzm1RFPbEcB8MQd6jL+B0sbe2Q=">AAACBnicbVC7SgNBFL0bXzG+Vi1FGAyCVdgNAbUQgjYWChHMA5I1zE5mkyGzD2ZmlbBsZeOv2FgoYus32Pk3TpItNPHAwOGce7hzjxtxJpVlfRu5hcWl5ZX8amFtfWNzy9zeacgwFoTWSchD0XKxpJwFtK6Y4rQVCYp9l9OmO7wY+817KiQLg1s1iqjj437APEaw0lLX3L9CZ6jjCUwSO03KKer0QpVcpyjuPtyVu2bRKlkToHliZ6QIGWpd80vnSezTQBGOpWzbVqScBAvFCKdpoRNLGmEyxH3a1jTAPpVOMjkjRYda6SEvFPoFCk3U34kE+1KOfFdP+lgN5Kw3Fv/z2rHyTpyEBVGsaECmi7yYIxWicSeoxwQlio80wUQw/VdEBlh3onRzBV2CPXvyPGmUS3aldHpTKVbPszrysAcHcAQ2HEMVLqEGdSDwCM/wCm/Gk/FivBsf09GckWV24Q+Mzx+MjZfw</latexit>

µtot = Ṁuwt

<latexit sha1_base64="6D8yDv9m/puQSYclo/Dp01gJloU=">AAACAnicbVDLSsNAFJ34rPUVdSVuBovgqiRSUBdC0Y0boYJ9QBvCZDpph04mYeZGKaG48VfcuFDErV/hzr9x2mahrQcGDufcw517gkRwDY7zbS0sLi2vrBbWiusbm1vb9s5uQ8epoqxOYxGrVkA0E1yyOnAQrJUoRqJAsGYwuBr7zXumNI/lHQwT5kWkJ3nIKQEj+fZ+J0r9DGIY4Qvc6caQ3Yxw6j9g8O2SU3YmwPPEzUkJ5aj59pfJ0zRiEqggWrddJwEvIwo4FWxU7KSaJYQOSI+1DZUkYtrLJieM8JFRujiMlXkS8ET9nchIpPUwCsxkRKCvZ72x+J/XTiE88zIukxSYpNNFYSowxHjcB+5yxSiIoSGEKm7+immfKELBtFY0JbizJ8+TxknZrZTPbyul6mVeRwEdoEN0jFx0iqroGtVQHVH0iJ7RK3qznqwX6936mI4uWHlmD/2B9fkDtiSXAQ==</latexit>

Luminosity

Momentum



Interstellar bubble — 3

L =
1

2
Ṁu2

w

<latexit sha1_base64="HSzm1RFPbEcB8MQd6jL+B0sbe2Q=">AAACBnicbVC7SgNBFL0bXzG+Vi1FGAyCVdgNAbUQgjYWChHMA5I1zE5mkyGzD2ZmlbBsZeOv2FgoYus32Pk3TpItNPHAwOGce7hzjxtxJpVlfRu5hcWl5ZX8amFtfWNzy9zeacgwFoTWSchD0XKxpJwFtK6Y4rQVCYp9l9OmO7wY+817KiQLg1s1iqjj437APEaw0lLX3L9CZ6jjCUwSO03KKer0QpVcpyjuPtyVu2bRKlkToHliZ6QIGWpd80vnSezTQBGOpWzbVqScBAvFCKdpoRNLGmEyxH3a1jTAPpVOMjkjRYda6SEvFPoFCk3U34kE+1KOfFdP+lgN5Kw3Fv/z2rHyTpyEBVGsaECmi7yYIxWicSeoxwQlio80wUQw/VdEBlh3onRzBV2CPXvyPGmUS3aldHpTKVbPszrysAcHcAQ2HEMVLqEGdSDwCM/wCm/Gk/FivBsf09GckWV24Q+Mzx+MjZfw</latexit>

µtot = Ṁuwt

<latexit sha1_base64="6D8yDv9m/puQSYclo/Dp01gJloU=">AAACAnicbVDLSsNAFJ34rPUVdSVuBovgqiRSUBdC0Y0boYJ9QBvCZDpph04mYeZGKaG48VfcuFDErV/hzr9x2mahrQcGDufcw517gkRwDY7zbS0sLi2vrBbWiusbm1vb9s5uQ8epoqxOYxGrVkA0E1yyOnAQrJUoRqJAsGYwuBr7zXumNI/lHQwT5kWkJ3nIKQEj+fZ+J0r9DGIY4Qvc6caQ3Yxw6j9g8O2SU3YmwPPEzUkJ5aj59pfJ0zRiEqggWrddJwEvIwo4FWxU7KSaJYQOSI+1DZUkYtrLJieM8JFRujiMlXkS8ET9nchIpPUwCsxkRKCvZ72x+J/XTiE88zIukxSYpNNFYSowxHjcB+5yxSiIoSGEKm7+immfKELBtFY0JbizJ8+TxknZrZTPbyul6mVeRwEdoEN0jFx0iqroGtVQHVH0iJ7RK3qznqwX6936mI4uWHlmD/2B9fkDtiSXAQ==</latexit>

Luminosity

Momentum
µtot =

2L

uw
t

<latexit sha1_base64="lsOs2HRaKfgWrBqNrVrOobbojZw=">AAACBnicbVDLSsNAFJ3UV62vqEsRBovgqiSloC6EohsXLirYBzQlTKaTdujkwcyNUkJWbvwVNy4Uces3uPNvnLZZaOuBC4dz7uXee7xYcAWW9W0UlpZXVteK66WNza3tHXN3r6WiRFLWpJGIZMcjigkesiZwEKwTS0YCT7C2N7qa+O17JhWPwjsYx6wXkEHIfU4JaMk1D50gcVOIIMMX2PEloWkV32Rp4j5kGFyzbFWsKfAisXNSRjkarvnl9COaBCwEKohSXduKoZcSCZwKlpWcRLGY0BEZsK6mIQmY6qXTNzJ8rJU+9iOpKwQ8VX9PpCRQahx4ujMgMFTz3kT8z+sm4J/1Uh7GCbCQzhb5icAQ4UkmuM8loyDGmhAqub4V0yHRWYBOrqRDsOdfXiStasWuVc5va+X6ZR5HER2gI3SCbHSK6ugaNVATUfSIntErejOejBfj3fiYtRaMfGYf/YHx+QO0FJin</latexit>



Interstellar bubble — 3

L =
1

2
Ṁu2

w

<latexit sha1_base64="HSzm1RFPbEcB8MQd6jL+B0sbe2Q=">AAACBnicbVC7SgNBFL0bXzG+Vi1FGAyCVdgNAbUQgjYWChHMA5I1zE5mkyGzD2ZmlbBsZeOv2FgoYus32Pk3TpItNPHAwOGce7hzjxtxJpVlfRu5hcWl5ZX8amFtfWNzy9zeacgwFoTWSchD0XKxpJwFtK6Y4rQVCYp9l9OmO7wY+817KiQLg1s1iqjj437APEaw0lLX3L9CZ6jjCUwSO03KKer0QpVcpyjuPtyVu2bRKlkToHliZ6QIGWpd80vnSezTQBGOpWzbVqScBAvFCKdpoRNLGmEyxH3a1jTAPpVOMjkjRYda6SEvFPoFCk3U34kE+1KOfFdP+lgN5Kw3Fv/z2rHyTpyEBVGsaECmi7yYIxWicSeoxwQlio80wUQw/VdEBlh3onRzBV2CPXvyPGmUS3aldHpTKVbPszrysAcHcAQ2HEMVLqEGdSDwCM/wCm/Gk/FivBsf09GckWV24Q+Mzx+MjZfw</latexit>

µtot = Ṁuwt

<latexit sha1_base64="6D8yDv9m/puQSYclo/Dp01gJloU=">AAACAnicbVDLSsNAFJ34rPUVdSVuBovgqiRSUBdC0Y0boYJ9QBvCZDpph04mYeZGKaG48VfcuFDErV/hzr9x2mahrQcGDufcw517gkRwDY7zbS0sLi2vrBbWiusbm1vb9s5uQ8epoqxOYxGrVkA0E1yyOnAQrJUoRqJAsGYwuBr7zXumNI/lHQwT5kWkJ3nIKQEj+fZ+J0r9DGIY4Qvc6caQ3Yxw6j9g8O2SU3YmwPPEzUkJ5aj59pfJ0zRiEqggWrddJwEvIwo4FWxU7KSaJYQOSI+1DZUkYtrLJieM8JFRujiMlXkS8ET9nchIpPUwCsxkRKCvZ72x+J/XTiE88zIukxSYpNNFYSowxHjcB+5yxSiIoSGEKm7+immfKELBtFY0JbizJ8+TxknZrZTPbyul6mVeRwEdoEN0jFx0iqroGtVQHVH0iJ7RK3qznqwX6936mI4uWHlmD/2B9fkDtiSXAQ==</latexit>

Luminosity

Momentum
µtot =

2L

uw
t

<latexit sha1_base64="lsOs2HRaKfgWrBqNrVrOobbojZw=">AAACBnicbVDLSsNAFJ3UV62vqEsRBovgqiSloC6EohsXLirYBzQlTKaTdujkwcyNUkJWbvwVNy4Uces3uPNvnLZZaOuBC4dz7uXee7xYcAWW9W0UlpZXVteK66WNza3tHXN3r6WiRFLWpJGIZMcjigkesiZwEKwTS0YCT7C2N7qa+O17JhWPwjsYx6wXkEHIfU4JaMk1D50gcVOIIMMX2PEloWkV32Rp4j5kGFyzbFWsKfAisXNSRjkarvnl9COaBCwEKohSXduKoZcSCZwKlpWcRLGY0BEZsK6mIQmY6qXTNzJ8rJU+9iOpKwQ8VX9PpCRQahx4ujMgMFTz3kT8z+sm4J/1Uh7GCbCQzhb5icAQ4UkmuM8loyDGmhAqub4V0yHRWYBOrqRDsOdfXiStasWuVc5va+X6ZR5HER2gI3SCbHSK6ugaNVATUfSIntErejOejBfj3fiYtRaMfGYf/YHx+QO0FJin</latexit>

Is there another way to compute the momentum of the system?



Interstellar bubble — 3

L =
1

2
Ṁu2

w

<latexit sha1_base64="HSzm1RFPbEcB8MQd6jL+B0sbe2Q=">AAACBnicbVC7SgNBFL0bXzG+Vi1FGAyCVdgNAbUQgjYWChHMA5I1zE5mkyGzD2ZmlbBsZeOv2FgoYus32Pk3TpItNPHAwOGce7hzjxtxJpVlfRu5hcWl5ZX8amFtfWNzy9zeacgwFoTWSchD0XKxpJwFtK6Y4rQVCYp9l9OmO7wY+817KiQLg1s1iqjj437APEaw0lLX3L9CZ6jjCUwSO03KKer0QpVcpyjuPtyVu2bRKlkToHliZ6QIGWpd80vnSezTQBGOpWzbVqScBAvFCKdpoRNLGmEyxH3a1jTAPpVOMjkjRYda6SEvFPoFCk3U34kE+1KOfFdP+lgN5Kw3Fv/z2rHyTpyEBVGsaECmi7yYIxWicSeoxwQlio80wUQw/VdEBlh3onRzBV2CPXvyPGmUS3aldHpTKVbPszrysAcHcAQ2HEMVLqEGdSDwCM/wCm/Gk/FivBsf09GckWV24Q+Mzx+MjZfw</latexit>

µtot = Ṁuwt

<latexit sha1_base64="6D8yDv9m/puQSYclo/Dp01gJloU=">AAACAnicbVDLSsNAFJ34rPUVdSVuBovgqiRSUBdC0Y0boYJ9QBvCZDpph04mYeZGKaG48VfcuFDErV/hzr9x2mahrQcGDufcw517gkRwDY7zbS0sLi2vrBbWiusbm1vb9s5uQ8epoqxOYxGrVkA0E1yyOnAQrJUoRqJAsGYwuBr7zXumNI/lHQwT5kWkJ3nIKQEj+fZ+J0r9DGIY4Qvc6caQ3Yxw6j9g8O2SU3YmwPPEzUkJ5aj59pfJ0zRiEqggWrddJwEvIwo4FWxU7KSaJYQOSI+1DZUkYtrLJieM8JFRujiMlXkS8ET9nchIpPUwCsxkRKCvZ72x+J/XTiE88zIukxSYpNNFYSowxHjcB+5yxSiIoSGEKm7+immfKELBtFY0JbizJ8+TxknZrZTPbyul6mVeRwEdoEN0jFx0iqroGtVQHVH0iJ7RK3qznqwX6936mI4uWHlmD/2B9fkDtiSXAQ==</latexit>

Luminosity

Momentum
µtot =

2L

uw
t

<latexit sha1_base64="lsOs2HRaKfgWrBqNrVrOobbojZw=">AAACBnicbVDLSsNAFJ3UV62vqEsRBovgqiSloC6EohsXLirYBzQlTKaTdujkwcyNUkJWbvwVNy4Uces3uPNvnLZZaOuBC4dz7uXee7xYcAWW9W0UlpZXVteK66WNza3tHXN3r6WiRFLWpJGIZMcjigkesiZwEKwTS0YCT7C2N7qa+O17JhWPwjsYx6wXkEHIfU4JaMk1D50gcVOIIMMX2PEloWkV32Rp4j5kGFyzbFWsKfAisXNSRjkarvnl9COaBCwEKohSXduKoZcSCZwKlpWcRLGY0BEZsK6mIQmY6qXTNzJ8rJU+9iOpKwQ8VX9PpCRQahx4ujMgMFTz3kT8z+sm4J/1Uh7GCbCQzhb5icAQ4UkmuM8loyDGmhAqub4V0yHRWYBOrqRDsOdfXiStasWuVc5va+X6ZR5HER2gI3SCbHSK6ugaNVATUfSIntErejOejBfj3fiYtRaMfGYf/YHx+QO0FJin</latexit>

Is there another way to compute the momentum of the system?

µtot = Mshellus =
4⇡

3
R3

s%us

<latexit sha1_base64="l/UMVY6YYJ6dkgGtlA3Jw2DyprM="></latexit>



Interstellar bubble — 3

L =
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2
Ṁu2

w

<latexit sha1_base64="HSzm1RFPbEcB8MQd6jL+B0sbe2Q=">AAACBnicbVC7SgNBFL0bXzG+Vi1FGAyCVdgNAbUQgjYWChHMA5I1zE5mkyGzD2ZmlbBsZeOv2FgoYus32Pk3TpItNPHAwOGce7hzjxtxJpVlfRu5hcWl5ZX8amFtfWNzy9zeacgwFoTWSchD0XKxpJwFtK6Y4rQVCYp9l9OmO7wY+817KiQLg1s1iqjj437APEaw0lLX3L9CZ6jjCUwSO03KKer0QpVcpyjuPtyVu2bRKlkToHliZ6QIGWpd80vnSezTQBGOpWzbVqScBAvFCKdpoRNLGmEyxH3a1jTAPpVOMjkjRYda6SEvFPoFCk3U34kE+1KOfFdP+lgN5Kw3Fv/z2rHyTpyEBVGsaECmi7yYIxWicSeoxwQlio80wUQw/VdEBlh3onRzBV2CPXvyPGmUS3aldHpTKVbPszrysAcHcAQ2HEMVLqEGdSDwCM/wCm/Gk/FivBsf09GckWV24Q+Mzx+MjZfw</latexit>

µtot = Ṁuwt

<latexit sha1_base64="6D8yDv9m/puQSYclo/Dp01gJloU=">AAACAnicbVDLSsNAFJ34rPUVdSVuBovgqiRSUBdC0Y0boYJ9QBvCZDpph04mYeZGKaG48VfcuFDErV/hzr9x2mahrQcGDufcw517gkRwDY7zbS0sLi2vrBbWiusbm1vb9s5uQ8epoqxOYxGrVkA0E1yyOnAQrJUoRqJAsGYwuBr7zXumNI/lHQwT5kWkJ3nIKQEj+fZ+J0r9DGIY4Qvc6caQ3Yxw6j9g8O2SU3YmwPPEzUkJ5aj59pfJ0zRiEqggWrddJwEvIwo4FWxU7KSaJYQOSI+1DZUkYtrLJieM8JFRujiMlXkS8ET9nchIpPUwCsxkRKCvZ72x+J/XTiE88zIukxSYpNNFYSowxHjcB+5yxSiIoSGEKm7+immfKELBtFY0JbizJ8+TxknZrZTPbyul6mVeRwEdoEN0jFx0iqroGtVQHVH0iJ7RK3qznqwX6936mI4uWHlmD/2B9fkDtiSXAQ==</latexit>

Luminosity

Momentum
µtot =

2L

uw
t

<latexit sha1_base64="lsOs2HRaKfgWrBqNrVrOobbojZw=">AAACBnicbVDLSsNAFJ3UV62vqEsRBovgqiSloC6EohsXLirYBzQlTKaTdujkwcyNUkJWbvwVNy4Uces3uPNvnLZZaOuBC4dz7uXee7xYcAWW9W0UlpZXVteK66WNza3tHXN3r6WiRFLWpJGIZMcjigkesiZwEKwTS0YCT7C2N7qa+O17JhWPwjsYx6wXkEHIfU4JaMk1D50gcVOIIMMX2PEloWkV32Rp4j5kGFyzbFWsKfAisXNSRjkarvnl9COaBCwEKohSXduKoZcSCZwKlpWcRLGY0BEZsK6mIQmY6qXTNzJ8rJU+9iOpKwQ8VX9PpCRQahx4ujMgMFTz3kT8z+sm4J/1Uh7GCbCQzhb5icAQ4UkmuM8loyDGmhAqub4V0yHRWYBOrqRDsOdfXiStasWuVc5va+X6ZR5HER2gI3SCbHSK6ugaNVATUfSIntErejOejBfj3fiYtRaMfGYf/YHx+QO0FJin</latexit>

Is there another way to compute the momentum of the system?

µtot = Mshellus =
4⇡

3
R3

s%us

<latexit sha1_base64="l/UMVY6YYJ6dkgGtlA3Jw2DyprM="></latexit>

Rs / t↵ ! us = ↵
Rs

t

<latexit sha1_base64="uAQW8fZ3rPAlw5Sut+1k6rw5XlM=">AAACJnicbVDLSgMxFM34tr6qLt0Ei+CqzIigLgqiG5dVrAqdWu6kmTaYmYTkjlKG+Ro3/oobFxURd36K6WPh60DgcM653NwTaSks+v6HNzU9Mzs3v7BYWlpeWV0rr29cWZUZxhtMSWVuIrBcipQ3UKDkN9pwSCLJr6O706F/fc+NFSq9xL7mrQS6qYgFA3RSu1y7aFsaaqM0Koq3eQhS96CgoRHdHoIx6oFmLlKjY4eGsQGWu6kix6JdrvhVfwT6lwQTUiET1NvlQdhRLEt4ikyCtc3A19jKwaBgkhelMLNcA7uDLm86mkLCbSsfnVnQHad0aKyMeynSkfp9IofE2n4SuWQC2LO/vaH4n9fMMD5s5SLVGfKUjRfFmaTDSlxntCMMZyj7jgAzwv2Vsh64HtA1W3IlBL9P/kuu9qrBfvXofL9yfDKpY4FskW2ySwJyQI7JGamTBmHkkTyTAXn1nrwX7817H0envMnMJvkB7/MLTqamVA==</latexit>

=
4⇡

3
↵%R4

st
�1

<latexit sha1_base64="5sa7CZ59ovK7iCHKt6gBwXXBTqc=">AAACFnicbVDLSgNBEJz1GeMr6tHLYBC8JOxqQD0IQS8eo5gHZDehdzKbDJl9MDMbCMt+hRd/xYsHRbyKN//GSbIHTSxoKKq66e5yI86kMs1vY2l5ZXVtPbeR39za3tkt7O03ZBgLQusk5KFouSApZwGtK6Y4bUWCgu9y2nSHNxO/OaJCsjB4UOOIOj70A+YxAkpL3ULpCtueAJJUsB2xNDlLsQ08GgC2RyDEIMT3XdmpYNVJSlbaLRTNsjkFXiRWRoooQ61b+LJ7IYl9GijCQcq2ZUbKSUAoRjhN83YsaQRkCH3a1jQAn0onmb6V4mOt9LAXCl2BwlP190QCvpRj39WdPqiBnPcm4n9eO1behZOwIIoVDchskRdzrEI8yQj3mKBE8bEmQATTt2IyAJ2S0knmdQjW/MuLpHFatirly7tKsXqdxZFDh+gInSALnaMqukU1VEcEPaJn9IrejCfjxXg3PmatS0Y2c4D+wPj8AS4lnig=</latexit>



Interstellar bubble — 3

L =
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2
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w

<latexit sha1_base64="HSzm1RFPbEcB8MQd6jL+B0sbe2Q=">AAACBnicbVC7SgNBFL0bXzG+Vi1FGAyCVdgNAbUQgjYWChHMA5I1zE5mkyGzD2ZmlbBsZeOv2FgoYus32Pk3TpItNPHAwOGce7hzjxtxJpVlfRu5hcWl5ZX8amFtfWNzy9zeacgwFoTWSchD0XKxpJwFtK6Y4rQVCYp9l9OmO7wY+817KiQLg1s1iqjj437APEaw0lLX3L9CZ6jjCUwSO03KKer0QpVcpyjuPtyVu2bRKlkToHliZ6QIGWpd80vnSezTQBGOpWzbVqScBAvFCKdpoRNLGmEyxH3a1jTAPpVOMjkjRYda6SEvFPoFCk3U34kE+1KOfFdP+lgN5Kw3Fv/z2rHyTpyEBVGsaECmi7yYIxWicSeoxwQlio80wUQw/VdEBlh3onRzBV2CPXvyPGmUS3aldHpTKVbPszrysAcHcAQ2HEMVLqEGdSDwCM/wCm/Gk/FivBsf09GckWV24Q+Mzx+MjZfw</latexit>

µtot = Ṁuwt

<latexit sha1_base64="6D8yDv9m/puQSYclo/Dp01gJloU=">AAACAnicbVDLSsNAFJ34rPUVdSVuBovgqiRSUBdC0Y0boYJ9QBvCZDpph04mYeZGKaG48VfcuFDErV/hzr9x2mahrQcGDufcw517gkRwDY7zbS0sLi2vrBbWiusbm1vb9s5uQ8epoqxOYxGrVkA0E1yyOnAQrJUoRqJAsGYwuBr7zXumNI/lHQwT5kWkJ3nIKQEj+fZ+J0r9DGIY4Qvc6caQ3Yxw6j9g8O2SU3YmwPPEzUkJ5aj59pfJ0zRiEqggWrddJwEvIwo4FWxU7KSaJYQOSI+1DZUkYtrLJieM8JFRujiMlXkS8ET9nchIpPUwCsxkRKCvZ72x+J/XTiE88zIukxSYpNNFYSowxHjcB+5yxSiIoSGEKm7+immfKELBtFY0JbizJ8+TxknZrZTPbyul6mVeRwEdoEN0jFx0iqroGtVQHVH0iJ7RK3qznqwX6936mI4uWHlmD/2B9fkDtiSXAQ==</latexit>

Luminosity

Momentum
µtot =

2L

uw
t

<latexit sha1_base64="lsOs2HRaKfgWrBqNrVrOobbojZw=">AAACBnicbVDLSsNAFJ3UV62vqEsRBovgqiSloC6EohsXLirYBzQlTKaTdujkwcyNUkJWbvwVNy4Uces3uPNvnLZZaOuBC4dz7uXee7xYcAWW9W0UlpZXVteK66WNza3tHXN3r6WiRFLWpJGIZMcjigkesiZwEKwTS0YCT7C2N7qa+O17JhWPwjsYx6wXkEHIfU4JaMk1D50gcVOIIMMX2PEloWkV32Rp4j5kGFyzbFWsKfAisXNSRjkarvnl9COaBCwEKohSXduKoZcSCZwKlpWcRLGY0BEZsK6mIQmY6qXTNzJ8rJU+9iOpKwQ8VX9PpCRQahx4ujMgMFTz3kT8z+sm4J/1Uh7GCbCQzhb5icAQ4UkmuM8loyDGmhAqub4V0yHRWYBOrqRDsOdfXiStasWuVc5va+X6ZR5HER2gI3SCbHSK6ugaNVATUfSIntErejOejBfj3fiYtRaMfGYf/YHx+QO0FJin</latexit>

Is there another way to compute the momentum of the system?

µtot = Mshellus =
4⇡

3
R3

s%us

<latexit sha1_base64="l/UMVY6YYJ6dkgGtlA3Jw2DyprM="></latexit>

Rs / t↵ ! us = ↵
Rs

t

<latexit sha1_base64="uAQW8fZ3rPAlw5Sut+1k6rw5XlM=">AAACJnicbVDLSgMxFM34tr6qLt0Ei+CqzIigLgqiG5dVrAqdWu6kmTaYmYTkjlKG+Ro3/oobFxURd36K6WPh60DgcM653NwTaSks+v6HNzU9Mzs3v7BYWlpeWV0rr29cWZUZxhtMSWVuIrBcipQ3UKDkN9pwSCLJr6O706F/fc+NFSq9xL7mrQS6qYgFA3RSu1y7aFsaaqM0Koq3eQhS96CgoRHdHoIx6oFmLlKjY4eGsQGWu6kix6JdrvhVfwT6lwQTUiET1NvlQdhRLEt4ikyCtc3A19jKwaBgkhelMLNcA7uDLm86mkLCbSsfnVnQHad0aKyMeynSkfp9IofE2n4SuWQC2LO/vaH4n9fMMD5s5SLVGfKUjRfFmaTDSlxntCMMZyj7jgAzwv2Vsh64HtA1W3IlBL9P/kuu9qrBfvXofL9yfDKpY4FskW2ySwJyQI7JGamTBmHkkTyTAXn1nrwX7817H0envMnMJvkB7/MLTqamVA==</latexit>

=
4⇡

3
↵%R4

st
�1

<latexit sha1_base64="5sa7CZ59ovK7iCHKt6gBwXXBTqc=">AAACFnicbVDLSgNBEJz1GeMr6tHLYBC8JOxqQD0IQS8eo5gHZDehdzKbDJl9MDMbCMt+hRd/xYsHRbyKN//GSbIHTSxoKKq66e5yI86kMs1vY2l5ZXVtPbeR39za3tkt7O03ZBgLQusk5KFouSApZwGtK6Y4bUWCgu9y2nSHNxO/OaJCsjB4UOOIOj70A+YxAkpL3ULpCtueAJJUsB2xNDlLsQ08GgC2RyDEIMT3XdmpYNVJSlbaLRTNsjkFXiRWRoooQ61b+LJ7IYl9GijCQcq2ZUbKSUAoRjhN83YsaQRkCH3a1jQAn0onmb6V4mOt9LAXCl2BwlP190QCvpRj39WdPqiBnPcm4n9eO1behZOwIIoVDchskRdzrEI8yQj3mKBE8bEmQATTt2IyAJ2S0knmdQjW/MuLpHFatirly7tKsXqdxZFDh+gInSALnaMqukU1VEcEPaJn9IrejCfjxXg3PmatS0Y2c4D+wPj8AS4lnig=</latexit>

Neglecting all numerical factors

%R4
st

�1 ⇠ L

uw
t �! Rs ⇠

✓
L

%uw

◆1/4

t1/2

<latexit sha1_base64="cdEVx8ttoOn4SrmiSsVHsQUTN78="></latexit>



Interstellar bubble — 3

L =
1

2
Ṁu2

w

<latexit sha1_base64="HSzm1RFPbEcB8MQd6jL+B0sbe2Q=">AAACBnicbVC7SgNBFL0bXzG+Vi1FGAyCVdgNAbUQgjYWChHMA5I1zE5mkyGzD2ZmlbBsZeOv2FgoYus32Pk3TpItNPHAwOGce7hzjxtxJpVlfRu5hcWl5ZX8amFtfWNzy9zeacgwFoTWSchD0XKxpJwFtK6Y4rQVCYp9l9OmO7wY+817KiQLg1s1iqjj437APEaw0lLX3L9CZ6jjCUwSO03KKer0QpVcpyjuPtyVu2bRKlkToHliZ6QIGWpd80vnSezTQBGOpWzbVqScBAvFCKdpoRNLGmEyxH3a1jTAPpVOMjkjRYda6SEvFPoFCk3U34kE+1KOfFdP+lgN5Kw3Fv/z2rHyTpyEBVGsaECmi7yYIxWicSeoxwQlio80wUQw/VdEBlh3onRzBV2CPXvyPGmUS3aldHpTKVbPszrysAcHcAQ2HEMVLqEGdSDwCM/wCm/Gk/FivBsf09GckWV24Q+Mzx+MjZfw</latexit>

µtot = Ṁuwt

<latexit sha1_base64="6D8yDv9m/puQSYclo/Dp01gJloU=">AAACAnicbVDLSsNAFJ34rPUVdSVuBovgqiRSUBdC0Y0boYJ9QBvCZDpph04mYeZGKaG48VfcuFDErV/hzr9x2mahrQcGDufcw517gkRwDY7zbS0sLi2vrBbWiusbm1vb9s5uQ8epoqxOYxGrVkA0E1yyOnAQrJUoRqJAsGYwuBr7zXumNI/lHQwT5kWkJ3nIKQEj+fZ+J0r9DGIY4Qvc6caQ3Yxw6j9g8O2SU3YmwPPEzUkJ5aj59pfJ0zRiEqggWrddJwEvIwo4FWxU7KSaJYQOSI+1DZUkYtrLJieM8JFRujiMlXkS8ET9nchIpPUwCsxkRKCvZ72x+J/XTiE88zIukxSYpNNFYSowxHjcB+5yxSiIoSGEKm7+immfKELBtFY0JbizJ8+TxknZrZTPbyul6mVeRwEdoEN0jFx0iqroGtVQHVH0iJ7RK3qznqwX6936mI4uWHlmD/2B9fkDtiSXAQ==</latexit>

Luminosity

Momentum
µtot =

2L

uw
t

<latexit sha1_base64="lsOs2HRaKfgWrBqNrVrOobbojZw=">AAACBnicbVDLSsNAFJ3UV62vqEsRBovgqiSloC6EohsXLirYBzQlTKaTdujkwcyNUkJWbvwVNy4Uces3uPNvnLZZaOuBC4dz7uXee7xYcAWW9W0UlpZXVteK66WNza3tHXN3r6WiRFLWpJGIZMcjigkesiZwEKwTS0YCT7C2N7qa+O17JhWPwjsYx6wXkEHIfU4JaMk1D50gcVOIIMMX2PEloWkV32Rp4j5kGFyzbFWsKfAisXNSRjkarvnl9COaBCwEKohSXduKoZcSCZwKlpWcRLGY0BEZsK6mIQmY6qXTNzJ8rJU+9iOpKwQ8VX9PpCRQahx4ujMgMFTz3kT8z+sm4J/1Uh7GCbCQzhb5icAQ4UkmuM8loyDGmhAqub4V0yHRWYBOrqRDsOdfXiStasWuVc5va+X6ZR5HER2gI3SCbHSK6ugaNVATUfSIntErejOejBfj3fiYtRaMfGYf/YHx+QO0FJin</latexit>

Is there another way to compute the momentum of the system?

µtot = Mshellus =
4⇡

3
R3

s%us

<latexit sha1_base64="l/UMVY6YYJ6dkgGtlA3Jw2DyprM="></latexit>

Rs / t↵ ! us = ↵
Rs

t

<latexit sha1_base64="uAQW8fZ3rPAlw5Sut+1k6rw5XlM=">AAACJnicbVDLSgMxFM34tr6qLt0Ei+CqzIigLgqiG5dVrAqdWu6kmTaYmYTkjlKG+Ro3/oobFxURd36K6WPh60DgcM653NwTaSks+v6HNzU9Mzs3v7BYWlpeWV0rr29cWZUZxhtMSWVuIrBcipQ3UKDkN9pwSCLJr6O706F/fc+NFSq9xL7mrQS6qYgFA3RSu1y7aFsaaqM0Koq3eQhS96CgoRHdHoIx6oFmLlKjY4eGsQGWu6kix6JdrvhVfwT6lwQTUiET1NvlQdhRLEt4ikyCtc3A19jKwaBgkhelMLNcA7uDLm86mkLCbSsfnVnQHad0aKyMeynSkfp9IofE2n4SuWQC2LO/vaH4n9fMMD5s5SLVGfKUjRfFmaTDSlxntCMMZyj7jgAzwv2Vsh64HtA1W3IlBL9P/kuu9qrBfvXofL9yfDKpY4FskW2ySwJyQI7JGamTBmHkkTyTAXn1nrwX7817H0envMnMJvkB7/MLTqamVA==</latexit>

=
4⇡

3
↵%R4

st
�1

<latexit sha1_base64="5sa7CZ59ovK7iCHKt6gBwXXBTqc=">AAACFnicbVDLSgNBEJz1GeMr6tHLYBC8JOxqQD0IQS8eo5gHZDehdzKbDJl9MDMbCMt+hRd/xYsHRbyKN//GSbIHTSxoKKq66e5yI86kMs1vY2l5ZXVtPbeR39za3tkt7O03ZBgLQusk5KFouSApZwGtK6Y4bUWCgu9y2nSHNxO/OaJCsjB4UOOIOj70A+YxAkpL3ULpCtueAJJUsB2xNDlLsQ08GgC2RyDEIMT3XdmpYNVJSlbaLRTNsjkFXiRWRoooQ61b+LJ7IYl9GijCQcq2ZUbKSUAoRjhN83YsaQRkCH3a1jQAn0onmb6V4mOt9LAXCl2BwlP190QCvpRj39WdPqiBnPcm4n9eO1behZOwIIoVDchskRdzrEI8yQj3mKBE8bEmQATTt2IyAJ2S0knmdQjW/MuLpHFatirly7tKsXqdxZFDh+gInSALnaMqukU1VEcEPaJn9IrejCfjxXg3PmatS0Y2c4D+wPj8AS4lnig=</latexit>

Neglecting all numerical factors

%R4
st

�1 ⇠ L

uw
t �! Rs ⇠

✓
L

%uw

◆1/4

t1/2

<latexit sha1_base64="cdEVx8ttoOn4SrmiSsVHsQUTN78="></latexit>



Another way to solve the problem: the solution must depend on

µtot %

<latexit sha1_base64="qCgGBViB2uclDBJ3zGv08X3i/xA=">AAACAHicbVBNS8NAEN3Ur1q/oh48eFksgqeSSEG9Fb14rGBroQlhs920SzfZsDsplBAP/hUvHhTx6s/w5r9x+3HQ1gcDj/dmmJkXpoJrcJxvq7Syura+Ud6sbG3v7O7Z+wdtLTNFWYtKIVUnJJoJnrAWcBCskypG4lCwh3B4M/EfRkxpLpN7GKfMj0k/4RGnBIwU2EdenAU5SCjw4wTYGxGlBjKwq07NmQIvE3dOqmiOZmB/eT1Js5glQAXRuus6Kfg5UcCpYEXFyzRLCR2SPusampCYaT+fPlDgU6P0cCSVqQTwVP09kZNY63Ecms6YwEAvehPxP6+bQXTp5zxJM2AJnS2KMoFB4kkauMcVoyDGhhCquLkV0wFRhILJrGJCcBdfXibt85pbr13d1auN63kcZXSMTtAZctEFaqBb1EQtRFGBntErerOerBfr3fqYtZas+cwh+gPr8wfDSJct</latexit>



Another way to solve the problem: the solution must depend on

µtot %

<latexit sha1_base64="qCgGBViB2uclDBJ3zGv08X3i/xA=">AAACAHicbVBNS8NAEN3Ur1q/oh48eFksgqeSSEG9Fb14rGBroQlhs920SzfZsDsplBAP/hUvHhTx6s/w5r9x+3HQ1gcDj/dmmJkXpoJrcJxvq7Syura+Ud6sbG3v7O7Z+wdtLTNFWYtKIVUnJJoJnrAWcBCskypG4lCwh3B4M/EfRkxpLpN7GKfMj0k/4RGnBIwU2EdenAU5SCjw4wTYGxGlBjKwq07NmQIvE3dOqmiOZmB/eT1Js5glQAXRuus6Kfg5UcCpYEXFyzRLCR2SPusampCYaT+fPlDgU6P0cCSVqQTwVP09kZNY63Ecms6YwEAvehPxP6+bQXTp5zxJM2AJnS2KMoFB4kkauMcVoyDGhhCquLkV0wFRhILJrGJCcBdfXibt85pbr13d1auN63kcZXSMTtAZctEFaqBb1EQtRFGBntErerOerBfr3fqYtZas+cwh+gPr8wfDSJct</latexit>

Rs ⇠ µ↵
tot%

�t�

<latexit sha1_base64="QhMyWnupPaZLWI0956Sp4j7YBHI=">AAACH3icbZDLSgMxFIYz9VbrrerSTbAIrsqMiJdd0Y1LFatCpw5n0rQNTSZDcqZQhnkTN76KGxeKiDvfxrR24e2HwJf/nENy/jiVwqLvf3ilmdm5+YXyYmVpeWV1rbq+cW11ZhhvMi21uY3BcikS3kSBkt+mhoOKJb+JB6fj+s2QGyt0coWjlLcV9BLRFQzQWVH14DKyNLRC0VBlUY4ai7s8BJn2oaDhEIzpa2fEHN0dHfVAKSiias2v+xPRvxBMoUamOo+q72FHs0zxBJkEa1uBn2I7B4OCSV5UwszyFNgAerzlMAHFbTuf7FfQHed0aFcbdxKkE/f7RA7K2pGKXacC7NvftbH5X62VYfeonYskzZAn7OuhbiYpajoOi3aE4QzlyAEwI9xfKeuDAYYu0ooLIfi98l+43qsH+/Xji/1a42QaR5lskW2ySwJySBrkjJyTJmHknjySZ/LiPXhP3qv39tVa8qYzm+SHvI9P3JikJQ==</latexit>



Another way to solve the problem: the solution must depend on

µtot %

<latexit sha1_base64="qCgGBViB2uclDBJ3zGv08X3i/xA=">AAACAHicbVBNS8NAEN3Ur1q/oh48eFksgqeSSEG9Fb14rGBroQlhs920SzfZsDsplBAP/hUvHhTx6s/w5r9x+3HQ1gcDj/dmmJkXpoJrcJxvq7Syura+Ud6sbG3v7O7Z+wdtLTNFWYtKIVUnJJoJnrAWcBCskypG4lCwh3B4M/EfRkxpLpN7GKfMj0k/4RGnBIwU2EdenAU5SCjw4wTYGxGlBjKwq07NmQIvE3dOqmiOZmB/eT1Js5glQAXRuus6Kfg5UcCpYEXFyzRLCR2SPusampCYaT+fPlDgU6P0cCSVqQTwVP09kZNY63Ecms6YwEAvehPxP6+bQXTp5zxJM2AJnS2KMoFB4kkauMcVoyDGhhCquLkV0wFRhILJrGJCcBdfXibt85pbr13d1auN63kcZXSMTtAZctEFaqBb1EQtRFGBntErerOerBfr3fqYtZas+cwh+gPr8wfDSJct</latexit>

Rs ⇠ µ↵
tot%

�t�

<latexit sha1_base64="QhMyWnupPaZLWI0956Sp4j7YBHI=">AAACH3icbZDLSgMxFIYz9VbrrerSTbAIrsqMiJdd0Y1LFatCpw5n0rQNTSZDcqZQhnkTN76KGxeKiDvfxrR24e2HwJf/nENy/jiVwqLvf3ilmdm5+YXyYmVpeWV1rbq+cW11ZhhvMi21uY3BcikS3kSBkt+mhoOKJb+JB6fj+s2QGyt0coWjlLcV9BLRFQzQWVH14DKyNLRC0VBlUY4ai7s8BJn2oaDhEIzpa2fEHN0dHfVAKSiias2v+xPRvxBMoUamOo+q72FHs0zxBJkEa1uBn2I7B4OCSV5UwszyFNgAerzlMAHFbTuf7FfQHed0aFcbdxKkE/f7RA7K2pGKXacC7NvftbH5X62VYfeonYskzZAn7OuhbiYpajoOi3aE4QzlyAEwI9xfKeuDAYYu0ooLIfi98l+43qsH+/Xji/1a42QaR5lskW2ySwJySBrkjJyTJmHknjySZ/LiPXhP3qv39tVa8qYzm+SHvI9P3JikJQ==</latexit>

L ⇠ (MLT�1)↵(ML�3)�(T )�

<latexit sha1_base64="MdMnc6NM9sfPxe2FXC4el4I9BOU="></latexit>



Another way to solve the problem: the solution must depend on

µtot %

<latexit sha1_base64="qCgGBViB2uclDBJ3zGv08X3i/xA=">AAACAHicbVBNS8NAEN3Ur1q/oh48eFksgqeSSEG9Fb14rGBroQlhs920SzfZsDsplBAP/hUvHhTx6s/w5r9x+3HQ1gcDj/dmmJkXpoJrcJxvq7Syura+Ud6sbG3v7O7Z+wdtLTNFWYtKIVUnJJoJnrAWcBCskypG4lCwh3B4M/EfRkxpLpN7GKfMj0k/4RGnBIwU2EdenAU5SCjw4wTYGxGlBjKwq07NmQIvE3dOqmiOZmB/eT1Js5glQAXRuus6Kfg5UcCpYEXFyzRLCR2SPusampCYaT+fPlDgU6P0cCSVqQTwVP09kZNY63Ecms6YwEAvehPxP6+bQXTp5zxJM2AJnS2KMoFB4kkauMcVoyDGhhCquLkV0wFRhILJrGJCcBdfXibt85pbr13d1auN63kcZXSMTtAZctEFaqBb1EQtRFGBntErerOerBfr3fqYtZas+cwh+gPr8wfDSJct</latexit>

Rs ⇠ µ↵
tot%

�t�

<latexit sha1_base64="QhMyWnupPaZLWI0956Sp4j7YBHI=">AAACH3icbZDLSgMxFIYz9VbrrerSTbAIrsqMiJdd0Y1LFatCpw5n0rQNTSZDcqZQhnkTN76KGxeKiDvfxrR24e2HwJf/nENy/jiVwqLvf3ilmdm5+YXyYmVpeWV1rbq+cW11ZhhvMi21uY3BcikS3kSBkt+mhoOKJb+JB6fj+s2QGyt0coWjlLcV9BLRFQzQWVH14DKyNLRC0VBlUY4ai7s8BJn2oaDhEIzpa2fEHN0dHfVAKSiias2v+xPRvxBMoUamOo+q72FHs0zxBJkEa1uBn2I7B4OCSV5UwszyFNgAerzlMAHFbTuf7FfQHed0aFcbdxKkE/f7RA7K2pGKXacC7NvftbH5X62VYfeonYskzZAn7OuhbiYpajoOi3aE4QzlyAEwI9xfKeuDAYYu0ooLIfi98l+43qsH+/Xji/1a42QaR5lskW2ySwJySBrkjJyTJmHknjySZ/LiPXhP3qv39tVa8qYzm+SHvI9P3JikJQ==</latexit>

L ⇠ (MLT�1)↵(ML�3)�(T )�

<latexit sha1_base64="MdMnc6NM9sfPxe2FXC4el4I9BOU="></latexit>

8
<

:

1 = ↵� 3�
0 = ↵+ �
0 = �↵+ �

<latexit sha1_base64="4oWMNqnNi8JWlzja0scjRlcP6gU="></latexit>



Interstellar bubble — 4

Rs ⇠
✓
L

%

◆1/5

t3/5

<latexit sha1_base64="236xHkaqCkQijnVVZQ+dVh0acZA="></latexit>

Adiabatic 
solution

L / t↵

<latexit sha1_base64="VPnwPRTN7PSwZatuqzvh6PV2UOs=">AAAB/XicbVDLSgMxFM3UV62v8bFzEyyCqzIjBXVXdOPCRQX7gM5YMmmmDc0kIckIdSj+ihsXirj1P9z5N6btLLT1wIXDOfdy7z2RZFQbz/t2CkvLK6trxfXSxubW9o67u9fUIlWYNLBgQrUjpAmjnDQMNYy0pSIoiRhpRcOrid96IEpTwe/MSJIwQX1OY4qRsVLXPbiBgVRCGgHNfRYgJgdo3HXLXsWbAi4SPydlkKPedb+CnsBpQrjBDGnd8T1pwgwpQzEj41KQaiIRHqI+6VjKUUJ0mE2vH8Njq/RgLJQtbuBU/T2RoUTrURLZzgSZgZ73JuJ/Xic18XmYUS5TQzieLYpTBie/2ihgjyqCDRtZgrCi9laIB0ghbGxgJRuCP//yImmeVvxq5eK2Wq5d5nEUwSE4AifAB2egBq5BHTQABo/gGbyCN+fJeXHenY9Za8HJZ/bBHzifP2QQlTc=</latexit>

Rs / (t↵)1/5t3/5 / t
3+↵
5

<latexit sha1_base64="x6+rP5RUSCzygqHMuXXWZ+ZYeQw="></latexit>



Interstellar bubble — 4

Rs ⇠
✓
L

%

◆1/5

t3/5

<latexit sha1_base64="236xHkaqCkQijnVVZQ+dVh0acZA="></latexit>

Adiabatic 
solution

L / t↵

<latexit sha1_base64="VPnwPRTN7PSwZatuqzvh6PV2UOs=">AAAB/XicbVDLSgMxFM3UV62v8bFzEyyCqzIjBXVXdOPCRQX7gM5YMmmmDc0kIckIdSj+ihsXirj1P9z5N6btLLT1wIXDOfdy7z2RZFQbz/t2CkvLK6trxfXSxubW9o67u9fUIlWYNLBgQrUjpAmjnDQMNYy0pSIoiRhpRcOrid96IEpTwe/MSJIwQX1OY4qRsVLXPbiBgVRCGgHNfRYgJgdo3HXLXsWbAi4SPydlkKPedb+CnsBpQrjBDGnd8T1pwgwpQzEj41KQaiIRHqI+6VjKUUJ0mE2vH8Njq/RgLJQtbuBU/T2RoUTrURLZzgSZgZ73JuJ/Xic18XmYUS5TQzieLYpTBie/2ihgjyqCDRtZgrCi9laIB0ghbGxgJRuCP//yImmeVvxq5eK2Wq5d5nEUwSE4AifAB2egBq5BHTQABo/gGbyCN+fJeXHenY9Za8HJZ/bBHzifP2QQlTc=</latexit>

Rs / (t↵)1/5t3/5 / t
3+↵
5

<latexit sha1_base64="x6+rP5RUSCzygqHMuXXWZ+ZYeQw="></latexit>



Exercise #2 — Solution



Maximum energy of protons and electrons accelerated at shocks - 1

The only quantity defining a plane and infinite shock is its velocity us

The properties of the transport of particles are defined by the diffusion coefficient D



Maximum energy of protons and electrons accelerated at shocks - 1

The only quantity defining a plane and infinite shock is its velocity us

The properties of the transport of particles are defined by the diffusion coefficient D

[us] = LT�1

<latexit sha1_base64="HS8uf1IMhWZSkFXnE9zc4+y2cAo=">AAAB+XicbVDLSsNAFL3xWesr6tLNYBHcWBIpqAuh6MaFiwp9QRrDZDpph04mYWZSKKF/4saFIm79E3f+jdPHQlsPXDiccy/33hOmnCntON/Wyura+sZmYau4vbO7t28fHDZVkklCGyThiWyHWFHOBG1opjltp5LiOOS0FQ7uJn5rSKViiajrUUr9GPcEixjB2kiBbXtZoHx0gx5Q/Sk/d8eBXXLKzhRombhzUoI5aoH91ekmJIup0IRjpTzXSbWfY6kZ4XRc7GSKppgMcI96hgocU+Xn08vH6NQoXRQl0pTQaKr+nshxrNQoDk1njHVfLXoT8T/Py3R05edMpJmmgswWRRlHOkGTGFCXSUo0HxmCiWTmVkT6WGKiTVhFE4K7+PIyaV6U3Ur5+rFSqt7O4yjAMZzAGbhwCVW4hxo0gMAQnuEV3qzcerHerY9Z64o1nzmCP7A+fwB405JH</latexit>

[D] = L2T�1

<latexit sha1_base64="ADafF/fdQQX/qm5kZiNJp3gXDqU=">AAAB+XicbVDLSgNBEOyNrxhfqx69DAbBi2E3BNSDENSDBw8R8oLNJsxOZpMhsw9mZgNhyZ948aCIV//Em3/jJNmDJhY0FFXddHd5MWdSWda3kVtb39jcym8Xdnb39g/Mw6OmjBJBaINEPBJtD0vKWUgbiilO27GgOPA4bXmju5nfGlMhWRTW1SSmboAHIfMZwUpLPdN07l10gx67ZVTvphf2tGcWrZI1B1oldkaKkKHWM786/YgkAQ0V4VhKx7Zi5aZYKEY4nRY6iaQxJiM8oI6mIQ6odNP55VN0ppU+8iOhK1Rorv6eSHEg5STwdGeA1VAuezPxP89JlH/lpiyME0VDsljkJxypCM1iQH0mKFF8ogkmgulbERligYnSYRV0CPbyy6ukWS7ZldL1U6VYvc3iyMMJnMI52HAJVXiAGjSAwBie4RXejNR4Md6Nj0VrzshmjuEPjM8fxC2R1A==</latexit>



Maximum energy of protons and electrons accelerated at shocks - 1

The only quantity defining a plane and infinite shock is its velocity us

The properties of the transport of particles are defined by the diffusion coefficient D

[us] = LT�1

<latexit sha1_base64="HS8uf1IMhWZSkFXnE9zc4+y2cAo=">AAAB+XicbVDLSsNAFL3xWesr6tLNYBHcWBIpqAuh6MaFiwp9QRrDZDpph04mYWZSKKF/4saFIm79E3f+jdPHQlsPXDiccy/33hOmnCntON/Wyura+sZmYau4vbO7t28fHDZVkklCGyThiWyHWFHOBG1opjltp5LiOOS0FQ7uJn5rSKViiajrUUr9GPcEixjB2kiBbXtZoHx0gx5Q/Sk/d8eBXXLKzhRombhzUoI5aoH91ekmJIup0IRjpTzXSbWfY6kZ4XRc7GSKppgMcI96hgocU+Xn08vH6NQoXRQl0pTQaKr+nshxrNQoDk1njHVfLXoT8T/Py3R05edMpJmmgswWRRlHOkGTGFCXSUo0HxmCiWTmVkT6WGKiTVhFE4K7+PIyaV6U3Ur5+rFSqt7O4yjAMZzAGbhwCVW4hxo0gMAQnuEV3qzcerHerY9Z64o1nzmCP7A+fwB405JH</latexit>

[D] = L2T�1

<latexit sha1_base64="ADafF/fdQQX/qm5kZiNJp3gXDqU=">AAAB+XicbVDLSgNBEOyNrxhfqx69DAbBi2E3BNSDENSDBw8R8oLNJsxOZpMhsw9mZgNhyZ948aCIV//Em3/jJNmDJhY0FFXddHd5MWdSWda3kVtb39jcym8Xdnb39g/Mw6OmjBJBaINEPBJtD0vKWUgbiilO27GgOPA4bXmju5nfGlMhWRTW1SSmboAHIfMZwUpLPdN07l10gx67ZVTvphf2tGcWrZI1B1oldkaKkKHWM786/YgkAQ0V4VhKx7Zi5aZYKEY4nRY6iaQxJiM8oI6mIQ6odNP55VN0ppU+8iOhK1Rorv6eSHEg5STwdGeA1VAuezPxP89JlH/lpiyME0VDsljkJxypCM1iQH0mKFF8ogkmgulbERligYnSYRV0CPbyy6ukWS7ZldL1U6VYvc3iyMMJnMI52HAJVXiAGjSAwBie4RXejNR4Md6Nj0VrzshmjuEPjM8fxC2R1A==</latexit>

The only way to form a timescale is:

⌧acc ⇠
D

u2
s

<latexit sha1_base64="21Vk3GqQihudOyIw22raJRG5HgQ=">AAACCHicbVDLSsNAFJ34rPUVdenCwSK4KkkpqLuiLlxWsA9oYphMJ+3QmUmYmQglZOnGX3HjQhG3foI7/8Zpm4W2HrhwOOde7r0nTBhV2nG+raXlldW19dJGeXNre2fX3ttvqziVmLRwzGLZDZEijArS0lQz0k0kQTxkpBOOriZ+54FIRWNxp8cJ8TkaCBpRjLSRAvvI0ygNMoRxDj1FOfQiiXB2nWdpoO5reWBXnKozBVwkbkEqoEAzsL+8foxTToTGDCnVc51E+xmSmmJG8rKXKpIgPEID0jNUIE6Un00fyeGJUfowiqUpoeFU/T2RIa7UmIemkyM9VPPeRPzP66U6OvczKpJUE4Fni6KUQR3DSSqwTyXBmo0NQVhScyvEQ2SS0Ca7sgnBnX95kbRrVbdevbitVxqXRRwlcAiOwSlwwRlogBvQBC2AwSN4Bq/gzXqyXqx362PWumQVMwfgD6zPH/xDmfk=</latexit>



Maximum energy of protons and electrons accelerated at shocks - 1

The only quantity defining a plane and infinite shock is its velocity us

The properties of the transport of particles are defined by the diffusion coefficient D

[us] = LT�1

<latexit sha1_base64="HS8uf1IMhWZSkFXnE9zc4+y2cAo=">AAAB+XicbVDLSsNAFL3xWesr6tLNYBHcWBIpqAuh6MaFiwp9QRrDZDpph04mYWZSKKF/4saFIm79E3f+jdPHQlsPXDiccy/33hOmnCntON/Wyura+sZmYau4vbO7t28fHDZVkklCGyThiWyHWFHOBG1opjltp5LiOOS0FQ7uJn5rSKViiajrUUr9GPcEixjB2kiBbXtZoHx0gx5Q/Sk/d8eBXXLKzhRombhzUoI5aoH91ekmJIup0IRjpTzXSbWfY6kZ4XRc7GSKppgMcI96hgocU+Xn08vH6NQoXRQl0pTQaKr+nshxrNQoDk1njHVfLXoT8T/Py3R05edMpJmmgswWRRlHOkGTGFCXSUo0HxmCiWTmVkT6WGKiTVhFE4K7+PIyaV6U3Ur5+rFSqt7O4yjAMZzAGbhwCVW4hxo0gMAQnuEV3qzcerHerY9Z64o1nzmCP7A+fwB405JH</latexit>

[D] = L2T�1

<latexit sha1_base64="ADafF/fdQQX/qm5kZiNJp3gXDqU=">AAAB+XicbVDLSgNBEOyNrxhfqx69DAbBi2E3BNSDENSDBw8R8oLNJsxOZpMhsw9mZgNhyZ948aCIV//Em3/jJNmDJhY0FFXddHd5MWdSWda3kVtb39jcym8Xdnb39g/Mw6OmjBJBaINEPBJtD0vKWUgbiilO27GgOPA4bXmju5nfGlMhWRTW1SSmboAHIfMZwUpLPdN07l10gx67ZVTvphf2tGcWrZI1B1oldkaKkKHWM786/YgkAQ0V4VhKx7Zi5aZYKEY4nRY6iaQxJiM8oI6mIQ6odNP55VN0ppU+8iOhK1Rorv6eSHEg5STwdGeA1VAuezPxP89JlH/lpiyME0VDsljkJxypCM1iQH0mKFF8ogkmgulbERligYnSYRV0CPbyy6ukWS7ZldL1U6VYvc3iyMMJnMI52HAJVXiAGjSAwBie4RXejNR4Md6Nj0VrzshmjuEPjM8fxC2R1A==</latexit>

The only way to form a timescale is:

⌧acc ⇠
D

u2
s

<latexit sha1_base64="21Vk3GqQihudOyIw22raJRG5HgQ=">AAACCHicbVDLSsNAFJ34rPUVdenCwSK4KkkpqLuiLlxWsA9oYphMJ+3QmUmYmQglZOnGX3HjQhG3foI7/8Zpm4W2HrhwOOde7r0nTBhV2nG+raXlldW19dJGeXNre2fX3ttvqziVmLRwzGLZDZEijArS0lQz0k0kQTxkpBOOriZ+54FIRWNxp8cJ8TkaCBpRjLSRAvvI0ygNMoRxDj1FOfQiiXB2nWdpoO5reWBXnKozBVwkbkEqoEAzsL+8foxTToTGDCnVc51E+xmSmmJG8rKXKpIgPEID0jNUIE6Un00fyeGJUfowiqUpoeFU/T2RIa7UmIemkyM9VPPeRPzP66U6OvczKpJUE4Fni6KUQR3DSSqwTyXBmo0NQVhScyvEQ2SS0Ca7sgnBnX95kbRrVbdevbitVxqXRRwlcAiOwSlwwRlogBvQBC2AwSN4Bq/gzXqyXqx362PWumQVMwfgD6zPH/xDmfk=</latexit>



Maximum energy of protons and electrons accelerated at shocks - 2

Energy loss time for CR protons due to pp interactions



Maximum energy of protons and electrons accelerated at shocks - 2

Energy loss time for CR protons due to pp interactions

⌧pp ⇠ (�ppcngas)
�1 ⇠ 60

⇣ ngas

cm�3

⌘�1
Myr

<latexit sha1_base64="Nwti2W7JYZDiVRXRUBjaWYQtlUU="></latexit>



Maximum energy of protons and electrons accelerated at shocks - 2

Energy loss time for CR protons due to pp interactions

ngas = 1 cm�3

<latexit sha1_base64="F9AsiQ33C5oFmin6legRh6xrUI0=">AAACAnicbVDLSsNAFJ34rPUVdSVuBovgxpJoQV0IRTcuK9gHtDFMppN26MwkzEyEEqIbf8WNC0Xc+hXu/BunbRbaeuDC4Zx7ufeeIGZUacf5tubmFxaXlgsrxdW19Y1Ne2u7oaJEYlLHEYtkK0CKMCpIXVPNSCuWBPGAkWYwuBr5zXsiFY3ErR7GxOOoJ2hIMdJG8u1d4ac9pDJ4AV34ADuSQ8zv0qOTzLdLTtkZA84SNyclkKPm21+dboQTToTGDCnVdp1YeymSmmJGsmInUSRGeIB6pG2oQJwoLx2/kMEDo3RhGElTQsOx+nsiRVypIQ9MJ0e6r6a9kfif1050eOalVMSJJgJPFoUJgzqCozxgl0qCNRsagrCk5laI+0girE1qRROCO/3yLGkcl91K+fymUqpe5nEUwB7YB4fABaegCq5BDdQBBo/gGbyCN+vJerHerY9J65yVz+yAP7A+fwAgVZX+</latexit>

ngas = 4 cm�3

<latexit sha1_base64="Z4V5R/F0XH9xQG3UbSt89Q1sJMI=">AAACAnicbVDLSsNAFJ34rPUVdSVuBovgxpJoQV0IRTcuK9gHtDFMppN26MwkzEyEEqIbf8WNC0Xc+hXu/BunbRbaeuDC4Zx7ufeeIGZUacf5tubmFxaXlgsrxdW19Y1Ne2u7oaJEYlLHEYtkK0CKMCpIXVPNSCuWBPGAkWYwuBr5zXsiFY3ErR7GxOOoJ2hIMdJG8u1d4ac9pDJ4ASvwAXYkh5jfpUcnmW+XnLIzBpwlbk5KIEfNt7863QgnnAiNGVKq7Tqx9lIkNcWMZMVOokiM8AD1SNtQgThRXjp+IYMHRunCMJKmhIZj9fdEirhSQx6YTo50X017I/E/r53o8MxLqYgTTQSeLAoTBnUER3nALpUEazY0BGFJza0Q95FEWJvUiiYEd/rlWdI4LruV8vlNpVS9zOMogD2wDw6BC05BFVyDGqgDDB7BM3gFb9aT9WK9Wx+T1jkrn9kBf2B9/gAlC5YB</latexit>

⌧pp ⇠ (�ppcngas)
�1 ⇠ 60

⇣ ngas

cm�3

⌘�1
Myr

<latexit sha1_base64="Nwti2W7JYZDiVRXRUBjaWYQtlUU="></latexit>



Maximum energy of protons and electrons accelerated at shocks - 2

Energy loss time for CR protons due to pp interactions

ngas = 1 cm�3

<latexit sha1_base64="F9AsiQ33C5oFmin6legRh6xrUI0=">AAACAnicbVDLSsNAFJ34rPUVdSVuBovgxpJoQV0IRTcuK9gHtDFMppN26MwkzEyEEqIbf8WNC0Xc+hXu/BunbRbaeuDC4Zx7ufeeIGZUacf5tubmFxaXlgsrxdW19Y1Ne2u7oaJEYlLHEYtkK0CKMCpIXVPNSCuWBPGAkWYwuBr5zXsiFY3ErR7GxOOoJ2hIMdJG8u1d4ac9pDJ4AV34ADuSQ8zv0qOTzLdLTtkZA84SNyclkKPm21+dboQTToTGDCnVdp1YeymSmmJGsmInUSRGeIB6pG2oQJwoLx2/kMEDo3RhGElTQsOx+nsiRVypIQ9MJ0e6r6a9kfif1050eOalVMSJJgJPFoUJgzqCozxgl0qCNRsagrCk5laI+0girE1qRROCO/3yLGkcl91K+fymUqpe5nEUwB7YB4fABaegCq5BDdQBBo/gGbyCN+vJerHerY9J65yVz+yAP7A+fwAgVZX+</latexit>

ngas = 4 cm�3

<latexit sha1_base64="Z4V5R/F0XH9xQG3UbSt89Q1sJMI=">AAACAnicbVDLSsNAFJ34rPUVdSVuBovgxpJoQV0IRTcuK9gHtDFMppN26MwkzEyEEqIbf8WNC0Xc+hXu/BunbRbaeuDC4Zx7ufeeIGZUacf5tubmFxaXlgsrxdW19Y1Ne2u7oaJEYlLHEYtkK0CKMCpIXVPNSCuWBPGAkWYwuBr5zXsiFY3ErR7GxOOoJ2hIMdJG8u1d4ac9pDJ4ASvwAXYkh5jfpUcnmW+XnLIzBpwlbk5KIEfNt7863QgnnAiNGVKq7Tqx9lIkNcWMZMVOokiM8AD1SNtQgThRXjp+IYMHRunCMJKmhIZj9fdEirhSQx6YTo50X017I/E/r53o8MxLqYgTTQSeLAoTBnUER3nALpUEazY0BGFJza0Q95FEWJvUiiYEd/rlWdI4LruV8vlNpVS9zOMogD2wDw6BC05BFVyDGqgDDB7BM3gFb9aT9WK9Wx+T1jkrn9kBf2B9/gAlC5YB</latexit>

⌧pp ⇠ (�ppcngas)
�1 ⇠ 60

⇣ ngas

cm�3

⌘�1
Myr

<latexit sha1_base64="Nwti2W7JYZDiVRXRUBjaWYQtlUU="></latexit>

⌧pp ⇠ 15...60 Myr ⌧ ⌧SNR

<latexit sha1_base64="680FxaL5hafjjMMdn9nhLTQxmlo=">AAACGnicbVDLSgMxFM3UV62vqks3F4vgapiR+toV3bhR6qMP6JSSSdM2NJkZkoxQhvE33Pgrblwo4k7c+Demj4W2HggczjmXm3v8iDOlHefbyszNLywuZZdzK6tr6xv5za2qCmNJaIWEPJR1HyvKWUArmmlO65GkWPic1vz++dCv3VOpWBjc6UFEmwJ3A9ZhBGsjtfKup3HcSqIoBU8xAe4h2LYNRw48gCcFXA4keJzDOHZ7dZO28gXHdkaAWeJOSAFNUG7lP712SGJBA004VqrhOpFuJlhqRjhNc16saIRJH3dpw9AAC6qayei0FPaM0oZOKM0LNIzU3xMJFkoNhG+SAuuemvaG4n9eI9adk2bCgijWNCDjRZ2Ygw5h2BO0maRE84EhmEhm/gqkhyUm2rSZMyW40yfPkuqB7Rbt0+tioXQ2qSOLdtAu2kcuOkYldIHKqIIIekTP6BW9WU/Wi/VufYyjGWsys43+wPr6AXg3nq4=</latexit>



Maximum energy of protons and electrons accelerated at shocks - 2

Energy loss time for CR protons due to pp interactions

ngas = 1 cm�3

<latexit sha1_base64="F9AsiQ33C5oFmin6legRh6xrUI0=">AAACAnicbVDLSsNAFJ34rPUVdSVuBovgxpJoQV0IRTcuK9gHtDFMppN26MwkzEyEEqIbf8WNC0Xc+hXu/BunbRbaeuDC4Zx7ufeeIGZUacf5tubmFxaXlgsrxdW19Y1Ne2u7oaJEYlLHEYtkK0CKMCpIXVPNSCuWBPGAkWYwuBr5zXsiFY3ErR7GxOOoJ2hIMdJG8u1d4ac9pDJ4AV34ADuSQ8zv0qOTzLdLTtkZA84SNyclkKPm21+dboQTToTGDCnVdp1YeymSmmJGsmInUSRGeIB6pG2oQJwoLx2/kMEDo3RhGElTQsOx+nsiRVypIQ9MJ0e6r6a9kfif1050eOalVMSJJgJPFoUJgzqCozxgl0qCNRsagrCk5laI+0girE1qRROCO/3yLGkcl91K+fymUqpe5nEUwB7YB4fABaegCq5BDdQBBo/gGbyCN+vJerHerY9J65yVz+yAP7A+fwAgVZX+</latexit>

ngas = 4 cm�3

<latexit sha1_base64="Z4V5R/F0XH9xQG3UbSt89Q1sJMI=">AAACAnicbVDLSsNAFJ34rPUVdSVuBovgxpJoQV0IRTcuK9gHtDFMppN26MwkzEyEEqIbf8WNC0Xc+hXu/BunbRbaeuDC4Zx7ufeeIGZUacf5tubmFxaXlgsrxdW19Y1Ne2u7oaJEYlLHEYtkK0CKMCpIXVPNSCuWBPGAkWYwuBr5zXsiFY3ErR7GxOOoJ2hIMdJG8u1d4ac9pDJ4ASvwAXYkh5jfpUcnmW+XnLIzBpwlbk5KIEfNt7863QgnnAiNGVKq7Tqx9lIkNcWMZMVOokiM8AD1SNtQgThRXjp+IYMHRunCMJKmhIZj9fdEirhSQx6YTo50X017I/E/r53o8MxLqYgTTQSeLAoTBnUER3nALpUEazY0BGFJza0Q95FEWJvUiiYEd/rlWdI4LruV8vlNpVS9zOMogD2wDw6BC05BFVyDGqgDDB7BM3gFb9aT9WK9Wx+T1jkrn9kBf2B9/gAlC5YB</latexit>

⌧pp ⇠ (�ppcngas)
�1 ⇠ 60

⇣ ngas

cm�3

⌘�1
Myr

<latexit sha1_base64="Nwti2W7JYZDiVRXRUBjaWYQtlUU="></latexit>

⌧pp ⇠ 15...60 Myr ⌧ ⌧SNR

<latexit sha1_base64="680FxaL5hafjjMMdn9nhLTQxmlo=">AAACGnicbVDLSgMxFM3UV62vqks3F4vgapiR+toV3bhR6qMP6JSSSdM2NJkZkoxQhvE33Pgrblwo4k7c+Demj4W2HggczjmXm3v8iDOlHefbyszNLywuZZdzK6tr6xv5za2qCmNJaIWEPJR1HyvKWUArmmlO65GkWPic1vz++dCv3VOpWBjc6UFEmwJ3A9ZhBGsjtfKup3HcSqIoBU8xAe4h2LYNRw48gCcFXA4keJzDOHZ7dZO28gXHdkaAWeJOSAFNUG7lP712SGJBA004VqrhOpFuJlhqRjhNc16saIRJH3dpw9AAC6qayei0FPaM0oZOKM0LNIzU3xMJFkoNhG+SAuuemvaG4n9eI9adk2bCgijWNCDjRZ2Ygw5h2BO0maRE84EhmEhm/gqkhyUm2rSZMyW40yfPkuqB7Rbt0+tioXQ2qSOLdtAu2kcuOkYldIHKqIIIekTP6BW9WU/Wi/VufYyjGWsys43+wPr6AXg3nq4=</latexit>



Energy loss time for CR electrons due to synchrotron radiation

⌧syn ⇠ E

P
=

E
4
3�T c�2B2

8⇡

⇠ 14

✓
E

GeV

◆�1

Myr

<latexit sha1_base64="EtF047N1Eyrt0tbGyRTbQV/5UC0="></latexit>



Energy loss time for CR electrons due to synchrotron radiation

⌧syn ⇠ E

P
=

E
4
3�T c�2B2

8⇡

⇠ 14

✓
E

GeV

◆�1

Myr

<latexit sha1_base64="EtF047N1Eyrt0tbGyRTbQV/5UC0="></latexit>

⌧syn > ⌧SNR ⇠ 300 yr

<latexit sha1_base64="7d5YFVqRRluH2jfp8kaAeg5LAHc=">AAACEnicbVDLSgMxFM3UV62vUZdugkXQTZnRgrqRohtXUh99QKeUTJq2oUlmSDLCMIy/4MZfceNCEbeu3Pk3pu0stPXAhZNz7iX3Hj9kVGnH+bZyc/MLi0v55cLK6tr6hr25VVdBJDGp4YAFsukjRRgVpKapZqQZSoK4z0jDH16M/MY9kYoG4k7HIWlz1Be0RzHSRurYB55GUSdRsUjhGZw8bq9uUugpyuGR48AH6EkOY9mxi07JGQPOEjcjRZCh2rG/vG6AI06Exgwp1XKdULcTJDXFjKQFL1IkRHiI+qRlqECcqHYyPimFe0bpwl4gTQkNx+rviQRxpWLum06O9EBNeyPxP68V6d5JO6EijDQRePJRL2JQB3CUD+xSSbBmsSEIS2p2hXiAJMLapFgwIbjTJ8+S+mHJLZdOr8vFynkWRx7sgF2wD1xwDCrgElRBDWDwCJ7BK3iznqwX6936mLTmrGxmG/yB9fkDQU2ckg==</latexit>



Energy loss time for CR electrons due to synchrotron radiation

⌧syn ⇠ E

P
=

E
4
3�T c�2B2

8⇡

⇠ 14

✓
E

GeV

◆�1

Myr

<latexit sha1_base64="EtF047N1Eyrt0tbGyRTbQV/5UC0="></latexit>

⌧syn > ⌧SNR ⇠ 300 yr

<latexit sha1_base64="7d5YFVqRRluH2jfp8kaAeg5LAHc=">AAACEnicbVDLSgMxFM3UV62vUZdugkXQTZnRgrqRohtXUh99QKeUTJq2oUlmSDLCMIy/4MZfceNCEbeu3Pk3pu0stPXAhZNz7iX3Hj9kVGnH+bZyc/MLi0v55cLK6tr6hr25VVdBJDGp4YAFsukjRRgVpKapZqQZSoK4z0jDH16M/MY9kYoG4k7HIWlz1Be0RzHSRurYB55GUSdRsUjhGZw8bq9uUugpyuGR48AH6EkOY9mxi07JGQPOEjcjRZCh2rG/vG6AI06Exgwp1XKdULcTJDXFjKQFL1IkRHiI+qRlqECcqHYyPimFe0bpwl4gTQkNx+rviQRxpWLum06O9EBNeyPxP68V6d5JO6EijDQRePJRL2JQB3CUD+xSSbBmsSEIS2p2hXiAJMLapFgwIbjTJ8+S+mHJLZdOr8vFynkWRx7sgF2wD1xwDCrgElRBDWDwCJ7BK3iznqwX6936mLTmrGxmG/yB9fkDQU2ckg==</latexit>

�! E < 50 TeV

<latexit sha1_base64="YW7NBVZu7qTWpIRyuOD+m9nuDtg=">AAACCXicbVDLSsNAFJ3UV62vqEs3g0VwVRJRVHBRFMFlhb6gCWUynaRDJzNhZqKUUJdu/BU3LhRx6x+482+ctllo64ELh3Pu5d57goRRpR3n2yosLC4trxRXS2vrG5tb9vZOU4lUYtLAggnZDpAijHLS0FQz0k4kQXHASCsYXI391h2Rigpe18OE+DGKOA0pRtpIXRt6TPBI0qivkZTiHl7DC3jiwAfoyRjWSbNrl52KMwGcJ25OyiBHrWt/eT2B05hwjRlSquM6ifYzJDXFjIxKXqpIgvAARaRjKEcxUX42+WQED4zSg6GQpriGE/X3RIZipYZxYDpjpPtq1huL/3mdVIdnfkZ5kmrC8XRRmDKoBRzHAntUEqzZ0BCEJTW3QtxHEmFtwiuZENzZl+dJ86jiHlfOb4/L1cs8jiLYA/vgELjgFFTBDaiBBsDgETyDV/BmPVkv1rv1MW0tWPnMLvgD6/MHLxuYug==</latexit>



Energy loss time for CR electrons due to synchrotron radiation

⌧syn ⇠ E

P
=

E
4
3�T c�2B2

8⇡

⇠ 14

✓
E

GeV

◆�1

Myr

<latexit sha1_base64="EtF047N1Eyrt0tbGyRTbQV/5UC0="></latexit>

⌧syn > ⌧SNR ⇠ 300 yr

<latexit sha1_base64="7d5YFVqRRluH2jfp8kaAeg5LAHc=">AAACEnicbVDLSgMxFM3UV62vUZdugkXQTZnRgrqRohtXUh99QKeUTJq2oUlmSDLCMIy/4MZfceNCEbeu3Pk3pu0stPXAhZNz7iX3Hj9kVGnH+bZyc/MLi0v55cLK6tr6hr25VVdBJDGp4YAFsukjRRgVpKapZqQZSoK4z0jDH16M/MY9kYoG4k7HIWlz1Be0RzHSRurYB55GUSdRsUjhGZw8bq9uUugpyuGR48AH6EkOY9mxi07JGQPOEjcjRZCh2rG/vG6AI06Exgwp1XKdULcTJDXFjKQFL1IkRHiI+qRlqECcqHYyPimFe0bpwl4gTQkNx+rviQRxpWLum06O9EBNeyPxP68V6d5JO6EijDQRePJRL2JQB3CUD+xSSbBmsSEIS2p2hXiAJMLapFgwIbjTJ8+S+mHJLZdOr8vFynkWRx7sgF2wD1xwDCrgElRBDWDwCJ7BK3iznqwX6936mLTmrGxmG/yB9fkDQU2ckg==</latexit>

�! E < 50 TeV

<latexit sha1_base64="YW7NBVZu7qTWpIRyuOD+m9nuDtg=">AAACCXicbVDLSsNAFJ3UV62vqEs3g0VwVRJRVHBRFMFlhb6gCWUynaRDJzNhZqKUUJdu/BU3LhRx6x+482+ctllo64ELh3Pu5d57goRRpR3n2yosLC4trxRXS2vrG5tb9vZOU4lUYtLAggnZDpAijHLS0FQz0k4kQXHASCsYXI391h2Rigpe18OE+DGKOA0pRtpIXRt6TPBI0qivkZTiHl7DC3jiwAfoyRjWSbNrl52KMwGcJ25OyiBHrWt/eT2B05hwjRlSquM6ifYzJDXFjIxKXqpIgvAARaRjKEcxUX42+WQED4zSg6GQpriGE/X3RIZipYZxYDpjpPtq1huL/3mdVIdnfkZ5kmrC8XRRmDKoBRzHAntUEqzZ0BCEJTW3QtxHEmFtwiuZENzZl+dJ86jiHlfOb4/L1cs8jiLYA/vgELjgFFTBDaiBBsDgETyDV/BmPVkv1rv1MW0tWPnMLvgD6/MHLxuYug==</latexit>



Energy loss time for CR electrons due to synchrotron radiation

⌧syn ⇠ E

P
=

E
4
3�T c�2B2

8⇡

⇠ 14

✓
E

GeV

◆�1

Myr

<latexit sha1_base64="EtF047N1Eyrt0tbGyRTbQV/5UC0="></latexit>

⌧syn > ⌧SNR ⇠ 300 yr

<latexit sha1_base64="7d5YFVqRRluH2jfp8kaAeg5LAHc=">AAACEnicbVDLSgMxFM3UV62vUZdugkXQTZnRgrqRohtXUh99QKeUTJq2oUlmSDLCMIy/4MZfceNCEbeu3Pk3pu0stPXAhZNz7iX3Hj9kVGnH+bZyc/MLi0v55cLK6tr6hr25VVdBJDGp4YAFsukjRRgVpKapZqQZSoK4z0jDH16M/MY9kYoG4k7HIWlz1Be0RzHSRurYB55GUSdRsUjhGZw8bq9uUugpyuGR48AH6EkOY9mxi07JGQPOEjcjRZCh2rG/vG6AI06Exgwp1XKdULcTJDXFjKQFL1IkRHiI+qRlqECcqHYyPimFe0bpwl4gTQkNx+rviQRxpWLum06O9EBNeyPxP68V6d5JO6EijDQRePJRL2JQB3CUD+xSSbBmsSEIS2p2hXiAJMLapFgwIbjTJ8+S+mHJLZdOr8vFynkWRx7sgF2wD1xwDCrgElRBDWDwCJ7BK3iznqwX6936mLTmrGxmG/yB9fkDQU2ckg==</latexit>

�! E < 50 TeV

<latexit sha1_base64="YW7NBVZu7qTWpIRyuOD+m9nuDtg=">AAACCXicbVDLSsNAFJ3UV62vqEs3g0VwVRJRVHBRFMFlhb6gCWUynaRDJzNhZqKUUJdu/BU3LhRx6x+482+ctllo64ELh3Pu5d57goRRpR3n2yosLC4trxRXS2vrG5tb9vZOU4lUYtLAggnZDpAijHLS0FQz0k4kQXHASCsYXI391h2Rigpe18OE+DGKOA0pRtpIXRt6TPBI0qivkZTiHl7DC3jiwAfoyRjWSbNrl52KMwGcJ25OyiBHrWt/eT2B05hwjRlSquM6ifYzJDXFjIxKXqpIgvAARaRjKEcxUX42+WQED4zSg6GQpriGE/X3RIZipYZxYDpjpPtq1huL/3mdVIdnfkZ5kmrC8XRRmDKoBRzHAntUEqzZ0BCEJTW3QtxHEmFtwiuZENzZl+dJ86jiHlfOb4/L1cs8jiLYA/vgELjgFFTBDaiBBsDgETyDV/BmPVkv1rv1MW0tWPnMLvgD6/MHLxuYug==</latexit>

Comment: CR protons do not lose energy, CR electrons lose 
energy only if their energy is larger r than 50 TeV 



Maximum energy of protons and electrons accelerated at shocks - 3

In the absence of energy losses the maximum energy of particles 
accelerated at a shock can be found equating the shock age to the 

acceleration time scale:

⌧SNR = ⌧acc

<latexit sha1_base64="eGkD92MQTuq6/ltC63E1dhHIWI4=">AAACAHicbVDLSsNAFJ34rPUVdeHCzWARXJVECupCKLpxJfXRB7QhTKbTduhkEmZuhBKy8VfcuFDErZ/hzr9x2mahrQcunDnnXubeE8SCa3Ccb2thcWl5ZbWwVlzf2Nzatnd2GzpKFGV1GolItQKimeCS1YGDYK1YMRIGgjWD4dXYbz4ypXkkH2AUMy8kfcl7nBIwkm/vd4Akfnp/c5fhCzx9EEoz3y45ZWcCPE/cnJRQjppvf3W6EU1CJoEKonXbdWLwUqKAU8GyYifRLCZ0SPqsbagkIdNeOjkgw0dG6eJepExJwBP190RKQq1HYWA6QwIDPeuNxf+8dgK9My/lMk6ASTr9qJcIDBEep4G7XDEKYmQIoYqbXTEdEEUomMyKJgR39uR50jgpu5Xy+W2lVL3M4yigA3SIjpGLTlEVXaMaqiOKMvSMXtGb9WS9WO/Wx7R1wcpn9tAfWJ8/M+GWLg==</latexit>



Maximum energy of protons and electrons accelerated at shocks - 3

In the absence of energy losses the maximum energy of particles 
accelerated at a shock can be found equating the shock age to the 

acceleration time scale:

⌧SNR = ⌧acc

<latexit sha1_base64="eGkD92MQTuq6/ltC63E1dhHIWI4=">AAACAHicbVDLSsNAFJ34rPUVdeHCzWARXJVECupCKLpxJfXRB7QhTKbTduhkEmZuhBKy8VfcuFDErZ/hzr9x2mahrQcunDnnXubeE8SCa3Ccb2thcWl5ZbWwVlzf2Nzatnd2GzpKFGV1GolItQKimeCS1YGDYK1YMRIGgjWD4dXYbz4ypXkkH2AUMy8kfcl7nBIwkm/vd4Akfnp/c5fhCzx9EEoz3y45ZWcCPE/cnJRQjppvf3W6EU1CJoEKonXbdWLwUqKAU8GyYifRLCZ0SPqsbagkIdNeOjkgw0dG6eJepExJwBP190RKQq1HYWA6QwIDPeuNxf+8dgK9My/lMk6ASTr9qJcIDBEep4G7XDEKYmQIoYqbXTEdEEUomMyKJgR39uR50jgpu5Xy+W2lVL3M4yigA3SIjpGLTlEVXaMaqiOKMvSMXtGb9WS9WO/Wx7R1wcpn9tAfWJ8/M+GWLg==</latexit>

! ⌧SNR =
D

u2
s

<latexit sha1_base64="VF/yvxlookowntfEFDS1vJyB/eE=">AAACEXicbVDJSgNBEO2JW4xb1KOXxiDkFGZCQD0IQT14krhkgUwcejo9SZOehe4aJQzzC178FS8eFPHqzZt/Y2c5aOKDgsd7VVTVcyPBFZjmt5FZWFxaXsmu5tbWNza38ts7DRXGkrI6DUUoWy5RTPCA1YGDYK1IMuK7gjXdwdnIb94zqXgY3MIwYh2f9ALucUpAS06+aEve6wORMnzANpDYSW4ur1N8gm1PEpqcp0nsqLty6uQLZskcA88Ta0oKaIqak/+yuyGNfRYAFUSptmVG0EmIBE4FS3N2rFhE6ID0WFvTgPhMdZLxRyk+0EoXe6HUFQAeq78nEuIrNfRd3ekT6KtZbyT+57Vj8I46CQ+iGFhAJ4u8WGAI8Sge3OWSURBDTQiVXN+KaZ/oJECHmNMhWLMvz5NGuWRVSsdXlUL1dBpHFu2hfVREFjpEVXSBaqiOKHpEz+gVvRlPxovxbnxMWjPGdGYX/YHx+QONWJ18</latexit>



Maximum energy of protons and electrons accelerated at shocks - 3

In the absence of energy losses the maximum energy of particles 
accelerated at a shock can be found equating the shock age to the 

acceleration time scale:

⌧SNR = ⌧acc

<latexit sha1_base64="eGkD92MQTuq6/ltC63E1dhHIWI4=">AAACAHicbVDLSsNAFJ34rPUVdeHCzWARXJVECupCKLpxJfXRB7QhTKbTduhkEmZuhBKy8VfcuFDErZ/hzr9x2mahrQcunDnnXubeE8SCa3Ccb2thcWl5ZbWwVlzf2Nzatnd2GzpKFGV1GolItQKimeCS1YGDYK1YMRIGgjWD4dXYbz4ypXkkH2AUMy8kfcl7nBIwkm/vd4Akfnp/c5fhCzx9EEoz3y45ZWcCPE/cnJRQjppvf3W6EU1CJoEKonXbdWLwUqKAU8GyYifRLCZ0SPqsbagkIdNeOjkgw0dG6eJepExJwBP190RKQq1HYWA6QwIDPeuNxf+8dgK9My/lMk6ASTr9qJcIDBEep4G7XDEKYmQIoYqbXTEdEEUomMyKJgR39uR50jgpu5Xy+W2lVL3M4yigA3SIjpGLTlEVXaMaqiOKMvSMXtGb9WS9WO/Wx7R1wcpn9tAfWJ8/M+GWLg==</latexit>

! ⌧SNR =
D

u2
s

<latexit sha1_base64="VF/yvxlookowntfEFDS1vJyB/eE=">AAACEXicbVDJSgNBEO2JW4xb1KOXxiDkFGZCQD0IQT14krhkgUwcejo9SZOehe4aJQzzC178FS8eFPHqzZt/Y2c5aOKDgsd7VVTVcyPBFZjmt5FZWFxaXsmu5tbWNza38ts7DRXGkrI6DUUoWy5RTPCA1YGDYK1IMuK7gjXdwdnIb94zqXgY3MIwYh2f9ALucUpAS06+aEve6wORMnzANpDYSW4ur1N8gm1PEpqcp0nsqLty6uQLZskcA88Ta0oKaIqak/+yuyGNfRYAFUSptmVG0EmIBE4FS3N2rFhE6ID0WFvTgPhMdZLxRyk+0EoXe6HUFQAeq78nEuIrNfRd3ekT6KtZbyT+57Vj8I46CQ+iGFhAJ4u8WGAI8Sge3OWSURBDTQiVXN+KaZ/oJECHmNMhWLMvz5NGuWRVSsdXlUL1dBpHFu2hfVREFjpEVXSBaqiOKHpEz+gVvRlPxovxbnxMWjPGdGYX/YHx+QONWJ18</latexit>

=
RLc

3u2
s

=
Emax(eV)c

900u2
sB

<latexit sha1_base64="JVGdRbIARMqSQA58txd/klu4APY="></latexit>



Maximum energy of protons and electrons accelerated at shocks - 3

In the absence of energy losses the maximum energy of particles 
accelerated at a shock can be found equating the shock age to the 

acceleration time scale:

⌧SNR = ⌧acc

<latexit sha1_base64="eGkD92MQTuq6/ltC63E1dhHIWI4=">AAACAHicbVDLSsNAFJ34rPUVdeHCzWARXJVECupCKLpxJfXRB7QhTKbTduhkEmZuhBKy8VfcuFDErZ/hzr9x2mahrQcunDnnXubeE8SCa3Ccb2thcWl5ZbWwVlzf2Nzatnd2GzpKFGV1GolItQKimeCS1YGDYK1YMRIGgjWD4dXYbz4ypXkkH2AUMy8kfcl7nBIwkm/vd4Akfnp/c5fhCzx9EEoz3y45ZWcCPE/cnJRQjppvf3W6EU1CJoEKonXbdWLwUqKAU8GyYifRLCZ0SPqsbagkIdNeOjkgw0dG6eJepExJwBP190RKQq1HYWA6QwIDPeuNxf+8dgK9My/lMk6ASTr9qJcIDBEep4G7XDEKYmQIoYqbXTEdEEUomMyKJgR39uR50jgpu5Xy+W2lVL3M4yigA3SIjpGLTlEVXaMaqiOKMvSMXtGb9WS9WO/Wx7R1wcpn9tAfWJ8/M+GWLg==</latexit>

! ⌧SNR =
D

u2
s

<latexit sha1_base64="VF/yvxlookowntfEFDS1vJyB/eE=">AAACEXicbVDJSgNBEO2JW4xb1KOXxiDkFGZCQD0IQT14krhkgUwcejo9SZOehe4aJQzzC178FS8eFPHqzZt/Y2c5aOKDgsd7VVTVcyPBFZjmt5FZWFxaXsmu5tbWNza38ts7DRXGkrI6DUUoWy5RTPCA1YGDYK1IMuK7gjXdwdnIb94zqXgY3MIwYh2f9ALucUpAS06+aEve6wORMnzANpDYSW4ur1N8gm1PEpqcp0nsqLty6uQLZskcA88Ta0oKaIqak/+yuyGNfRYAFUSptmVG0EmIBE4FS3N2rFhE6ID0WFvTgPhMdZLxRyk+0EoXe6HUFQAeq78nEuIrNfRd3ekT6KtZbyT+57Vj8I46CQ+iGFhAJ4u8WGAI8Sge3OWSURBDTQiVXN+KaZ/oJECHmNMhWLMvz5NGuWRVSsdXlUL1dBpHFu2hfVREFjpEVXSBaqiOKHpEz+gVvRlPxovxbnxMWjPGdGYX/YHx+QONWJ18</latexit>

=
RLc

3u2
s

=
Emax(eV)c

900u2
sB

<latexit sha1_base64="JVGdRbIARMqSQA58txd/klu4APY="></latexit>

Emax ⇠ 260

✓
t

100 yr

◆
TeV

<latexit sha1_base64="EhztkNyETiT40jbBIlkgkPFMX5A="></latexit>



Maximum energy of protons and electrons accelerated at shocks - 3

In the absence of energy losses the maximum energy of particles 
accelerated at a shock can be found equating the shock age to the 

acceleration time scale:

⌧SNR = ⌧acc

<latexit sha1_base64="eGkD92MQTuq6/ltC63E1dhHIWI4=">AAACAHicbVDLSsNAFJ34rPUVdeHCzWARXJVECupCKLpxJfXRB7QhTKbTduhkEmZuhBKy8VfcuFDErZ/hzr9x2mahrQcunDnnXubeE8SCa3Ccb2thcWl5ZbWwVlzf2Nzatnd2GzpKFGV1GolItQKimeCS1YGDYK1YMRIGgjWD4dXYbz4ypXkkH2AUMy8kfcl7nBIwkm/vd4Akfnp/c5fhCzx9EEoz3y45ZWcCPE/cnJRQjppvf3W6EU1CJoEKonXbdWLwUqKAU8GyYifRLCZ0SPqsbagkIdNeOjkgw0dG6eJepExJwBP190RKQq1HYWA6QwIDPeuNxf+8dgK9My/lMk6ASTr9qJcIDBEep4G7XDEKYmQIoYqbXTEdEEUomMyKJgR39uR50jgpu5Xy+W2lVL3M4yigA3SIjpGLTlEVXaMaqiOKMvSMXtGb9WS9WO/Wx7R1wcpn9tAfWJ8/M+GWLg==</latexit>

! ⌧SNR =
D

u2
s

<latexit sha1_base64="VF/yvxlookowntfEFDS1vJyB/eE=">AAACEXicbVDJSgNBEO2JW4xb1KOXxiDkFGZCQD0IQT14krhkgUwcejo9SZOehe4aJQzzC178FS8eFPHqzZt/Y2c5aOKDgsd7VVTVcyPBFZjmt5FZWFxaXsmu5tbWNza38ts7DRXGkrI6DUUoWy5RTPCA1YGDYK1IMuK7gjXdwdnIb94zqXgY3MIwYh2f9ALucUpAS06+aEve6wORMnzANpDYSW4ur1N8gm1PEpqcp0nsqLty6uQLZskcA88Ta0oKaIqak/+yuyGNfRYAFUSptmVG0EmIBE4FS3N2rFhE6ID0WFvTgPhMdZLxRyk+0EoXe6HUFQAeq78nEuIrNfRd3ekT6KtZbyT+57Vj8I46CQ+iGFhAJ4u8WGAI8Sge3OWSURBDTQiVXN+KaZ/oJECHmNMhWLMvz5NGuWRVSsdXlUL1dBpHFu2hfVREFjpEVXSBaqiOKHpEz+gVvRlPxovxbnxMWjPGdGYX/YHx+QONWJ18</latexit>

=
RLc

3u2
s

=
Emax(eV)c

900u2
sB

<latexit sha1_base64="JVGdRbIARMqSQA58txd/klu4APY="></latexit>

Emax ⇠ 260

✓
t

100 yr

◆
TeV

<latexit sha1_base64="EhztkNyETiT40jbBIlkgkPFMX5A="></latexit>

Emax

<latexit sha1_base64="hK6+7rKCXPXUuBTWqA2YTua+6FU=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9mVgnoriuCxgv2AdinZNNuGJtk1yYpl6Z/w4kERr/4db/4bs+0etPXBwOO9GWbmBTFn2rjut1NYWV1b3yhulra2d3b3yvsHLR0litAmiXikOgHWlDNJm4YZTjuxolgEnLaD8XXmtx+p0iyS92YSU1/goWQhI9hYqXPTTwV+mqJ+ueJW3RnQMvFyUoEcjX75qzeISCKoNIRjrbueGxs/xcowwum01Es0jTEZ4yHtWiqxoNpPZ/dO0YlVBiiMlC1p0Ez9PZFiofVEBLZTYDPSi14m/ud1ExNe+CmTcWKoJPNFYcKRiVD2PBowRYnhE0swUczeisgIK0yMjahkQ/AWX14mrbOqV6te3tUq9as8jiIcwTGcggfnUIdbaEATCHB4hld4cx6cF+fd+Zi3Fpx85hD+wPn8AdC6j9g=</latexit>

⌧SNR

<latexit sha1_base64="uk/gsG8jQY8A8Scze02KFMe0fFM=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoN6CXjxJfOSByRJmJ5NkyOzsMtMrhCV/4cWDIl79G2/+jZNkD5pY0FBUddPdFcRSGHTdbye3tLyyupZfL2xsbm3vFHf36iZKNOM1FslINwNquBSK11Cg5M1YcxoGkjeC4dXEbzxxbUSkHnAUcz+kfSV6glG00mMbadJJ72/uxp1iyS27U5BF4mWkBBmqneJXuxuxJOQKmaTGtDw3Rj+lGgWTfFxoJ4bHlA1pn7csVTTkxk+nF4/JkVW6pBdpWwrJVP09kdLQmFEY2M6Q4sDMexPxP6+VYO/cT4WKE+SKzRb1EkkwIpP3SVdozlCOLKFMC3srYQOqKUMbUsGG4M2/vEjqJ2XvtHxxe1qqXGZx5OEADuEYPDiDClxDFWrAQMEzvMKbY5wX5935mLXmnGxmH/7A+fwBip2Q2g==</latexit>



Electrons of energy smaller than 50 TeV behave exactly as protons. A 
different behaviour is expected at larger energies, where one should 

equate the age of the system to the energy loss time.

⌧acc = ⌧syn

<latexit sha1_base64="qG0teghVKA6VtQx0wXXo/6Ghvko=">AAACAHicbVDLSsNAFJ3UV62vqgsXbgaL4KokUlAXQtGNywr2AW0Ik+mkHTqZhJkbIYRs/BU3LhRx62e482+ctllo64ELZ865l7n3+LHgGmz72yqtrK6tb5Q3K1vbO7t71f2Djo4SRVmbRiJSPZ9oJrhkbeAgWC9WjIS+YF1/cjv1u49MaR7JB0hj5oZkJHnAKQEjedWjAZDEywilOb7G84dOZe5Va3bdngEvE6cgNVSg5VW/BsOIJiGTQAXRuu/YMbgZUcCpYHllkGgWEzohI9Y3VJKQaTebHZDjU6MMcRApUxLwTP09kZFQ6zT0TWdIYKwXvan4n9dPILh0My7jBJik84+CRGCI8DQNPOSKURCpIYQqbnbFdEwUoWAyq5gQnMWTl0nnvO406lf3jVrzpoijjI7RCTpDDrpATXSHWqiNKMrRM3pFb9aT9WK9Wx/z1pJVzByiP7A+fwDTc5aV</latexit>

Emax

<latexit sha1_base64="hK6+7rKCXPXUuBTWqA2YTua+6FU=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9mVgnoriuCxgv2AdinZNNuGJtk1yYpl6Z/w4kERr/4db/4bs+0etPXBwOO9GWbmBTFn2rjut1NYWV1b3yhulra2d3b3yvsHLR0litAmiXikOgHWlDNJm4YZTjuxolgEnLaD8XXmtx+p0iyS92YSU1/goWQhI9hYqXPTTwV+mqJ+ueJW3RnQMvFyUoEcjX75qzeISCKoNIRjrbueGxs/xcowwum01Es0jTEZ4yHtWiqxoNpPZ/dO0YlVBiiMlC1p0Ez9PZFiofVEBLZTYDPSi14m/ud1ExNe+CmTcWKoJPNFYcKRiVD2PBowRYnhE0swUczeisgIK0yMjahkQ/AWX14mrbOqV6te3tUq9as8jiIcwTGcggfnUIdbaEATCHB4hld4cx6cF+fd+Zi3Fpx85hD+wPn8AdC6j9g=</latexit>

⌧SNR

<latexit sha1_base64="uk/gsG8jQY8A8Scze02KFMe0fFM=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoN6CXjxJfOSByRJmJ5NkyOzsMtMrhCV/4cWDIl79G2/+jZNkD5pY0FBUddPdFcRSGHTdbye3tLyyupZfL2xsbm3vFHf36iZKNOM1FslINwNquBSK11Cg5M1YcxoGkjeC4dXEbzxxbUSkHnAUcz+kfSV6glG00mMbadJJ72/uxp1iyS27U5BF4mWkBBmqneJXuxuxJOQKmaTGtDw3Rj+lGgWTfFxoJ4bHlA1pn7csVTTkxk+nF4/JkVW6pBdpWwrJVP09kdLQmFEY2M6Q4sDMexPxP6+VYO/cT4WKE+SKzRb1EkkwIpP3SVdozlCOLKFMC3srYQOqKUMbUsGG4M2/vEjqJ2XvtHxxe1qqXGZx5OEADuEYPDiDClxDFWrAQMEzvMKbY5wX5935mLXmnGxmH/7A+fwBip2Q2g==</latexit>



Electrons of energy smaller than 50 TeV behave exactly as protons. A 
different behaviour is expected at larger energies, where one should 

equate the age of the system to the energy loss time.

⌧acc = ⌧syn

<latexit sha1_base64="qG0teghVKA6VtQx0wXXo/6Ghvko=">AAACAHicbVDLSsNAFJ3UV62vqgsXbgaL4KokUlAXQtGNywr2AW0Ik+mkHTqZhJkbIYRs/BU3LhRx62e482+ctllo64ELZ865l7n3+LHgGmz72yqtrK6tb5Q3K1vbO7t71f2Djo4SRVmbRiJSPZ9oJrhkbeAgWC9WjIS+YF1/cjv1u49MaR7JB0hj5oZkJHnAKQEjedWjAZDEywilOb7G84dOZe5Va3bdngEvE6cgNVSg5VW/BsOIJiGTQAXRuu/YMbgZUcCpYHllkGgWEzohI9Y3VJKQaTebHZDjU6MMcRApUxLwTP09kZFQ6zT0TWdIYKwXvan4n9dPILh0My7jBJik84+CRGCI8DQNPOSKURCpIYQqbnbFdEwUoWAyq5gQnMWTl0nnvO406lf3jVrzpoijjI7RCTpDDrpATXSHWqiNKMrRM3pFb9aT9WK9Wx/z1pJVzByiP7A+fwDTc5aV</latexit>

390

✓
E

PeV

◆
yr ⇠

<latexit sha1_base64="QfIqE6FrKDqi+77C7mQ8Q52pono=">AAACGnicbVDLSgNBEJz1GeMr6tHLYBDiJexqQL2JIniMYKKQDWF20psMmdldZnqFsMTf8OKvePGgiDfx4t84eRw0saChqOqmuytIpDDout/O3PzC4tJybiW/ura+sVnY2q6bONUcajyWsb4LmAEpIqihQAl3iQamAgm3Qe9i6N/egzYijm6wn0BTsU4kQsEZWqlV8I5OXepLCLFE/VAznl0OMl8rWoX6gPpadLp48ECHSl9T3wjVKhTdsjsCnSXehBTJBNVW4dNvxzxVECGXzJiG5ybYzJhGwSUM8n5qIGG8xzrQsDRiCkwzG702oPtWadMw1rYipCP190TGlDF9FdhOxbBrpr2h+J/XSDE8aWYiSlKEiI8XhamkGNNhTrQtNHCUfUsY18LeSnmX2YDQppm3IXjTL8+S+mHZq5RPryvFs/NJHDmyS/ZIiXjkmJyRK1IlNcLJI3kmr+TNeXJenHfnY9w650xmdsgfOF8/Av6fqw==</latexit>

Emax

<latexit sha1_base64="hK6+7rKCXPXUuBTWqA2YTua+6FU=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9mVgnoriuCxgv2AdinZNNuGJtk1yYpl6Z/w4kERr/4db/4bs+0etPXBwOO9GWbmBTFn2rjut1NYWV1b3yhulra2d3b3yvsHLR0litAmiXikOgHWlDNJm4YZTjuxolgEnLaD8XXmtx+p0iyS92YSU1/goWQhI9hYqXPTTwV+mqJ+ueJW3RnQMvFyUoEcjX75qzeISCKoNIRjrbueGxs/xcowwum01Es0jTEZ4yHtWiqxoNpPZ/dO0YlVBiiMlC1p0Ez9PZFiofVEBLZTYDPSi14m/ud1ExNe+CmTcWKoJPNFYcKRiVD2PBowRYnhE0swUczeisgIK0yMjahkQ/AWX14mrbOqV6te3tUq9as8jiIcwTGcggfnUIdbaEATCHB4hld4cx6cF+fd+Zi3Fpx85hD+wPn8AdC6j9g=</latexit>

⌧SNR

<latexit sha1_base64="uk/gsG8jQY8A8Scze02KFMe0fFM=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoN6CXjxJfOSByRJmJ5NkyOzsMtMrhCV/4cWDIl79G2/+jZNkD5pY0FBUddPdFcRSGHTdbye3tLyyupZfL2xsbm3vFHf36iZKNOM1FslINwNquBSK11Cg5M1YcxoGkjeC4dXEbzxxbUSkHnAUcz+kfSV6glG00mMbadJJ72/uxp1iyS27U5BF4mWkBBmqneJXuxuxJOQKmaTGtDw3Rj+lGgWTfFxoJ4bHlA1pn7csVTTkxk+nF4/JkVW6pBdpWwrJVP09kdLQmFEY2M6Q4sDMexPxP6+VYO/cT4WKE+SKzRb1EkkwIpP3SVdozlCOLKFMC3srYQOqKUMbUsGG4M2/vEjqJ2XvtHxxe1qqXGZx5OEADuEYPDiDClxDFWrAQMEzvMKbY5wX5935mLXmnGxmH/7A+fwBip2Q2g==</latexit>



Electrons of energy smaller than 50 TeV behave exactly as protons. A 
different behaviour is expected at larger energies, where one should 

equate the age of the system to the energy loss time.

⌧acc = ⌧syn

<latexit sha1_base64="qG0teghVKA6VtQx0wXXo/6Ghvko=">AAACAHicbVDLSsNAFJ3UV62vqgsXbgaL4KokUlAXQtGNywr2AW0Ik+mkHTqZhJkbIYRs/BU3LhRx62e482+ctllo64ELZ865l7n3+LHgGmz72yqtrK6tb5Q3K1vbO7t71f2Djo4SRVmbRiJSPZ9oJrhkbeAgWC9WjIS+YF1/cjv1u49MaR7JB0hj5oZkJHnAKQEjedWjAZDEywilOb7G84dOZe5Va3bdngEvE6cgNVSg5VW/BsOIJiGTQAXRuu/YMbgZUcCpYHllkGgWEzohI9Y3VJKQaTebHZDjU6MMcRApUxLwTP09kZFQ6zT0TWdIYKwXvan4n9dPILh0My7jBJik84+CRGCI8DQNPOSKURCpIYQqbnbFdEwUoWAyq5gQnMWTl0nnvO406lf3jVrzpoijjI7RCTpDDrpATXSHWqiNKMrRM3pFb9aT9WK9Wx/z1pJVzByiP7A+fwDTc5aV</latexit>

390

✓
E

PeV

◆
yr ⇠

<latexit sha1_base64="QfIqE6FrKDqi+77C7mQ8Q52pono=">AAACGnicbVDLSgNBEJz1GeMr6tHLYBDiJexqQL2JIniMYKKQDWF20psMmdldZnqFsMTf8OKvePGgiDfx4t84eRw0saChqOqmuytIpDDout/O3PzC4tJybiW/ura+sVnY2q6bONUcajyWsb4LmAEpIqihQAl3iQamAgm3Qe9i6N/egzYijm6wn0BTsU4kQsEZWqlV8I5OXepLCLFE/VAznl0OMl8rWoX6gPpadLp48ECHSl9T3wjVKhTdsjsCnSXehBTJBNVW4dNvxzxVECGXzJiG5ybYzJhGwSUM8n5qIGG8xzrQsDRiCkwzG702oPtWadMw1rYipCP190TGlDF9FdhOxbBrpr2h+J/XSDE8aWYiSlKEiI8XhamkGNNhTrQtNHCUfUsY18LeSnmX2YDQppm3IXjTL8+S+mHZq5RPryvFs/NJHDmyS/ZIiXjkmJyRK1IlNcLJI3kmr+TNeXJenHfnY9w650xmdsgfOF8/Av6fqw==</latexit>

Emax

<latexit sha1_base64="hK6+7rKCXPXUuBTWqA2YTua+6FU=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9mVgnoriuCxgv2AdinZNNuGJtk1yYpl6Z/w4kERr/4db/4bs+0etPXBwOO9GWbmBTFn2rjut1NYWV1b3yhulra2d3b3yvsHLR0litAmiXikOgHWlDNJm4YZTjuxolgEnLaD8XXmtx+p0iyS92YSU1/goWQhI9hYqXPTTwV+mqJ+ueJW3RnQMvFyUoEcjX75qzeISCKoNIRjrbueGxs/xcowwum01Es0jTEZ4yHtWiqxoNpPZ/dO0YlVBiiMlC1p0Ez9PZFiofVEBLZTYDPSi14m/ud1ExNe+CmTcWKoJPNFYcKRiVD2PBowRYnhE0swUczeisgIK0yMjahkQ/AWX14mrbOqV6te3tUq9as8jiIcwTGcggfnUIdbaEATCHB4hld4cx6cF+fd+Zi3Fpx85hD+wPn8AdC6j9g=</latexit>

⌧SNR

<latexit sha1_base64="uk/gsG8jQY8A8Scze02KFMe0fFM=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoN6CXjxJfOSByRJmJ5NkyOzsMtMrhCV/4cWDIl79G2/+jZNkD5pY0FBUddPdFcRSGHTdbye3tLyyupZfL2xsbm3vFHf36iZKNOM1FslINwNquBSK11Cg5M1YcxoGkjeC4dXEbzxxbUSkHnAUcz+kfSV6glG00mMbadJJ72/uxp1iyS27U5BF4mWkBBmqneJXuxuxJOQKmaTGtDw3Rj+lGgWTfFxoJ4bHlA1pn7csVTTkxk+nF4/JkVW6pBdpWwrJVP09kdLQmFEY2M6Q4sDMexPxP6+VYO/cT4WKE+SKzRb1EkkwIpP3SVdozlCOLKFMC3srYQOqKUMbUsGG4M2/vEjqJ2XvtHxxe1qqXGZx5OEADuEYPDiDClxDFWrAQMEzvMKbY5wX5935mLXmnGxmH/7A+fwBip2Q2g==</latexit>

⇠ 14

✓
E

PeV

◆�1

yr

<latexit sha1_base64="cN/mLey2EXbhCvstVTCbB/V6jNE=">AAACHnicbVDLSgNBEJz1GeMr6tHLYBD0YNiViHoTRfAYwUQhG8PspDcZnNldZnqFsKw/4sVf8eJBEcGT/o2Tx8FXQUNR1U13V5BIYdB1P52JyanpmdnCXHF+YXFpubSy2jBxqjnUeSxjfRUwA1JEUEeBEq4SDUwFEi6Dm5OBf3kL2og4usB+Ai3FupEIBWdopXZpzzdCUa9KfQkhblE/1Ixnp3nma0Vr0Mipr0W3h9vX2Y6X39GB3NftUtmtuEPQv8QbkzIZo9YuvfudmKcKIuSSGdP03ARbGdMouIS86KcGEsZvWBealkZMgWllw/dyummVDg1jbStCOlS/T2RMGdNXge1UDHvmtzcQ//OaKYYHrUxESYoQ8dGiMJUUYzrIinaEBo6ybwnjWthbKe8xGxDaRIs2BO/3y39JY7fiVSuH59Xy0fE4jgJZJxtki3hknxyRM1IjdcLJPXkkz+TFeXCenFfnbdQ64Yxn1sgPOB9fKJyhUA==</latexit>



Electrons of energy smaller than 50 TeV behave exactly as protons. A 
different behaviour is expected at larger energies, where one should 

equate the age of the system to the energy loss time.

⌧acc = ⌧syn

<latexit sha1_base64="qG0teghVKA6VtQx0wXXo/6Ghvko=">AAACAHicbVDLSsNAFJ3UV62vqgsXbgaL4KokUlAXQtGNywr2AW0Ik+mkHTqZhJkbIYRs/BU3LhRx62e482+ctllo64ELZ865l7n3+LHgGmz72yqtrK6tb5Q3K1vbO7t71f2Djo4SRVmbRiJSPZ9oJrhkbeAgWC9WjIS+YF1/cjv1u49MaR7JB0hj5oZkJHnAKQEjedWjAZDEywilOb7G84dOZe5Va3bdngEvE6cgNVSg5VW/BsOIJiGTQAXRuu/YMbgZUcCpYHllkGgWEzohI9Y3VJKQaTebHZDjU6MMcRApUxLwTP09kZFQ6zT0TWdIYKwXvan4n9dPILh0My7jBJik84+CRGCI8DQNPOSKURCpIYQqbnbFdEwUoWAyq5gQnMWTl0nnvO406lf3jVrzpoijjI7RCTpDDrpATXSHWqiNKMrRM3pFb9aT9WK9Wx/z1pJVzByiP7A+fwDTc5aV</latexit>

390

✓
E

PeV

◆
yr ⇠

<latexit sha1_base64="QfIqE6FrKDqi+77C7mQ8Q52pono=">AAACGnicbVDLSgNBEJz1GeMr6tHLYBDiJexqQL2JIniMYKKQDWF20psMmdldZnqFsMTf8OKvePGgiDfx4t84eRw0saChqOqmuytIpDDout/O3PzC4tJybiW/ura+sVnY2q6bONUcajyWsb4LmAEpIqihQAl3iQamAgm3Qe9i6N/egzYijm6wn0BTsU4kQsEZWqlV8I5OXepLCLFE/VAznl0OMl8rWoX6gPpadLp48ECHSl9T3wjVKhTdsjsCnSXehBTJBNVW4dNvxzxVECGXzJiG5ybYzJhGwSUM8n5qIGG8xzrQsDRiCkwzG702oPtWadMw1rYipCP190TGlDF9FdhOxbBrpr2h+J/XSDE8aWYiSlKEiI8XhamkGNNhTrQtNHCUfUsY18LeSnmX2YDQppm3IXjTL8+S+mHZq5RPryvFs/NJHDmyS/ZIiXjkmJyRK1IlNcLJI3kmr+TNeXJenHfnY9w650xmdsgfOF8/Av6fqw==</latexit>

Emax ⇠ 0.19 PeV

<latexit sha1_base64="Ol5EGyh4rC3rKn/eZw+34AkZPH0=">AAACBHicbVDLSsNAFJ3UV62vqMtuBovgKiRS0O6KIrisYB/QhjCZTtqhM5MwMxFLqODGX3HjQhG3foQ7/8Zpm4W2HrhwOOde7r0nTBhV2nW/rcLK6tr6RnGztLW9s7tn7x+0VJxKTJo4ZrHshEgRRgVpaqoZ6SSSIB4y0g5Hl1O/fUekorG41eOE+BwNBI0oRtpIgV2+CjKO7iewpyiHruPV4APsSQ4bpBXYFddxZ4DLxMtJBeRoBPZXrx/jlBOhMUNKdT030X6GpKaYkUmplyqSIDxCA9I1VCBOlJ/NnpjAY6P0YRRLU0LDmfp7IkNcqTEPTSdHeqgWvan4n9dNdXTuZ1QkqSYCzxdFKYM6htNEYJ9KgjUbG4KwpOZWiIdIIqxNbiUTgrf48jJpnTpe1andVCv1izyOIiiDI3ACPHAG6uAaNEATYPAInsEreLOerBfr3fqYtxasfOYQ/IH1+QMWgpZ4</latexit>

Emax

<latexit sha1_base64="hK6+7rKCXPXUuBTWqA2YTua+6FU=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9mVgnoriuCxgv2AdinZNNuGJtk1yYpl6Z/w4kERr/4db/4bs+0etPXBwOO9GWbmBTFn2rjut1NYWV1b3yhulra2d3b3yvsHLR0litAmiXikOgHWlDNJm4YZTjuxolgEnLaD8XXmtx+p0iyS92YSU1/goWQhI9hYqXPTTwV+mqJ+ueJW3RnQMvFyUoEcjX75qzeISCKoNIRjrbueGxs/xcowwum01Es0jTEZ4yHtWiqxoNpPZ/dO0YlVBiiMlC1p0Ez9PZFiofVEBLZTYDPSi14m/ud1ExNe+CmTcWKoJPNFYcKRiVD2PBowRYnhE0swUczeisgIK0yMjahkQ/AWX14mrbOqV6te3tUq9as8jiIcwTGcggfnUIdbaEATCHB4hld4cx6cF+fd+Zi3Fpx85hD+wPn8AdC6j9g=</latexit>

⌧SNR

<latexit sha1_base64="uk/gsG8jQY8A8Scze02KFMe0fFM=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoN6CXjxJfOSByRJmJ5NkyOzsMtMrhCV/4cWDIl79G2/+jZNkD5pY0FBUddPdFcRSGHTdbye3tLyyupZfL2xsbm3vFHf36iZKNOM1FslINwNquBSK11Cg5M1YcxoGkjeC4dXEbzxxbUSkHnAUcz+kfSV6glG00mMbadJJ72/uxp1iyS27U5BF4mWkBBmqneJXuxuxJOQKmaTGtDw3Rj+lGgWTfFxoJ4bHlA1pn7csVTTkxk+nF4/JkVW6pBdpWwrJVP09kdLQmFEY2M6Q4sDMexPxP6+VYO/cT4WKE+SKzRb1EkkwIpP3SVdozlCOLKFMC3srYQOqKUMbUsGG4M2/vEjqJ2XvtHxxe1qqXGZx5OEADuEYPDiDClxDFWrAQMEzvMKbY5wX5935mLXmnGxmH/7A+fwBip2Q2g==</latexit>

⇠ 14

✓
E

PeV

◆�1

yr

<latexit sha1_base64="cN/mLey2EXbhCvstVTCbB/V6jNE=">AAACHnicbVDLSgNBEJz1GeMr6tHLYBD0YNiViHoTRfAYwUQhG8PspDcZnNldZnqFsKw/4sVf8eJBEcGT/o2Tx8FXQUNR1U13V5BIYdB1P52JyanpmdnCXHF+YXFpubSy2jBxqjnUeSxjfRUwA1JEUEeBEq4SDUwFEi6Dm5OBf3kL2og4usB+Ai3FupEIBWdopXZpzzdCUa9KfQkhblE/1Ixnp3nma0Vr0Mipr0W3h9vX2Y6X39GB3NftUtmtuEPQv8QbkzIZo9YuvfudmKcKIuSSGdP03ARbGdMouIS86KcGEsZvWBealkZMgWllw/dyummVDg1jbStCOlS/T2RMGdNXge1UDHvmtzcQ//OaKYYHrUxESYoQ8dGiMJUUYzrIinaEBo6ybwnjWthbKe8xGxDaRIs2BO/3y39JY7fiVSuH59Xy0fE4jgJZJxtki3hknxyRM1IjdcLJPXkkz+TFeXCenFfnbdQ64Yxn1sgPOB9fKJyhUA==</latexit>



Electrons of energy smaller than 50 TeV behave exactly as protons. A 
different behaviour is expected at larger energies, where one should 

equate the age of the system to the energy loss time.

⌧acc = ⌧syn

<latexit sha1_base64="qG0teghVKA6VtQx0wXXo/6Ghvko=">AAACAHicbVDLSsNAFJ3UV62vqgsXbgaL4KokUlAXQtGNywr2AW0Ik+mkHTqZhJkbIYRs/BU3LhRx62e482+ctllo64ELZ865l7n3+LHgGmz72yqtrK6tb5Q3K1vbO7t71f2Djo4SRVmbRiJSPZ9oJrhkbeAgWC9WjIS+YF1/cjv1u49MaR7JB0hj5oZkJHnAKQEjedWjAZDEywilOb7G84dOZe5Va3bdngEvE6cgNVSg5VW/BsOIJiGTQAXRuu/YMbgZUcCpYHllkGgWEzohI9Y3VJKQaTebHZDjU6MMcRApUxLwTP09kZFQ6zT0TWdIYKwXvan4n9dPILh0My7jBJik84+CRGCI8DQNPOSKURCpIYQqbnbFdEwUoWAyq5gQnMWTl0nnvO406lf3jVrzpoijjI7RCTpDDrpATXSHWqiNKMrRM3pFb9aT9WK9Wx/z1pJVzByiP7A+fwDTc5aV</latexit>

390

✓
E
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yr ⇠

<latexit sha1_base64="QfIqE6FrKDqi+77C7mQ8Q52pono=">AAACGnicbVDLSgNBEJz1GeMr6tHLYBDiJexqQL2JIniMYKKQDWF20psMmdldZnqFsMTf8OKvePGgiDfx4t84eRw0saChqOqmuytIpDDout/O3PzC4tJybiW/ura+sVnY2q6bONUcajyWsb4LmAEpIqihQAl3iQamAgm3Qe9i6N/egzYijm6wn0BTsU4kQsEZWqlV8I5OXepLCLFE/VAznl0OMl8rWoX6gPpadLp48ECHSl9T3wjVKhTdsjsCnSXehBTJBNVW4dNvxzxVECGXzJiG5ybYzJhGwSUM8n5qIGG8xzrQsDRiCkwzG702oPtWadMw1rYipCP190TGlDF9FdhOxbBrpr2h+J/XSDE8aWYiSlKEiI8XhamkGNNhTrQtNHCUfUsY18LeSnmX2YDQppm3IXjTL8+S+mHZq5RPryvFs/NJHDmyS/ZIiXjkmJyRK1IlNcLJI3kmr+TNeXJenHfnY9w650xmdsgfOF8/Av6fqw==</latexit>

Emax ⇠ 0.19 PeV

<latexit sha1_base64="Ol5EGyh4rC3rKn/eZw+34AkZPH0=">AAACBHicbVDLSsNAFJ3UV62vqMtuBovgKiRS0O6KIrisYB/QhjCZTtqhM5MwMxFLqODGX3HjQhG3foQ7/8Zpm4W2HrhwOOde7r0nTBhV2nW/rcLK6tr6RnGztLW9s7tn7x+0VJxKTJo4ZrHshEgRRgVpaqoZ6SSSIB4y0g5Hl1O/fUekorG41eOE+BwNBI0oRtpIgV2+CjKO7iewpyiHruPV4APsSQ4bpBXYFddxZ4DLxMtJBeRoBPZXrx/jlBOhMUNKdT030X6GpKaYkUmplyqSIDxCA9I1VCBOlJ/NnpjAY6P0YRRLU0LDmfp7IkNcqTEPTSdHeqgWvan4n9dNdXTuZ1QkqSYCzxdFKYM6htNEYJ9KgjUbG4KwpOZWiIdIIqxNbiUTgrf48jJpnTpe1andVCv1izyOIiiDI3ACPHAG6uAaNEATYPAInsEreLOerBfr3fqYtxasfOYQ/IH1+QMWgpZ4</latexit>

Emax

<latexit sha1_base64="hK6+7rKCXPXUuBTWqA2YTua+6FU=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9mVgnoriuCxgv2AdinZNNuGJtk1yYpl6Z/w4kERr/4db/4bs+0etPXBwOO9GWbmBTFn2rjut1NYWV1b3yhulra2d3b3yvsHLR0litAmiXikOgHWlDNJm4YZTjuxolgEnLaD8XXmtx+p0iyS92YSU1/goWQhI9hYqXPTTwV+mqJ+ueJW3RnQMvFyUoEcjX75qzeISCKoNIRjrbueGxs/xcowwum01Es0jTEZ4yHtWiqxoNpPZ/dO0YlVBiiMlC1p0Ez9PZFiofVEBLZTYDPSi14m/ud1ExNe+CmTcWKoJPNFYcKRiVD2PBowRYnhE0swUczeisgIK0yMjahkQ/AWX14mrbOqV6te3tUq9as8jiIcwTGcggfnUIdbaEATCHB4hld4cx6cF+fd+Zi3Fpx85hD+wPn8AdC6j9g=</latexit>

⌧SNR

<latexit sha1_base64="uk/gsG8jQY8A8Scze02KFMe0fFM=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoN6CXjxJfOSByRJmJ5NkyOzsMtMrhCV/4cWDIl79G2/+jZNkD5pY0FBUddPdFcRSGHTdbye3tLyyupZfL2xsbm3vFHf36iZKNOM1FslINwNquBSK11Cg5M1YcxoGkjeC4dXEbzxxbUSkHnAUcz+kfSV6glG00mMbadJJ72/uxp1iyS27U5BF4mWkBBmqneJXuxuxJOQKmaTGtDw3Rj+lGgWTfFxoJ4bHlA1pn7csVTTkxk+nF4/JkVW6pBdpWwrJVP09kdLQmFEY2M6Q4sDMexPxP6+VYO/cT4WKE+SKzRb1EkkwIpP3SVdozlCOLKFMC3srYQOqKUMbUsGG4M2/vEjqJ2XvtHxxe1qqXGZx5OEADuEYPDiDClxDFWrAQMEzvMKbY5wX5935mLXmnGxmH/7A+fwBip2Q2g==</latexit>

⇠ 200 TeV

<latexit sha1_base64="3DLaG+C6O4MrdoiMRc2lB/dgX8c=">AAAB+nicbVBNS8NAEN34WetXqkcvi0XwVJJSUG9FLx4r9AuaUDbbSbt0Nwm7G6XE+k+8eFDEq7/Em//GbZuDtj4YeLw3w8y8IOFMacf5ttbWNza3tgs7xd29/YNDu3TUVnEqKbRozGPZDYgCziJoaaY5dBMJRAQcOsH4ZuZ37kEqFkdNPUnAF2QYsZBRoo3Ut0ueYgJXHQc/eVLgJrT7dtmpOHPgVeLmpIxyNPr2lzeIaSog0pQTpXquk2g/I1IzymFa9FIFCaFjMoSeoRERoPxsfvoUnxllgMNYmoo0nqu/JzIilJqIwHQKokdq2ZuJ/3m9VIeXfsaiJNUQ0cWiMOVYx3iWAx4wCVTziSGESmZuxXREJKHapFU0IbjLL6+SdrXi1ipXd7Vy/TqPo4BO0Ck6Ry66QHV0ixqohSh6QM/oFb1Zj9aL9W59LFrXrHzmGP2B9fkDSuySwA==</latexit>

⇠ 14
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E
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yr

<latexit sha1_base64="cN/mLey2EXbhCvstVTCbB/V6jNE=">AAACHnicbVDLSgNBEJz1GeMr6tHLYBD0YNiViHoTRfAYwUQhG8PspDcZnNldZnqFsKw/4sVf8eJBEcGT/o2Tx8FXQUNR1U13V5BIYdB1P52JyanpmdnCXHF+YXFpubSy2jBxqjnUeSxjfRUwA1JEUEeBEq4SDUwFEi6Dm5OBf3kL2og4usB+Ai3FupEIBWdopXZpzzdCUa9KfQkhblE/1Ixnp3nma0Vr0Mipr0W3h9vX2Y6X39GB3NftUtmtuEPQv8QbkzIZo9YuvfudmKcKIuSSGdP03ARbGdMouIS86KcGEsZvWBealkZMgWllw/dyummVDg1jbStCOlS/T2RMGdNXge1UDHvmtzcQ//OaKYYHrUxESYoQ8dGiMJUUYzrIinaEBo6ybwnjWthbKe8xGxDaRIs2BO/3y39JY7fiVSuH59Xy0fE4jgJZJxtki3hknxyRM1IjdcLJPXkkz+TFeXCenFfnbdQ64Yxn1sgPOB9fKJyhUA==</latexit>



Electrons of energy smaller than 50 TeV behave exactly as protons. A 
different behaviour is expected at larger energies, where one should 

equate the age of the system to the energy loss time.

⌧acc = ⌧syn

<latexit sha1_base64="qG0teghVKA6VtQx0wXXo/6Ghvko=">AAACAHicbVDLSsNAFJ3UV62vqgsXbgaL4KokUlAXQtGNywr2AW0Ik+mkHTqZhJkbIYRs/BU3LhRx62e482+ctllo64ELZ865l7n3+LHgGmz72yqtrK6tb5Q3K1vbO7t71f2Djo4SRVmbRiJSPZ9oJrhkbeAgWC9WjIS+YF1/cjv1u49MaR7JB0hj5oZkJHnAKQEjedWjAZDEywilOb7G84dOZe5Va3bdngEvE6cgNVSg5VW/BsOIJiGTQAXRuu/YMbgZUcCpYHllkGgWEzohI9Y3VJKQaTebHZDjU6MMcRApUxLwTP09kZFQ6zT0TWdIYKwXvan4n9dPILh0My7jBJik84+CRGCI8DQNPOSKURCpIYQqbnbFdEwUoWAyq5gQnMWTl0nnvO406lf3jVrzpoijjI7RCTpDDrpATXSHWqiNKMrRM3pFb9aT9WK9Wx/z1pJVzByiP7A+fwDTc5aV</latexit>

390

✓
E

PeV

◆
yr ⇠

<latexit sha1_base64="QfIqE6FrKDqi+77C7mQ8Q52pono=">AAACGnicbVDLSgNBEJz1GeMr6tHLYBDiJexqQL2JIniMYKKQDWF20psMmdldZnqFsMTf8OKvePGgiDfx4t84eRw0saChqOqmuytIpDDout/O3PzC4tJybiW/ura+sVnY2q6bONUcajyWsb4LmAEpIqihQAl3iQamAgm3Qe9i6N/egzYijm6wn0BTsU4kQsEZWqlV8I5OXepLCLFE/VAznl0OMl8rWoX6gPpadLp48ECHSl9T3wjVKhTdsjsCnSXehBTJBNVW4dNvxzxVECGXzJiG5ybYzJhGwSUM8n5qIGG8xzrQsDRiCkwzG702oPtWadMw1rYipCP190TGlDF9FdhOxbBrpr2h+J/XSDE8aWYiSlKEiI8XhamkGNNhTrQtNHCUfUsY18LeSnmX2YDQppm3IXjTL8+S+mHZq5RPryvFs/NJHDmyS/ZIiXjkmJyRK1IlNcLJI3kmr+TNeXJenHfnY9w650xmdsgfOF8/Av6fqw==</latexit>

Emax ⇠ 0.19 PeV

<latexit sha1_base64="Ol5EGyh4rC3rKn/eZw+34AkZPH0=">AAACBHicbVDLSsNAFJ3UV62vqMtuBovgKiRS0O6KIrisYB/QhjCZTtqhM5MwMxFLqODGX3HjQhG3foQ7/8Zpm4W2HrhwOOde7r0nTBhV2nW/rcLK6tr6RnGztLW9s7tn7x+0VJxKTJo4ZrHshEgRRgVpaqoZ6SSSIB4y0g5Hl1O/fUekorG41eOE+BwNBI0oRtpIgV2+CjKO7iewpyiHruPV4APsSQ4bpBXYFddxZ4DLxMtJBeRoBPZXrx/jlBOhMUNKdT030X6GpKaYkUmplyqSIDxCA9I1VCBOlJ/NnpjAY6P0YRRLU0LDmfp7IkNcqTEPTSdHeqgWvan4n9dNdXTuZ1QkqSYCzxdFKYM6htNEYJ9KgjUbG4KwpOZWiIdIIqxNbiUTgrf48jJpnTpe1andVCv1izyOIiiDI3ACPHAG6uAaNEATYPAInsEreLOerBfr3fqYtxasfOYQ/IH1+QMWgpZ4</latexit>

Emax

<latexit sha1_base64="hK6+7rKCXPXUuBTWqA2YTua+6FU=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9mVgnoriuCxgv2AdinZNNuGJtk1yYpl6Z/w4kERr/4db/4bs+0etPXBwOO9GWbmBTFn2rjut1NYWV1b3yhulra2d3b3yvsHLR0litAmiXikOgHWlDNJm4YZTjuxolgEnLaD8XXmtx+p0iyS92YSU1/goWQhI9hYqXPTTwV+mqJ+ueJW3RnQMvFyUoEcjX75qzeISCKoNIRjrbueGxs/xcowwum01Es0jTEZ4yHtWiqxoNpPZ/dO0YlVBiiMlC1p0Ez9PZFiofVEBLZTYDPSi14m/ud1ExNe+CmTcWKoJPNFYcKRiVD2PBowRYnhE0swUczeisgIK0yMjahkQ/AWX14mrbOqV6te3tUq9as8jiIcwTGcggfnUIdbaEATCHB4hld4cx6cF+fd+Zi3Fpx85hD+wPn8AdC6j9g=</latexit>

⌧SNR

<latexit sha1_base64="uk/gsG8jQY8A8Scze02KFMe0fFM=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoN6CXjxJfOSByRJmJ5NkyOzsMtMrhCV/4cWDIl79G2/+jZNkD5pY0FBUddPdFcRSGHTdbye3tLyyupZfL2xsbm3vFHf36iZKNOM1FslINwNquBSK11Cg5M1YcxoGkjeC4dXEbzxxbUSkHnAUcz+kfSV6glG00mMbadJJ72/uxp1iyS27U5BF4mWkBBmqneJXuxuxJOQKmaTGtDw3Rj+lGgWTfFxoJ4bHlA1pn7csVTTkxk+nF4/JkVW6pBdpWwrJVP09kdLQmFEY2M6Q4sDMexPxP6+VYO/cT4WKE+SKzRb1EkkwIpP3SVdozlCOLKFMC3srYQOqKUMbUsGG4M2/vEjqJ2XvtHxxe1qqXGZx5OEADuEYPDiDClxDFWrAQMEzvMKbY5wX5935mLXmnGxmH/7A+fwBip2Q2g==</latexit>

⇠ 200 TeV

<latexit sha1_base64="3DLaG+C6O4MrdoiMRc2lB/dgX8c=">AAAB+nicbVBNS8NAEN34WetXqkcvi0XwVJJSUG9FLx4r9AuaUDbbSbt0Nwm7G6XE+k+8eFDEq7/Em//GbZuDtj4YeLw3w8y8IOFMacf5ttbWNza3tgs7xd29/YNDu3TUVnEqKbRozGPZDYgCziJoaaY5dBMJRAQcOsH4ZuZ37kEqFkdNPUnAF2QYsZBRoo3Ut0ueYgJXHQc/eVLgJrT7dtmpOHPgVeLmpIxyNPr2lzeIaSog0pQTpXquk2g/I1IzymFa9FIFCaFjMoSeoRERoPxsfvoUnxllgMNYmoo0nqu/JzIilJqIwHQKokdq2ZuJ/3m9VIeXfsaiJNUQ0cWiMOVYx3iWAx4wCVTziSGESmZuxXREJKHapFU0IbjLL6+SdrXi1ipXd7Vy/TqPo4BO0Ck6Ry66QHV0ixqohSh6QM/oFb1Zj9aL9W59LFrXrHzmGP2B9fkDSuySwA==</latexit>

⇠ 14

✓
E
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<latexit sha1_base64="cN/mLey2EXbhCvstVTCbB/V6jNE=">AAACHnicbVDLSgNBEJz1GeMr6tHLYBD0YNiViHoTRfAYwUQhG8PspDcZnNldZnqFsKw/4sVf8eJBEcGT/o2Tx8FXQUNR1U13V5BIYdB1P52JyanpmdnCXHF+YXFpubSy2jBxqjnUeSxjfRUwA1JEUEeBEq4SDUwFEi6Dm5OBf3kL2og4usB+Ai3FupEIBWdopXZpzzdCUa9KfQkhblE/1Ixnp3nma0Vr0Mipr0W3h9vX2Y6X39GB3NftUtmtuEPQv8QbkzIZo9YuvfudmKcKIuSSGdP03ARbGdMouIS86KcGEsZvWBealkZMgWllw/dyummVDg1jbStCOlS/T2RMGdNXge1UDHvmtzcQ//OaKYYHrUxESYoQ8dGiMJUUYzrIinaEBo6ybwnjWthbKe8xGxDaRIs2BO/3y39JY7fiVSuH59Xy0fE4jgJZJxtki3hknxyRM1IjdcLJPXkkz+TFeXCenFfnbdQ64Yxn1sgPOB9fKJyhUA==</latexit>



Electrons of energy smaller than 50 TeV behave exactly as protons. A 
different behaviour is expected at larger energies, where one should 

equate the age of the system to the energy loss time.

⌧acc = ⌧syn

<latexit sha1_base64="qG0teghVKA6VtQx0wXXo/6Ghvko=">AAACAHicbVDLSsNAFJ3UV62vqgsXbgaL4KokUlAXQtGNywr2AW0Ik+mkHTqZhJkbIYRs/BU3LhRx62e482+ctllo64ELZ865l7n3+LHgGmz72yqtrK6tb5Q3K1vbO7t71f2Djo4SRVmbRiJSPZ9oJrhkbeAgWC9WjIS+YF1/cjv1u49MaR7JB0hj5oZkJHnAKQEjedWjAZDEywilOb7G84dOZe5Va3bdngEvE6cgNVSg5VW/BsOIJiGTQAXRuu/YMbgZUcCpYHllkGgWEzohI9Y3VJKQaTebHZDjU6MMcRApUxLwTP09kZFQ6zT0TWdIYKwXvan4n9dPILh0My7jBJik84+CRGCI8DQNPOSKURCpIYQqbnbFdEwUoWAyq5gQnMWTl0nnvO406lf3jVrzpoijjI7RCTpDDrpATXSHWqiNKMrRM3pFb9aT9WK9Wx/z1pJVzByiP7A+fwDTc5aV</latexit>
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<latexit sha1_base64="QfIqE6FrKDqi+77C7mQ8Q52pono=">AAACGnicbVDLSgNBEJz1GeMr6tHLYBDiJexqQL2JIniMYKKQDWF20psMmdldZnqFsMTf8OKvePGgiDfx4t84eRw0saChqOqmuytIpDDout/O3PzC4tJybiW/ura+sVnY2q6bONUcajyWsb4LmAEpIqihQAl3iQamAgm3Qe9i6N/egzYijm6wn0BTsU4kQsEZWqlV8I5OXepLCLFE/VAznl0OMl8rWoX6gPpadLp48ECHSl9T3wjVKhTdsjsCnSXehBTJBNVW4dNvxzxVECGXzJiG5ybYzJhGwSUM8n5qIGG8xzrQsDRiCkwzG702oPtWadMw1rYipCP190TGlDF9FdhOxbBrpr2h+J/XSDE8aWYiSlKEiI8XhamkGNNhTrQtNHCUfUsY18LeSnmX2YDQppm3IXjTL8+S+mHZq5RPryvFs/NJHDmyS/ZIiXjkmJyRK1IlNcLJI3kmr+TNeXJenHfnY9w650xmdsgfOF8/Av6fqw==</latexit>

Emax ⇠ 0.19 PeV

<latexit sha1_base64="Ol5EGyh4rC3rKn/eZw+34AkZPH0=">AAACBHicbVDLSsNAFJ3UV62vqMtuBovgKiRS0O6KIrisYB/QhjCZTtqhM5MwMxFLqODGX3HjQhG3foQ7/8Zpm4W2HrhwOOde7r0nTBhV2nW/rcLK6tr6RnGztLW9s7tn7x+0VJxKTJo4ZrHshEgRRgVpaqoZ6SSSIB4y0g5Hl1O/fUekorG41eOE+BwNBI0oRtpIgV2+CjKO7iewpyiHruPV4APsSQ4bpBXYFddxZ4DLxMtJBeRoBPZXrx/jlBOhMUNKdT030X6GpKaYkUmplyqSIDxCA9I1VCBOlJ/NnpjAY6P0YRRLU0LDmfp7IkNcqTEPTSdHeqgWvan4n9dNdXTuZ1QkqSYCzxdFKYM6htNEYJ9KgjUbG4KwpOZWiIdIIqxNbiUTgrf48jJpnTpe1andVCv1izyOIiiDI3ACPHAG6uAaNEATYPAInsEreLOerBfr3fqYtxasfOYQ/IH1+QMWgpZ4</latexit>

Emax

<latexit sha1_base64="hK6+7rKCXPXUuBTWqA2YTua+6FU=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9mVgnoriuCxgv2AdinZNNuGJtk1yYpl6Z/w4kERr/4db/4bs+0etPXBwOO9GWbmBTFn2rjut1NYWV1b3yhulra2d3b3yvsHLR0litAmiXikOgHWlDNJm4YZTjuxolgEnLaD8XXmtx+p0iyS92YSU1/goWQhI9hYqXPTTwV+mqJ+ueJW3RnQMvFyUoEcjX75qzeISCKoNIRjrbueGxs/xcowwum01Es0jTEZ4yHtWiqxoNpPZ/dO0YlVBiiMlC1p0Ez9PZFiofVEBLZTYDPSi14m/ud1ExNe+CmTcWKoJPNFYcKRiVD2PBowRYnhE0swUczeisgIK0yMjahkQ/AWX14mrbOqV6te3tUq9as8jiIcwTGcggfnUIdbaEATCHB4hld4cx6cF+fd+Zi3Fpx85hD+wPn8AdC6j9g=</latexit>

⌧SNR

<latexit sha1_base64="uk/gsG8jQY8A8Scze02KFMe0fFM=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoN6CXjxJfOSByRJmJ5NkyOzsMtMrhCV/4cWDIl79G2/+jZNkD5pY0FBUddPdFcRSGHTdbye3tLyyupZfL2xsbm3vFHf36iZKNOM1FslINwNquBSK11Cg5M1YcxoGkjeC4dXEbzxxbUSkHnAUcz+kfSV6glG00mMbadJJ72/uxp1iyS27U5BF4mWkBBmqneJXuxuxJOQKmaTGtDw3Rj+lGgWTfFxoJ4bHlA1pn7csVTTkxk+nF4/JkVW6pBdpWwrJVP09kdLQmFEY2M6Q4sDMexPxP6+VYO/cT4WKE+SKzRb1EkkwIpP3SVdozlCOLKFMC3srYQOqKUMbUsGG4M2/vEjqJ2XvtHxxe1qqXGZx5OEADuEYPDiDClxDFWrAQMEzvMKbY5wX5935mLXmnGxmH/7A+fwBip2Q2g==</latexit>

⇠ 200 TeV

<latexit sha1_base64="3DLaG+C6O4MrdoiMRc2lB/dgX8c=">AAAB+nicbVBNS8NAEN34WetXqkcvi0XwVJJSUG9FLx4r9AuaUDbbSbt0Nwm7G6XE+k+8eFDEq7/Em//GbZuDtj4YeLw3w8y8IOFMacf5ttbWNza3tgs7xd29/YNDu3TUVnEqKbRozGPZDYgCziJoaaY5dBMJRAQcOsH4ZuZ37kEqFkdNPUnAF2QYsZBRoo3Ut0ueYgJXHQc/eVLgJrT7dtmpOHPgVeLmpIxyNPr2lzeIaSog0pQTpXquk2g/I1IzymFa9FIFCaFjMoSeoRERoPxsfvoUnxllgMNYmoo0nqu/JzIilJqIwHQKokdq2ZuJ/3m9VIeXfsaiJNUQ0cWiMOVYx3iWAx4wCVTziSGESmZuxXREJKHapFU0IbjLL6+SdrXi1ipXd7Vy/TqPo4BO0Ck6Ry66QHV0ixqohSh6QM/oFb1Zj9aL9W59LFrXrHzmGP2B9fkDSuySwA==</latexit>

⇠ 14

✓
E
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<latexit sha1_base64="cN/mLey2EXbhCvstVTCbB/V6jNE=">AAACHnicbVDLSgNBEJz1GeMr6tHLYBD0YNiViHoTRfAYwUQhG8PspDcZnNldZnqFsKw/4sVf8eJBEcGT/o2Tx8FXQUNR1U13V5BIYdB1P52JyanpmdnCXHF+YXFpubSy2jBxqjnUeSxjfRUwA1JEUEeBEq4SDUwFEi6Dm5OBf3kL2og4usB+Ai3FupEIBWdopXZpzzdCUa9KfQkhblE/1Ixnp3nma0Vr0Mipr0W3h9vX2Y6X39GB3NftUtmtuEPQv8QbkzIZo9YuvfudmKcKIuSSGdP03ARbGdMouIS86KcGEsZvWBealkZMgWllw/dyummVDg1jbStCOlS/T2RMGdNXge1UDHvmtzcQ//OaKYYHrUxESYoQ8dGiMJUUYzrIinaEBo6ybwnjWthbKe8xGxDaRIs2BO/3y39JY7fiVSuH59Xy0fE4jgJZJxtki3hknxyRM1IjdcLJPXkkz+TFeXCenFfnbdQ64Yxn1sgPOB9fKJyhUA==</latexit>

t* ~ 70 yr is the energy loss time 
of CR electrons at ~200 TeV



Maximum energy of protons and electrons accelerated at shocks - 4
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<latexit sha1_base64="IV5f7nKq+X+Lo+n+FuxwPEhJ5Ss=">AAACJnicbVDLSsNAFJ3UV62vqEs3g0VwVZJSUBeF4gNcVrAPaGKYTCft0MkkzEyEEvI1bvwVNy4qIu78FKdpQW09MHDuOfdy5x4/ZlQqy/o0Ciura+sbxc3S1vbO7p65f9CWUSIwaeGIRaLrI0kY5aSlqGKkGwuCQp+Rjj+6mvqdRyIkjfi9GsfEDdGA04BipLTkmXUnEAin11maePKhmsE6dBRKvBRh/FPIMc+LvPcmS5szKfPMslWxcsBlYs9JGczR9MyJ049wEhKuMENS9mwrVm6KhKKYkazkJJLECI/QgPQ05Sgk0k3zMzN4opU+DCKhH1cwV39PpCiUchz6ujNEaigXvan4n9dLVHDuppTHiSIczxYFCYMqgtPMYJ8KghUba4KwoPqvEA+RzkLpZEs6BHvx5GXSrlbsWuXirlZuXM7jKIIjcAxOgQ3OQAPcgiZoAQyewAuYgDfj2Xg13o2PWWvBmM8cgj8wvr4BIIymPA==</latexit>



Maximum energy of protons and electrons accelerated at shocks - 4
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<latexit sha1_base64="IV5f7nKq+X+Lo+n+FuxwPEhJ5Ss=">AAACJnicbVDLSsNAFJ3UV62vqEs3g0VwVZJSUBeF4gNcVrAPaGKYTCft0MkkzEyEEvI1bvwVNy4qIu78FKdpQW09MHDuOfdy5x4/ZlQqy/o0Ciura+sbxc3S1vbO7p65f9CWUSIwaeGIRaLrI0kY5aSlqGKkGwuCQp+Rjj+6mvqdRyIkjfi9GsfEDdGA04BipLTkmXUnEAin11maePKhmsE6dBRKvBRh/FPIMc+LvPcmS5szKfPMslWxcsBlYs9JGczR9MyJ049wEhKuMENS9mwrVm6KhKKYkazkJJLECI/QgPQ05Sgk0k3zMzN4opU+DCKhH1cwV39PpCiUchz6ujNEaigXvan4n9dLVHDuppTHiSIczxYFCYMqgtPMYJ8KghUba4KwoPqvEA+RzkLpZEs6BHvx5GXSrlbsWuXirlZuXM7jKIIjcAxOgQ3OQAPcgiZoAQyewAuYgDfj2Xg13o2PWWvBmM8cgj8wvr4BIIymPA==</latexit>
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<latexit sha1_base64="LmpVBrTwnH2ShsIZ1SLoQkatdlk="></latexit>



Maximum energy of protons and electrons accelerated at shocks - 4
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<latexit sha1_base64="IV5f7nKq+X+Lo+n+FuxwPEhJ5Ss=">AAACJnicbVDLSsNAFJ3UV62vqEs3g0VwVZJSUBeF4gNcVrAPaGKYTCft0MkkzEyEEvI1bvwVNy4qIu78FKdpQW09MHDuOfdy5x4/ZlQqy/o0Ciura+sbxc3S1vbO7p65f9CWUSIwaeGIRaLrI0kY5aSlqGKkGwuCQp+Rjj+6mvqdRyIkjfi9GsfEDdGA04BipLTkmXUnEAin11maePKhmsE6dBRKvBRh/FPIMc+LvPcmS5szKfPMslWxcsBlYs9JGczR9MyJ049wEhKuMENS9mwrVm6KhKKYkazkJJLECI/QgPQ05Sgk0k3zMzN4opU+DCKhH1cwV39PpCiUchz6ujNEaigXvan4n9dLVHDuppTHiSIczxYFCYMqgtPMYJ8KghUba4KwoPqvEA+RzkLpZEs6BHvx5GXSrlbsWuXirlZuXM7jKIIjcAxOgQ3OQAPcgiZoAQyewAuYgDfj2Xg13o2PWWvBmM8cgj8wvr4BIIymPA==</latexit>
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<latexit sha1_base64="HEjPpY5KVkhOYBmkhfZQN/esybw="></latexit>
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<latexit sha1_base64="LmpVBrTwnH2ShsIZ1SLoQkatdlk="></latexit>



Maximum energy of protons and electrons accelerated at shocks - 4
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= ⌧acc = ⌧syn =
E

Psyn

<latexit sha1_base64="IV5f7nKq+X+Lo+n+FuxwPEhJ5Ss=">AAACJnicbVDLSsNAFJ3UV62vqEs3g0VwVZJSUBeF4gNcVrAPaGKYTCft0MkkzEyEEvI1bvwVNy4qIu78FKdpQW09MHDuOfdy5x4/ZlQqy/o0Ciura+sbxc3S1vbO7p65f9CWUSIwaeGIRaLrI0kY5aSlqGKkGwuCQp+Rjj+6mvqdRyIkjfi9GsfEDdGA04BipLTkmXUnEAin11maePKhmsE6dBRKvBRh/FPIMc+LvPcmS5szKfPMslWxcsBlYs9JGczR9MyJ049wEhKuMENS9mwrVm6KhKKYkazkJJLECI/QgPQ05Sgk0k3zMzN4opU+DCKhH1cwV39PpCiUchz6ujNEaigXvan4n9dLVHDuppTHiSIczxYFCYMqgtPMYJ8KghUba4KwoPqvEA+RzkLpZEs6BHvx5GXSrlbsWuXirlZuXM7jKIIjcAxOgQ3OQAPcgiZoAQyewAuYgDfj2Xg13o2PWWvBmM8cgj8wvr4BIIymPA==</latexit>
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<latexit sha1_base64="+9A0THYV1R3yY++Er+7caSXXL5Y=">AAACEXicbZC7TsMwFIadcivlFmBksaiQOlVJVQnYqrIwFolepKZEjuu0Vm0n2A5SFeUVWHgVFgYQYmVj421w2wzQ8kuWPv3nHB2fP4gZVdpxvq3C2vrG5lZxu7Szu7d/YB8edVSUSEzaOGKR7AVIEUYFaWuqGenFkiAeMNINJlezeveBSEUjcaunMRlwNBI0pBhpY/l2xROJr6CnKIdN6I0Q5+iuBr1QIpzeZ6nBmEKOM98uO1VnLrgKbg5lkKvl21/eMMIJJ0JjhpTqu06sBymSmmJGspKXKBIjPEEj0jcoECdqkM4vyuCZcYYwjKR5QsO5+3siRVypKQ9MJ0d6rJZrM/O/Wj/R4cUgpSJONBF4sShMGNQRnMUDh1QSrNnUAMKSmr9CPEYmDG1CLJkQ3OWTV6FTq7r16uVNvdxo5nEUwQk4BRXggnPQANegBdoAg0fwDF7Bm/VkvVjv1seitWDlM8fgj6zPH/NJnH4=</latexit>

�! 9q2

�Tmc3
u2
s

<latexit sha1_base64="4QYo9rkOCBo9vX8B1xYZ06Z4LcE=">AAACG3icbVDLSsNAFJ34tr6iLt0MFsFVSWJB3YluXCpYLTRtmEwn6dB5xJmJUkL/w42/4saFIq4EF/6N05qFth64cDjnXu69J84Y1cbzvpyZ2bn5hcWl5crK6tr6hru5da1lrjBpYMmkasZIE0YFaRhqGGlmiiAeM3IT989G/s0dUZpKcWUGGWlzlAqaUIyMlSI3CJkUqaJpzyCl5D2EYaIQLo7hbScYFqGmKUfRFeS4czCEeaQ7QeRWvZo3BpwmfkmqoMRF5H6EXYlzToTBDGnd8r3MtAukDMWMDCthrkmGcB+lpGWpQJzodjH+bQj3rNKFiVS2hIFj9fdEgbjWAx7bTo5MT096I/E/r5Wb5KhdUJHlhgj8syjJGTQSjoKCXaoINmxgCcKK2lsh7iGbjbFxVmwI/uTL0+Q6qPn12vFlvXpyWsaxBHbALtgHPjgEJ+AcXIAGwOABPIEX8Oo8Os/Om/P+0zrjlDPb4A+cz2+O8qEa</latexit>

B disappeared!

! ✏s = h⌫s =
9hq2

�Tmc3
u2
s ⇠ 47 keV

<latexit sha1_base64="CcU7NqQQJxWqbKcWkFs4nbZ/aEk="></latexit>



Maximum energy of protons and electrons accelerated at shocks - 4

D

u2
s

= ⌧acc = ⌧syn =
E

Psyn

<latexit sha1_base64="IV5f7nKq+X+Lo+n+FuxwPEhJ5Ss=">AAACJnicbVDLSsNAFJ3UV62vqEs3g0VwVZJSUBeF4gNcVrAPaGKYTCft0MkkzEyEEvI1bvwVNy4qIu78FKdpQW09MHDuOfdy5x4/ZlQqy/o0Ciura+sbxc3S1vbO7p65f9CWUSIwaeGIRaLrI0kY5aSlqGKkGwuCQp+Rjj+6mvqdRyIkjfi9GsfEDdGA04BipLTkmXUnEAin11maePKhmsE6dBRKvBRh/FPIMc+LvPcmS5szKfPMslWxcsBlYs9JGczR9MyJ049wEhKuMENS9mwrVm6KhKKYkazkJJLECI/QgPQ05Sgk0k3zMzN4opU+DCKhH1cwV39PpCiUchz6ujNEaigXvan4n9dLVHDuppTHiSIczxYFCYMqgtPMYJ8KghUba4KwoPqvEA+RzkLpZEs6BHvx5GXSrlbsWuXirlZuXM7jKIIjcAxOgQ3OQAPcgiZoAQyewAuYgDfj2Xg13o2PWWvBmM8cgj8wvr4BIIymPA==</latexit>

E

Psyn
=

E
4
3�T c�2B2

8⇡

=
6⇡E

�T c�2B2

<latexit sha1_base64="HEjPpY5KVkhOYBmkhfZQN/esybw="></latexit>

D

u2
s

=
1

3

RLc

u2
s

=
1

3

pc

qB

c

u2
s

=
1

3

E

qB

c

u2
s

<latexit sha1_base64="LmpVBrTwnH2ShsIZ1SLoQkatdlk="></latexit>

Equate

X

X
X

X

B�2 =
18⇡q

�T c2
u2
s

<latexit sha1_base64="XgDxw2JNEMEeMmPJN2/18TeoE/M=">AAACGXicbVDLSgNBEJz1GeMr6tHLYBA8hd0QMB6EEC8eI+QF2WTpncwmQ2Z215lZISz5DS/+ihcPinjUk3/j5HHQxIKGoqqb7i4/5kxp2/621tY3Nre2MzvZ3b39g8Pc0XFTRYkktEEiHsm2D4pyFtKGZprTdiwpCJ/Tlj+6mfqtByoVi8K6Hse0K2AQsoAR0EbycnYVuwMQAnpFfI3dQAJJnTJ2Y4bvJ6mr2ECAV8ekV5zgxFO9opfL2wV7BrxKnAXJowVqXu7T7UckETTUhINSHceOdTcFqRnhdJJ1E0VjICMY0I6hIQiquunsswk+N0ofB5E0FWo8U39PpCCUGgvfdArQQ7XsTcX/vE6ig3I3ZWGcaBqS+aIg4VhHeBoT7jNJieZjQ4BIZm7FZAgmHW3CzJoQnOWXV0mzWHBKhau7Ur5SXcSRQafoDF0gB12iCrpFNdRABD2iZ/SK3qwn68V6tz7mrWvWYuYE/YH19QN68p7G</latexit>

⌫s ⇠ B�2 q

2⇡mc

<latexit sha1_base64="+9A0THYV1R3yY++Er+7caSXXL5Y=">AAACEXicbZC7TsMwFIadcivlFmBksaiQOlVJVQnYqrIwFolepKZEjuu0Vm0n2A5SFeUVWHgVFgYQYmVj421w2wzQ8kuWPv3nHB2fP4gZVdpxvq3C2vrG5lZxu7Szu7d/YB8edVSUSEzaOGKR7AVIEUYFaWuqGenFkiAeMNINJlezeveBSEUjcaunMRlwNBI0pBhpY/l2xROJr6CnKIdN6I0Q5+iuBr1QIpzeZ6nBmEKOM98uO1VnLrgKbg5lkKvl21/eMMIJJ0JjhpTqu06sBymSmmJGspKXKBIjPEEj0jcoECdqkM4vyuCZcYYwjKR5QsO5+3siRVypKQ9MJ0d6rJZrM/O/Wj/R4cUgpSJONBF4sShMGNQRnMUDh1QSrNnUAMKSmr9CPEYmDG1CLJkQ3OWTV6FTq7r16uVNvdxo5nEUwQk4BRXggnPQANegBdoAg0fwDF7Bm/VkvVjv1seitWDlM8fgj6zPH/NJnH4=</latexit>

�! 9q2

�Tmc3
u2
s

<latexit sha1_base64="4QYo9rkOCBo9vX8B1xYZ06Z4LcE=">AAACG3icbVDLSsNAFJ34tr6iLt0MFsFVSWJB3YluXCpYLTRtmEwn6dB5xJmJUkL/w42/4saFIq4EF/6N05qFth64cDjnXu69J84Y1cbzvpyZ2bn5hcWl5crK6tr6hru5da1lrjBpYMmkasZIE0YFaRhqGGlmiiAeM3IT989G/s0dUZpKcWUGGWlzlAqaUIyMlSI3CJkUqaJpzyCl5D2EYaIQLo7hbScYFqGmKUfRFeS4czCEeaQ7QeRWvZo3BpwmfkmqoMRF5H6EXYlzToTBDGnd8r3MtAukDMWMDCthrkmGcB+lpGWpQJzodjH+bQj3rNKFiVS2hIFj9fdEgbjWAx7bTo5MT096I/E/r5Wb5KhdUJHlhgj8syjJGTQSjoKCXaoINmxgCcKK2lsh7iGbjbFxVmwI/uTL0+Q6qPn12vFlvXpyWsaxBHbALtgHPjgEJ+AcXIAGwOABPIEX8Oo8Os/Om/P+0zrjlDPb4A+cz2+O8qEa</latexit>

B disappeared!

! ✏s = h⌫s =
9hq2

�Tmc3
u2
s ⇠ 47 keV

<latexit sha1_base64="CcU7NqQQJxWqbKcWkFs4nbZ/aEk="></latexit>



Exercise #3 — Solution



SN1987A in gamma rays — 1

Q�(E�)E
2
� =

⌘⇡
3
Qp(Ep)E

2
p

⌘⇡ = 1� exp

✓
�⌧res

⌧pp

◆

<latexit sha1_base64="B/RDZbJxdLJzVJj4nnaCE3LfqbU="></latexit>



SN1987A in gamma rays — 1

Q�(E�)E
2
� =

⌘⇡
3
Qp(Ep)E

2
p

⌘⇡ = 1� exp

✓
�⌧res

⌧pp

◆

<latexit sha1_base64="B/RDZbJxdLJzVJj4nnaCE3LfqbU="></latexit>

�! ⌘⇡ ⇠ ⌧res
⌧pp

<latexit sha1_base64="K7dyrTd64e8MHk4nJ0lIF9WHWsc="></latexit>



SN1987A in gamma rays — 1

Q�(E�)E
2
� =

⌘⇡
3
Qp(Ep)E

2
p

⌘⇡ = 1� exp

✓
�⌧res

⌧pp

◆

<latexit sha1_base64="B/RDZbJxdLJzVJj4nnaCE3LfqbU="></latexit>

�! ⌘⇡ ⇠ ⌧res
⌧pp

<latexit sha1_base64="K7dyrTd64e8MHk4nJ0lIF9WHWsc="></latexit>

Q�(E�)E
2
� =

⌧res
3⌧pp

Qp(Ep)E
2
p�!

<latexit sha1_base64="Z6PX/77UIWXK8jQ13BU5Dx17rhE=">AAAB+nicbVBNS8NAEJ3Ur1q/Uj16WSyCp5KIoN6KXjxWsB/QhrLZbtKlm92wu7GU2J/ixYMiXv0l3vw3Jm0O2vpg4PHeDDPz/JgzbRzn2yqtrW9sbpW3Kzu7e/sHdvWwrWWiCG0RyaXq+lhTzgRtGWY47caK4sjntOOPb3O/80iVZlI8mGlMvQiHggWMYJNJA7va51KEioUjg5WSE1QZ2DWn7syBVolbkBoUaA7sr/5QkiSiwhCOte65Tmy8FCvDCKezSj/RNMZkjEPay6jAEdVeOj99hk4zZYgCqbISBs3V3xMpjrSeRn7WGWEz0steLv7n9RITXHkpE3FiqCCLRUHCkZEozwENmaLE8GlGMFEsuxWREVaYmCytPAR3+eVV0j6vuxf16/uLWuOmiKMMx3ACZ+DCJTTgDprQAgITeIZXeLOerBfr3fpYtJasYuYI/sD6/AEM2ZPg</latexit>



SN1987A in gamma rays — 1

Q�(E�)E
2
� =

⌘⇡
3
Qp(Ep)E

2
p

⌘⇡ = 1� exp

✓
�⌧res

⌧pp

◆

<latexit sha1_base64="B/RDZbJxdLJzVJj4nnaCE3LfqbU="></latexit>

�! ⌘⇡ ⇠ ⌧res
⌧pp

<latexit sha1_base64="K7dyrTd64e8MHk4nJ0lIF9WHWsc="></latexit>

Q�(E�)E
2
� =

⌧res
3⌧pp

Qp(Ep)E
2
p�!

<latexit sha1_base64="Z6PX/77UIWXK8jQ13BU5Dx17rhE=">AAAB+nicbVBNS8NAEJ3Ur1q/Uj16WSyCp5KIoN6KXjxWsB/QhrLZbtKlm92wu7GU2J/ixYMiXv0l3vw3Jm0O2vpg4PHeDDPz/JgzbRzn2yqtrW9sbpW3Kzu7e/sHdvWwrWWiCG0RyaXq+lhTzgRtGWY47caK4sjntOOPb3O/80iVZlI8mGlMvQiHggWMYJNJA7va51KEioUjg5WSE1QZ2DWn7syBVolbkBoUaA7sr/5QkiSiwhCOte65Tmy8FCvDCKezSj/RNMZkjEPay6jAEdVeOj99hk4zZYgCqbISBs3V3xMpjrSeRn7WGWEz0steLv7n9RITXHkpE3FiqCCLRUHCkZEozwENmaLE8GlGMFEsuxWREVaYmCytPAR3+eVV0j6vuxf16/uLWuOmiKMMx3ACZ+DCJTTgDprQAgITeIZXeLOerBfr3fpYtJasYuYI/sD6/AEM2ZPg</latexit>

Np(Ep) —> # of CR of energy Ep in the SNR



SN1987A in gamma rays — 1

Q�(E�)E
2
� =

⌘⇡
3
Qp(Ep)E

2
p

⌘⇡ = 1� exp

✓
�⌧res

⌧pp

◆

<latexit sha1_base64="B/RDZbJxdLJzVJj4nnaCE3LfqbU="></latexit>

�! ⌘⇡ ⇠ ⌧res
⌧pp

<latexit sha1_base64="K7dyrTd64e8MHk4nJ0lIF9WHWsc="></latexit>

Q�(E�)E
2
� =

⌧res
3⌧pp

Qp(Ep)E
2
p�!

<latexit sha1_base64="Z6PX/77UIWXK8jQ13BU5Dx17rhE=">AAAB+nicbVBNS8NAEJ3Ur1q/Uj16WSyCp5KIoN6KXjxWsB/QhrLZbtKlm92wu7GU2J/ixYMiXv0l3vw3Jm0O2vpg4PHeDDPz/JgzbRzn2yqtrW9sbpW3Kzu7e/sHdvWwrWWiCG0RyaXq+lhTzgRtGWY47caK4sjntOOPb3O/80iVZlI8mGlMvQiHggWMYJNJA7va51KEioUjg5WSE1QZ2DWn7syBVolbkBoUaA7sr/5QkiSiwhCOte65Tmy8FCvDCKezSj/RNMZkjEPay6jAEdVeOj99hk4zZYgCqbISBs3V3xMpjrSeRn7WGWEz0steLv7n9RITXHkpE3FiqCCLRUHCkZEozwENmaLE8GlGMFEsuxWREVaYmCytPAR3+eVV0j6vuxf16/uLWuOmiKMMx3ACZ+DCJTTgDprQAgITeIZXeLOerBfr3fpYtJasYuYI/sD6/AEM2ZPg</latexit>

Q�(E�)E
2
� =

Np(Ep)

3⌧pp
E2

p

Np(Ep) —> # of CR of energy Ep in the SNR



SN1987A in gamma rays — 1

Q�(E�)E
2
� =

⌘⇡
3
Qp(Ep)E

2
p

⌘⇡ = 1� exp

✓
�⌧res

⌧pp

◆

<latexit sha1_base64="B/RDZbJxdLJzVJj4nnaCE3LfqbU="></latexit>

�! ⌘⇡ ⇠ ⌧res
⌧pp

<latexit sha1_base64="K7dyrTd64e8MHk4nJ0lIF9WHWsc="></latexit>

Q�(E�)E
2
� =

⌧res
3⌧pp

Qp(Ep)E
2
p�!

<latexit sha1_base64="Z6PX/77UIWXK8jQ13BU5Dx17rhE=">AAAB+nicbVBNS8NAEJ3Ur1q/Uj16WSyCp5KIoN6KXjxWsB/QhrLZbtKlm92wu7GU2J/ixYMiXv0l3vw3Jm0O2vpg4PHeDDPz/JgzbRzn2yqtrW9sbpW3Kzu7e/sHdvWwrWWiCG0RyaXq+lhTzgRtGWY47caK4sjntOOPb3O/80iVZlI8mGlMvQiHggWMYJNJA7va51KEioUjg5WSE1QZ2DWn7syBVolbkBoUaA7sr/5QkiSiwhCOte65Tmy8FCvDCKezSj/RNMZkjEPay6jAEdVeOj99hk4zZYgCqbISBs3V3xMpjrSeRn7WGWEz0steLv7n9RITXHkpE3FiqCCLRUHCkZEozwENmaLE8GlGMFEsuxWREVaYmCytPAR3+eVV0j6vuxf16/uLWuOmiKMMx3ACZ+DCJTTgDprQAgITeIZXeLOerBfr3fpYtJasYuYI/sD6/AEM2ZPg</latexit>

Q�(E�)E
2
� =

Np(Ep)

3⌧pp
E2

p

Np(Ep) —> # of CR of energy Ep in the SNR

E� ⇠ Ep

10

<latexit sha1_base64="J5ZZiWr1F6xtSOT05KKZj93oHe0=">AAACB3icbVDLSsNAFJ3UV62vqEtBBovgqiRSUHdFKbisYB/QhDCZTtqhM5MwMxFKyM6Nv+LGhSJu/QV3/o3TNgttPXDhcM693HtPmDCqtON8W6WV1bX1jfJmZWt7Z3fP3j/oqDiVmLRxzGLZC5EijArS1lQz0kskQTxkpBuOb6Z+94FIRWNxrycJ8TkaChpRjLSRAvu4GWTeEHGOcugpyqEXSYSzZpDkmevkgV11as4McJm4BamCAq3A/vIGMU45ERozpFTfdRLtZ0hqihnJK16qSILwGA1J31CBOFF+Nvsjh6dGGcAolqaEhjP190SGuFITHppOjvRILXpT8T+vn+ro0s+oSFJNBJ4vilIGdQynocABlQRrNjEEYUnNrRCPkAlCm+gqJgR38eVl0jmvufXa1V292rgu4iiDI3ACzoALLkAD3IIWaAMMHsEzeAVv1pP1Yr1bH/PWklXMHII/sD5/AIv1mSA=</latexit>

�!

<latexit sha1_base64="Z6PX/77UIWXK8jQ13BU5Dx17rhE=">AAAB+nicbVBNS8NAEJ3Ur1q/Uj16WSyCp5KIoN6KXjxWsB/QhrLZbtKlm92wu7GU2J/ixYMiXv0l3vw3Jm0O2vpg4PHeDDPz/JgzbRzn2yqtrW9sbpW3Kzu7e/sHdvWwrWWiCG0RyaXq+lhTzgRtGWY47caK4sjntOOPb3O/80iVZlI8mGlMvQiHggWMYJNJA7va51KEioUjg5WSE1QZ2DWn7syBVolbkBoUaA7sr/5QkiSiwhCOte65Tmy8FCvDCKezSj/RNMZkjEPay6jAEdVeOj99hk4zZYgCqbISBs3V3xMpjrSeRn7WGWEz0steLv7n9RITXHkpE3FiqCCLRUHCkZEozwENmaLE8GlGMFEsuxWREVaYmCytPAR3+eVV0j6vuxf16/uLWuOmiKMMx3ACZ+DCJTTgDprQAgITeIZXeLOerBfr3fpYtJasYuYI/sD6/AEM2ZPg</latexit>

Q� =
100

3

Np(Ep)

⌧pp

<latexit sha1_base64="QvyylPLHdfShBGsinORghztCnZY=">AAACH3icbVDLSgMxFM34rPVVdekmWATdlBkVHwtBFMGVKFgVOmW4k2ZqaDITkoxQwvyJG3/FjQtFxF3/xrTOwteBCyfn3EvuPbHkTBvfH3hj4xOTU9OVmers3PzCYm1p+VpnuSK0STKeqdsYNOUspU3DDKe3UlEQMac3ce9k6N/cU6VZll6ZvqRtAd2UJYyAcVJU272MbNgFIaDAhzhMFBAb+H5ht4vydR7JjdNIbhY2NJBHVsqiqEa1ut/wR8B/SVCSOipxEdU+wk5GckFTQzho3Qp8adoWlGGE06Ia5ppKID3o0pajKQiq23Z0X4HXndLBSaZcpQaP1O8TFoTWfRG7TgHmTv/2huJ/Xis3yX7bslTmhqbk66Mk59hkeBgW7jBFieF9R4Ao5nbF5A5cKsZFOgwh+H3yX3K91Qh2GgeXO/Wj4zKOClpFa2gDBWgPHaEzdIGaiKAH9IRe0Kv36D17b977V+uYV86soB/wBp8f/6J0</latexit>



Normalization

WCR = ⌘WSN =

Z

1 GeV
dEpEpNp(Ep) = ... �! N⇤ =

0.4

101.2
⌘WSN

E2
⇤

<latexit sha1_base64="YCyRkETLvVl3Telc6Puc+wi7v/w="></latexit>

Np(Ep) = N⇤

✓
Ep

E⇤

◆�2.4

<latexit sha1_base64="nn0+ysx83DBBotgQ2perYIgS5PA="></latexit>



Normalization

Gamma ray luminosity

�(> 1 TeV) =

Z

1 TeV
dE�Q�(E�) = ... = 3.2⇥ 1032

⇣ ⌘

0.1

⌘⇣ ngas

cm�3

⌘
s�1

<latexit sha1_base64="/oLarYk/ilAC87YJj+TDDbKRmGI="></latexit>

WCR = ⌘WSN =

Z

1 GeV
dEpEpNp(Ep) = ... �! N⇤ =

0.4

101.2
⌘WSN

E2
⇤

<latexit sha1_base64="YCyRkETLvVl3Telc6Puc+wi7v/w="></latexit>

Np(Ep) = N⇤

✓
Ep

E⇤

◆�2.4

<latexit sha1_base64="nn0+ysx83DBBotgQ2perYIgS5PA="></latexit>



Normalization

Gamma ray luminosity

�(> 1 TeV) =

Z

1 TeV
dE�Q�(E�) = ... = 3.2⇥ 1032

⇣ ⌘

0.1

⌘⇣ ngas

cm�3

⌘
s�1

<latexit sha1_base64="/oLarYk/ilAC87YJj+TDDbKRmGI="></latexit>

WCR = ⌘WSN =

Z

1 GeV
dEpEpNp(Ep) = ... �! N⇤ =

0.4

101.2
⌘WSN

E2
⇤

<latexit sha1_base64="YCyRkETLvVl3Telc6Puc+wi7v/w="></latexit>

Np(Ep) = N⇤

✓
Ep

E⇤

◆�2.4

<latexit sha1_base64="nn0+ysx83DBBotgQ2perYIgS5PA="></latexit>

� =
�

4⇡d2
⇠ 10�15

⇣ ⌘

0.1

⌘⇣ ngas

cm�3

⌘
cm�2s�1

<latexit sha1_base64="+OiRLrfFm5hGf64jiyOdaBTIHD8="></latexit>

Flux



Is it detectable?

� > �min !
⇣ ⌘

0.1

⌘⇣ ngas

cm�3

⌘
> 10

<latexit sha1_base64="HYIZhUzRyOFukGgr52vRVr0xZ6g="></latexit>

Only for densities significantly larger than the typical one in the interstellar medium 
(the efficiency η must be of course smaller than 1)


