
Exercise #2 — Solution

NPAC course on  
Astroparticles



120 m

A1
eff = ⇡(120 m)2 ⇠ 4.5⇥ 104m2

<latexit sha1_base64="OHptI0/EFHTBhGlNM6ecR8naBFs="></latexit>

Effective area for a single telescope

Total effective area 

Aeff < 4⇥A1
eff ⇠ 1.8⇥ 105m2

<latexit sha1_base64="UpfPeMB1MJuXA0br/8AK35MQ9U8=">AAACInicbVDLSsNAFJ3UV62vqEs3g0VwVZJSsQUXVTcuK9gHNGmYTCft0JkkzEyEEvotbvwVNy4UdSX4MU7bCNp64MLhnHu59x4/ZlQqy/o0ciura+sb+c3C1vbO7p65f9CSUSIwaeKIRaLjI0kYDUlTUcVIJxYEcZ+Rtj+6nvrteyIkjcI7NY6Jy9EgpAHFSGnJM2uXXkqCYAIvYAU6inIiYSb1bOhIyqFdqv44ttU7g47gkPfKnlm0StYMcJnYGSmCDA3PfHf6EU44CRVmSMqubcXKTZFQFDMyKTiJJDHCIzQgXU1DpDe66ezFCTzRSh8GkdAVKjhTf0+kiEs55r7u5EgN5aI3Ff/zuokKqm5KwzhRJMTzRUHCoIrgNC/Yp4JgxcaaICyovhXiIRIIK51qQYdgL768TFrlkl0p1W4rxfpVFkceHIFjcApscA7q4AY0QBNg8ACewAt4NR6NZ+PN+Ji35oxs5hD8gfH1DXWyoSY=</latexit>

0.45⇥ 105m2 ⇠ A1
e↵ <

<latexit sha1_base64="14/679BZAAYc996+tx6FrqANJ24=">AAACEnicbZDLSsNAFIYn9VbrLerSzWARdBOSUlHBRdWNywr2Ak0aJtNJO3QmCTMToYQ+gxtfxY0LRdy6cufbOG2z0NYfBj7+cw5zzh8kjEpl299GYWl5ZXWtuF7a2Nza3jF395oyTgUmDRyzWLQDJAmjEWkoqhhpJ4IgHjDSCoY3k3rrgQhJ4+hejRLicdSPaEgxUtryzRPbqp5CV1FOJHTsrmbBIe9WoCsph1d+RsJw3HXgpW+WbcueCi6Ck0MZ5Kr75pfbi3HKSaQwQ1J2HDtRXoaEopiRcclNJUkQHqI+6WiMkF7By6YnjeGRdnowjIV+kYJT9/dEhriUIx7oTo7UQM7XJuZ/tU6qwnMvo1GSKhLh2UdhyqCK4SQf2KOCYMVGGhAWVO8K8QAJhJVOsaRDcOZPXoRmxXKq1sVdtVy7zuMoggNwCI6BA85ADdyCOmgADB7BM3gFb8aT8WK8Gx+z1oKRz+yDPzI+fwBr75rb</latexit>

Aeff ⇡ 105m2

<latexit sha1_base64="AMZ/PYRUtRyYaIX18W3Ezzz3U/I=">AAACBXicbVC7TsMwFHXKq5RXgBEGiwqJqUqqImArsDAWiT6kJo0c12mt2ollO4gq6sLCr7AwgBAr/8DG3+A+Bmg50pWOzrlX994TCkaVdpxvK7e0vLK6ll8vbGxube/Yu3sNlaQSkzpOWCJbIVKE0ZjUNdWMtIQkiIeMNMPB9dhv3hOpaBLf6aEgPke9mEYUI22kwD68DDISRSPoISFk8gBdp3MKPckh75QDu+iUnAngInFnpAhmqAX2l9dNcMpJrDFDSrVdR2g/Q1JTzMio4KWKCIQHqEfahsaIE+Vnky9G8NgoXRgl0lSs4UT9PZEhrtSQh6aTI91X895Y/M9rpzo69zMai1STGE8XRSmDOoHjSGCXSoI1GxqCsKTmVoj7SCKsTXAFE4I7//IiaZRLbqV0cVspVq9mceTBATgCJ8AFZ6AKbkAN1AEGj+AZvII368l6sd6tj2lrzprN7IM/sD5/AGIslzo=</latexit>

Effective area



Flux of the Crab Nebula
��(> 1 TeV) ⇠ 2⇥ 10

�11
photons cm

�2
s

�1

<latexit sha1_base64="TEUlCXU42nBqsKqIyj4GKSdepas="></latexit>

Photon detection rate Rs = ��(> 1 TeV)Aeff = 2⇥ 10�2s�1

<latexit sha1_base64="1YPqYJQHlNIJL5gldN4QNmTnohQ="></latexit>

Flux sensitivity

jCR(E) = A

✓
E

E0

◆�2.7

= 1.3

✓
E

E0

◆�2.7

GeV�1cm�2s�1sr�1

<latexit sha1_base64="AWqaikPhxKEQ3/2HrugiczrJqVk="></latexit>

Cosmic ray intensity

�B(> TeV) =

Z

TeV
dE jCR(E)

<latexit sha1_base64="Atr1TTQAv9UMAAzOFozrV+tXqN4=">AAACIXicbVDLSgMxFM3UV62vqks3wSK0mzIjBetCKS0Fl1X6gk4ZMmnaxmYyQ5IRyjB+iht/xY0LRboTf8b0gWjrgQuHc+7l3nvcgFGpTPPTSKytb2xuJbdTO7t7+wfpw6Om9EOBSQP7zBdtF0nCKCcNRRUj7UAQ5LmMtNxRZeq3HoiQ1Od1NQ5I10MDTvsUI6UlJ120gyF1ytlrGNnCg3XSjHPwCtqUK+dHmXu9uAof752ochdnqzknnTHz5gxwlVgLkgEL1Jz0xO75OPQIV5ghKTuWGahuhISimJE4ZYeSBAiP0IB0NOXII7IbzT6M4ZlWerDvC11cwZn6eyJCnpRjz9WdHlJDuexNxf+8Tqj6xW5EeRAqwvF8UT9kUPlwGhfsUUGwYmNNEBZU3wrxEAmElQ41pUOwll9eJc3zvFXIX94WMqXyIo4kOAGnIAsscAFK4AbUQANg8ARewBt4N56NV+PDmMxbE8Zi5hj8gfH1DUQ4ocE=</latexit>

Background rate

= A

Z

TeV
dE

✓
E

E0

◆�2.7

= AE0

Z

1000
dx x

�2.7

<latexit sha1_base64="VbmuotMzXGAfTF8jvY82ALEHV64="></latexit>

=
AE0

1.7
(1000)�1.7 ⇠ 6.1⇥ 10�6cm�2s�1sr�1

<latexit sha1_base64="Z8F7bLV40HT27i9xjfJkXLlqk9A="></latexit>

about a photon per minute1/Rs = 50s

<latexit sha1_base64="CxJMiQT5hISBa0BUeq1reNQw9PU=">AAAB+XicbVDLSsNAFJ34rPUVdelmaBEEoSaiqAuh6MZlFfuAJoTJdNIOnZmEmUkhhP6FSzcuFHHrn7jr3zh9LLT1wIXDOfdy7z1hwqjSjjOylpZXVtfWCxvFza3tnV17b7+h4lRiUscxi2UrRIowKkhdU81IK5EE8ZCRZti/G/vNAZGKxuJJZwnxOeoKGlGMtJEC23ZPHwMFb+CFAz3JoQrsslNxJoCLxJ2RcrXknTyPqlktsL+9ToxTToTGDCnVdp1E+zmSmmJGhkUvVSRBuI+6pG2oQJwoP59cPoRHRunAKJamhIYT9fdEjrhSGQ9NJ0e6p+a9sfif1051dOXnVCSpJgJPF0UpgzqG4xhgh0qCNcsMQVhScyvEPSQR1iasognBnX95kTTOKu555frBpHELpiiAQ1ACx8AFl6AK7kEN1AEGA/AC3sC7lVuv1of1OW1dsmYzB+APrK8fnxOUtg==</latexit>

RB = �BAeff = �B⇡

✓
#PSF

2

◆2

Aeff = 1.5⇥ 10�2s�1

<latexit sha1_base64="PdQ9lWopR15Rure/039ohijvB5w="></latexit>

Angular resolution (point spread function)



How long it takes to detect the Crab?

#PSF

<latexit sha1_base64="QT6npKy6qRl7ys3E3WJ4bpx0pCU=">AAAB+HicbVDLSsNAFJ3UV62PRl26GSyCq5JIQd0VBXFZ0T6gDWEynbRDJ5Mwc1OooV/ixoUibv0Ud/6N0zYLbT1w4XDOvTP3niARXIPjfFuFtfWNza3idmlnd2+/bB8ctnScKsqaNBax6gREM8ElawIHwTqJYiQKBGsHo5uZ3x4zpXksH2GSMC8iA8lDTgkYybfLvTFRMGRA/KzxcDv17YpTdebAq8TNSQXlaPj2V68f0zRiEqggWnddJwEvM49yKti01Es1SwgdkQHrGipJxLSXzRef4lOj9HEYK1MS8Fz9PZGRSOtJFJjOiMBQL3sz8T+vm0J46WVcJikwSRcfhanAEONZCrjPFaMgJoYQqrjZFdMhUYSCyapkQnCXT14lrfOqW6te3dcq9es8jiI6RifoDLnoAtXRHWqgJqIoRc/oFb1ZT9aL9W59LFoLVj5zhP7A+vwB7RKTSA==</latexit>

Crab

NON

<latexit sha1_base64="T8dMwUYpQu9sgBx1YHedmSjcV3k=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU9mVQvVW9OKpVrAf0C4lm2bb2GyyJFmhLP0PXjwo4tX/481/Y9ruQVsfDDzem2FmXhBzpo3rfju5tfWNza38dmFnd2//oHh41NIyUYQ2ieRSdQKsKWeCNg0znHZiRXEUcNoOxjczv/1ElWZSPJhJTP0IDwULGcHGSq16P72rT/vFklt250CrxMtICTI0+sWv3kCSJKLCEI617npubPwUK8MIp9NCL9E0xmSMh7RrqcAR1X46v3aKzqwyQKFUtoRBc/X3RIojrSdRYDsjbEZ62ZuJ/3ndxISXfspEnBgqyGJRmHBkJJq9jgZMUWL4xBJMFLO3IjLCChNjAyrYELzll1dJ66LsVcpX95VS7TqLIw8ncArn4EEVanALDWgCgUd4hld4c6Tz4rw7H4vWnJPNHMMfOJ8/XmSPBA==</latexit>

We extract the background 
from a region within the 

telescope field of view. For 
simplicity let’s consider the 2 
regions to be identical. We 

observed the Crab for a time T.

NOFF

<latexit sha1_base64="zX6L4mOZJjoIv9YgUaO24Ep262A=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoN6CQvCkEcwDkhBmJ7PJkNnZZaZXCEs+wosHRbz6Pd78GyfJHjSxoKGo6qa7y4+lMOi6305uZXVtfSO/Wdja3tndK+4fNEyUaMbrLJKRbvnUcCkUr6NAyVux5jT0JW/6o5up33zi2ohIPeI45t2QDpQIBKNopeZdL72vVie9YsktuzOQZeJlpAQZar3iV6cfsSTkCpmkxrQ9N8ZuSjUKJvmk0EkMjykb0QFvW6poyE03nZ07ISdW6ZMg0rYUkpn6eyKloTHj0LedIcWhWfSm4n9eO8HgspsKFSfIFZsvChJJMCLT30lfaM5Qji2hTAt7K2FDqilDm1DBhuAtvrxMGmdl77x89XBeqlxnceThCI7hFDy4gArcQg3qwGAEz/AKb07svDjvzse8NedkM4fwB87nD+NFj0w=</latexit>

Signal —> 

Background —>

S = Rs ⇥ T

<latexit sha1_base64="ZPNtIq7/dKpB7nVmzFaIkxi1s80=">AAAB+XicbVDLSgNBEJz1GeNrVfDiZTAInsKuCOpBCPHiMdG8IFmW2ckkGTI7u8z0BsKSP/HiQRHBk7/gF3jz4rc4eRw0saChqOqmuyuIBdfgOF/W0vLK6tp6ZiO7ubW9s2vv7dd0lCjKqjQSkWoERDPBJasCB8EasWIkDASrB/2bsV8fMKV5JCswjJkXkq7kHU4JGMm37Xt8je98jVvAQ6ZxxbdzTt6ZAC8Sd0ZyhcPyN38rfpR8+7PVjmgSMglUEK2brhODlxIFnAo2yrYSzWJC+6TLmoZKYtZ46eTyET4xSht3ImVKAp6ovydSEmo9DAPTGRLo6XlvLP7nNRPoXHopl3ECTNLpok4iMER4HANuc8UoiKEhhCpubsW0RxShYMLKmhDc+ZcXSe0s757nr8omjSKaIoOO0DE6RS66QAV0i0qoiigaoAf0hJ6t1Hq0XqzXaeuSNZs5QH9gvf8AdUCV+g==</latexit>

B = RB ⇥ T

<latexit sha1_base64="kIalHZNXg1/QjANWI2R/sCoDQpc=">AAAB+XicbVDJSgNBEK2JW4zbqODFS2MQPIUZEdSDEMaLx0SyQTIMPZ2epEnPQndPIAz5Ey8eFBE8+Qt+gTcvfoud5aCJDwoe71VRVc9POJPKsr6M3Mrq2vpGfrOwtb2zu2fuHzRknApC6yTmsWj5WFLOIlpXTHHaSgTFoc9p0x/cTvzmkArJ4qimRgl1Q9yLWMAIVlryTNNBN+jec1BHsZBKVPPMolWypkDLxJ6TYvmo+s3enI+KZ352ujFJQxopwrGUbdtKlJthoRjhdFzopJImmAxwj7Y1jbBe42bTy8foVCtdFMRCV6TQVP09keFQylHo684Qq75c9Cbif147VcGVm7EoSRWNyGxRkHKkYjSJAXWZoETxkSaYCKZvRaSPBSZKh1XQIdiLLy+TxnnJvihdV3UaDsyQh2M4gTOw4RLKcAcVqAOBITzAEzwbmfFovBivs9acMZ85hD8w3n8ADoCVuA==</latexit>

Background rejection rate (shape of the shower) —> ⌘B ⇡ 10�2

<latexit sha1_base64="MK98EIhrHy0sd/iBMMBfW3q9Axg=">AAAB/3icbVDLSsNAFJ3UV62vqOBGkcEiuLEkRVB3pW5ctmAf0MQwmU7q0EkyzEzEErtw4Y+4caGIy/ob7vwGf8LpY6GtBy4czrmXe+/xOaNSWdaXkZmbX1hcyi7nVlbX1jfMza26jBOBSQ3HLBZNH0nCaERqiipGmlwQFPqMNPzuxdBv3BIhaRxdqR4nbog6EQ0oRkpLnrnjEIW8MnQQ5yK+g7Z1nR4X+56ZtwrWCHCW2BOSL+0Nqt+P+4OKZ3467RgnIYkUZkjKlm1x5aZIKIoZ6eecRBKOcBd1SEvTCIVEuuno/j481EobBrHQFSk4Un9PpCiUshf6ujNE6kZOe0PxP6+VqODMTWnEE0UiPF4UJAyqGA7DgG0qCFaspwnCgupbIb5BAmGlI8vpEOzpl2dJvViwTwrnVZ1GGYyRBbvgABwBG5yCErgEFVADGNyDJ/ACXo0H49l4M97HrRljMrMN/sD4+AFXQ5i9</latexit>

NON = S + ⌘BB

NOFF = ⌘BB

<latexit sha1_base64="hK7C8ElhDX1S7iKb5TOHPhEWas0="></latexit>



=
Sp

S + 2⌘BB

<latexit sha1_base64="AjpReUHGaG6P0DYtMPxfOLG8nBU=">AAACCHicbVDJSgNBEO1xjXEb9ejBxiAIQpgJgnoQQrx4jMQskAmhp9OTNOlZ7K4RwjBHD/orXjwo4tVPCF78GzvLQRMfFDzeq6KqnhsJrsCyvo2FxaXlldXMWnZ9Y3Nr29zZrakwlpRVaShC2XCJYoIHrAocBGtEkhHfFazu9q9Gfv2eScXD4BYGEWv5pBtwj1MCWmqbB5fY8SShSSVNHHUnIamcFLDDgLRLuJSmbTNn5a0x8DyxpyRXLH5FzqM/LLfNodMJaeyzAKggSjVtK4JWQiRwKliadWLFIkL7pMuamgbEZ6qVjB9J8ZFWOtgLpa4A8Fj9PZEQX6mB7+pOn0BPzXoj8T+vGYN33kp4EMXAAjpZ5MUCQ4hHqeAOl4yCGGhCqOT6Vkx7ROcCOrusDsGefXme1Ap5+zR/caPTKKEJMmgfHaJjZKMzVETXqIyqiKIH9Ixe0ZvxZLwY78bHpHXBmM7soT8wPn8Ax9Gc8A==</latexit>

=
RsTp

RsT + 2⌘BRBT

<latexit sha1_base64="IBPz053NEMAPZA7RcaSFHRCsvI4=">AAACFHicbVC7SgNBFJ31GeNr1dJmMAiCEHZFUAshxMYyhrwgG5bZyWwyZPbhzF0hLPsBljb+io2FIrYWwca/cfIo1Hjgwplz7uXOPV4suALL+jIWFpeWV1Zza/n1jc2tbXNnt6GiRFJWp5GIZMsjigkesjpwEKwVS0YCT7CmN7ga+807JhWPwhoMY9YJSC/kPqcEtOSax5fY8SWhadVVuJaljrqVMH0cn2CHAXHLuKqrlmWuWbCK1gR4ntgzUiiVPmPnPhhVXHPkdCOaBCwEKohSbduKoZMSCZwKluWdRLGY0AHpsbamIQmY6qSTozJ8qJUu9iOpKwQ8UX9OpCRQahh4ujMg0Fd/vbH4n9dOwD/vpDyME2AhnS7yE4EhwuOEcJdLRkEMNSFUcv1XTPtEZwQ6x7wOwf578jxpnBTt0+LFjU6jjKbIoX10gI6Qjc5QCV2jCqojih7QE3pBr8aj8Wy8Ge/T1gVjNrOHfsH4+AayjaEX</latexit>

=
Rsp

Rs + 2⌘BRB
T 1/2

<latexit sha1_base64="lLoF3zz7PnxDhIM7QXvQ7KqarYY="></latexit>

�! T =
Rs + 2⌘BRB

R2
s

�2

<latexit sha1_base64="ZFZk4L600+uVTOrWJ+IT7c382qw="></latexit>

For the Crab Nebula —> Rs � ⌘BRB

<latexit sha1_base64="bY+2gNDNyTVokpM2J3klQX6eCT4=">AAAB+3icbVDLSsNAFJ3UV62vWJeKDBbBVUlEUHelbly2xT6gCWEynaRDJ5MwMxFL6NLfcONCEbdCv8Od3+BPOH0stPXAhcM593LvPX7CqFSW9WXkVlbX1jfym4Wt7Z3dPXO/2JJxKjBp4pjFouMjSRjlpKmoYqSTCIIin5G2P7iZ+O17IiSN+Z0aJsSNUMhpQDFSWvLMYsOT0AlD6BCFvCpseFXPLFllawq4TOw5KVWOxvXvx+NxzTM/nV6M04hwhRmSsmtbiXIzJBTFjIwKTipJgvAAhaSrKUcRkW42vX0ET7XSg0EsdHEFp+rviQxFUg4jX3dGSPXlojcR//O6qQqu3IzyJFWE49miIGVQxXASBOxRQbBiQ00QFlTfCnEfCYSVjqugQ7AXX14mrfOyfVG+rus0qmCGPDgEJ+AM2OASVMAtqIEmwOABPIEX8GqMjGfjzXifteaM+cwB+APj4wccupbq</latexit>

N� > 5

<latexit sha1_base64="Nm7yWuYyPUPsQfR1InJTpv1Pe7g=">AAAB9XicbVC7SgNBFL0bXzHxEbW0GYyCVdgVRW0kaGMlEcwDkjXMTmaTITO7y8xsJCz5DxsLRWzt/AH/wM4P0drJo9DEAxcO59zLvfd4EWdK2/anlZqbX1hcSi9nsiura+u5jc2KCmNJaJmEPJQ1DyvKWUDLmmlOa5GkWHicVr3uxdCv9qhULAxudD+irsDtgPmMYG2k26tm0mhjIfAAnaGjZi5vF+wR0CxxJiRf3P16e+9lv0vN3EejFZJY0EATjpWqO3ak3QRLzQing0wjVjTCpIvbtG5ogAVVbjK6eoD2jNJCfihNBRqN1N8TCRZK9YVnOgXWHTXtDcX/vHqs/RM3YUEUaxqQ8SI/5kiHaBgBajFJieZ9QzCRzNyKSAdLTLQJKmNCcKZfniWVg4JzWDi9Nmmcwxhp2IYd2AcHjqEIl1CCMhCQcA+P8GTdWQ/Ws/Uybk1Zk5kt+APr9QcebJYO</latexit>

The source is detected when

There is of course some level of arbitrariness in the choice of the number 5. This can 
be rephrased as: in order to detect a source we need to detect “enough” photons.

For the Crab we have: N� = Rs ⇥ T = 5 �! T = 4 minutes

<latexit sha1_base64="dlHuQ+uUSHzta6JV9Tr0sy/gcOY="></latexit>

� =
NON �NOFFp
NON +NOFF

<latexit sha1_base64="cHTSt0p2K04iTc33C4xN5H4BDqY="></latexit>



Minimum detectable flux in a long observation

Typically we consider T = 50 h (keep in mind that in a year there are about 1000-1500 h 
of available observing time). Let’s use the result obtained 2 slides ago:

� =
Rsp

Rs + 2⌘BRB
T 1/2

<latexit sha1_base64="gb2K9bZ4zniru/ws91gPO2qW1/4="></latexit>

TR2
s � �2Rs � 2�2⌘BRB = 0

<latexit sha1_base64="hy5I+HavXVN1Vuu0K8luCNlhXUQ=">AAACG3icbZDLSgMxFIYzXmu9jbp0E1qEbiwzg1BdCKVuXFbpDTrjkEkzbWjmQpIRytD3EMRXcePCC64EF6IPY3oBtfWHwJ/vnENyfi9mVEjD+NAWFpeWV1Yza9n1jc2tbX1ntyGihGNSxxGLeMtDgjAakrqkkpFWzAkKPEaaXv9sVG9eEy5oFNbkICZOgLoh9SlGUiFXt2rw0hVXFjyEtqDdACmrgLpaP8AmErkVxSvwFBqunjeKxlhw3phTky/nCl+fpefbqqu/2Z0IJwEJJWZIiLZpxNJJEZcUMzLM2okgMcJ91CVtZUMUEOGk492G8ECRDvQjrk4o4Zj+nkhRIMQg8FRngGRPzNZG8L9aO5H+sZPSME4kCfHkIT9hUEZwFBTsUE6wZANlEOZU/RXiHuIISxVnVoVgzq48bxpW0TwqnlyoNCpgogzYBzlQACYogTI4B1VQBxjcgHvwCJ60O+1Be9FeJ60L2nRmD/yR9v4Nn3ehLA==</latexit>

Rmin
s =

�2 ±
p

�4 + 8�2⌘BRBT

2T

<latexit sha1_base64="q/XQTNep/nQOCWNQpyXif+A1ops="></latexit>

The sensitivity of current Cherenkov 
telescopes is at the percent level of the Crab

Rmin
s

RCrab
s

=
3⇥ 10�4

2⇥ 10�2
⇡ 1%

<latexit sha1_base64="xr1nZ261N8rzYHbAC0L9rSZ2pe0="></latexit>

�min
� (> 1 TeV) = 2⇥ 10�11 3⇥ 10�4

2⇥ 10�2
⇡ 10�13cm�2s�1

<latexit sha1_base64="/qw6Fu3gdjI1s53l9I/6VunaVIg="></latexit>

⇠ 3⇥ 10�4s�1

<latexit sha1_base64="r5Nt/px35HxPbpRpX/EWPvBaIgA=">AAACCXicbZDLSgMxFIYz9dbW26hLN8EiuLHMaEHdFd24rGAv2BlLJs20oUlmSDJiGbp14xP4DoK4UMStb+DOp9H0stDWHwIf/zmHk/MHMaNKO86XlZmbX1hcyubyyyura+v2xmZNRYnEpIojFslGgBRhVJCqppqRRiwJ4gEj9aB3NqzXb4hUNBKXuh8Tn6OOoCHFSBurZUNPUQ4PoacpJwq6znW6XxpAT3KoDLqDll1wis5IcBbcCRTKufjh6un2u9KyP712hBNOhMYMKdV0nVj7KZKaYkYGeS9RJEa4hzqkaVAgs9dPR5cM4K5x2jCMpHlCw5H7eyJFXKk+D0wnR7qrpmtD879aM9HhsZ9SESeaCDxeFCYM6ggOY4FtKgnWrG8AYUnNXyHuIomwNuHlTQju9MmzUDsouqXiyYVJ4xSMlQXbYAfsARccgTI4BxVQBRjcgUfwAl6te+vZerPex60ZazKzBf7I+vgBvUWcNQ==</latexit>

� = 5

T = 50 h

<latexit sha1_base64="tegPvK7qryTZ72DMjUUhgrFQSyg=">AAACKnicbVDLSgMxFM34dnxVXboJFkVclJmiqAuh6salglWhU8qd9LYNTTJjkhHKUH/Hjb/ixoUibv0Q08fC14HA4ZxzubknTgU3NgjevYnJqemZ2bl5f2FxaXmlsLp2bZJMM6yyRCT6NgaDgiusWm4F3qYaQcYCb+Lu2cC/uUdteKKubC/FuoS24i3OwDqpUTiJYmxzleOdAq2ht9v3I8PbEuj28Tbdp1HkX41oQB8iLWnHj1A1v+UbhWJQCoagf0k4JkUyxkWj8BI1E5ZJVJYJMKYWBqmt56AtZwLd/sxgCqwLbaw5qkCiqefDU/t0yylN2kq0e8rSofp9IgdpTE/GLinBdsxvbyD+59Uy2zqs51ylmUXFRotamaA2oYPeaJNrZFb0HAGmufsrZR3QwKxr13clhL9P/kuuy6Vwr3R0WS5WTsd1zJENskl2SEgOSIWckwtSJYw8kmfySt68J+/Fe/c+RtEJbzyzTn7A+/wC5WGkgQ==</latexit>



Exercise #3— Solution

NPAC course on  
Astroparticles



The spectrum of cosmic rays injected in the Milky Way is (see Exercise 1)

Q�(E�)E
2
� =

⌘⇡
3
Qp(Ep)E

2
p

<latexit sha1_base64="x2f3lcnE3zfXy2zwbt1/qah5X88="></latexit>

To compute the gamma-ray luminosity of the Milky Way we start from the equation 
derived in the class:

And we rewrite it as:

Q�(E�) =
⌘⇡
3
Qp(Ep)

E2
p

E2
�

<latexit sha1_base64="V1DSsUOvH1ydjuwo3Z31GJOSEGM="></latexit>

=
100

3
⌘⇡Qp(Ep)

<latexit sha1_base64="KSBlewyHdJCwXidq+6d7DHW1a4g="></latexit>

QCR(E) = B

✓
E

E0

◆�2.4

B ⇠ 2.5⇥ 1034eV�1s�1

<latexit sha1_base64="eMsxGi5HZsvwmZN4Iw/E31NLS28="></latexit>



Q�(E�) =
100

3
⌘⇡Qp(Ep)

<latexit sha1_base64="cSab9R8p+incG0yvjaLhYYGOApg="></latexit>

⌘⇡ = 1� exp

✓
�⌧res

⌧pp

◆

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

Residence time in the disk

⌧res ⇠ 3

✓
Ep

10 GeV

◆�0.3

Myr

<latexit sha1_base64="gHMWqtGt7p7lw9X09rJIfeHXHEg="></latexit>

Energy loss time (p-p interactions)

⌧pp ⇠ (ngas�ppck)
�1 ⇠ 60 Myr

<latexit sha1_base64="mVJ3g0VhhFznIS/D9Yid70hck9E="></latexit>

⇠ 3⇥ 100.3
✓
Ep

E0

◆�0.3

Myr

<latexit sha1_base64="bKEVvfvs7MilC3NzYNwspZXcN78="></latexit>

⌧res ⌧ ⌧pp �! ⌘⇡ ⇠ ⌧res
⌧pp

<latexit sha1_base64="SEBPKxrXW1ij/QMSeUHAWIyUpOc="></latexit>

Q�(E�) =
100

3

⌧res
⌧pp

Qp(Ep) = 102.3
B

⌧pp

✓
Ep

E0

◆�2.7

<latexit sha1_base64="Q+q+TwBSl7W52hwBllccvUSzePg="></latexit>



LMW
� =

Z 1

1 TeV
dE�Q�(E�)

<latexit sha1_base64="aNP0jA0/MuEB8P3jyFYBYztHXdE=">AAACQHicbZBLaxsxFIU1adq67mvaLLMRCQFnY2ZKoe2iYBoKXTRgg1/gcQaNrHGEJc0g3SmYQck/yrK7bvITuss6my4SSrddVX6Qh90DgsN37kXSSXLBDQTBhbfxYPPho8eVJ9Wnz56/eOm/et01WaEp69BMZLqfEMMEV6wDHATr55oRmQjWSyYHs7z3jWnDM9WGac6GkowVTzkl4FDs977GZTQmUhJ7VB72LP6II64gLsOTMt ISt1nXusSxFKYWz9nI4s83W7h1Y2u3dD/2d4N6MBdeN+HS7DYa9jT5fmabsf8zGmW0kEwBFcSYQRjkMCyJBk4Fs9WoMCwndELGbOCsIpKZYTkvwOI9R0Y4zbQ7CvCc3t0oiTRmKhM3KQkcm9VsBv+XDQpI3w9LrvICmKKLi9JCYMjwrE084ppREFNnCNXcvRXTY6IJBdd51ZUQrn553XTf1MO39Q8t18YntFAFbaMdVEMheoca6Atqog6i6Ae6RFfo2jv3fnm/vT+L0Q1vubOF7sn7+w92mLSh</latexit>

= 102.3
B

⌧pp

Z 1

1 TeV
dE�

✓
Ep

E0

◆�2.7

<latexit sha1_base64="Vt5HY1+vTTFdBN7kUKR0NTOk0QU="></latexit>

= 102.3
B

⌧pp

Z 1

10 TeV

dEp

10

✓
Ep

E0

◆�2.7

<latexit sha1_base64="v4kAZr3+/ZKlh/lwffgILC/BoJw="></latexit>

⇠ 8⇥ 1035s�1

<latexit sha1_base64="WPBWPO6MEbRN88bJEs6sMRmkQfI=">AAACCXicbVDLSsNAFJ3UV1tfUZduBovgxpL4wLorunFZwT6wSctkOmmHziRhZiKWkK0bv8B/EMSFIm79A3d+jU4fC209cOFwzr3ce48XMSqVZX0Zmbn5hcWlbC6/vLK6tm5ubNZkGAtMqjhkoWh4SBJGA1JVVDHSiARB3GOk7vXPh379hghJw+BKDSLictQNqE8xUlpqm9CRlMMSdBTlRELbaiWHxyl0BIeylezbadssWEVrBDhL7AkplHPRw/XT7XelbX46nRDHnAQKMyRl07Yi5SZIKIoZSfNOLEmEcB91SVPTAOm9bjL6JIW7WulAPxS6AgVH6u+JBHEpB9zTnRypnpz2huJ/XjNWfslNaBDFigR4vMiPGVQhHMYCO1QQrNhAE4QF1bdC3EMCYaXDy+sQ7OmXZ0ntoGgfFU8vdRpnYIws2AY7YA/Y4ASUwQWogCrA4A48ghfwatwbz8ab8T5uzRiTmS3wB8bHD9BRnEE=</latexit>

= 101.3
B

⌧pp
E0

(104)�1.7

1.7

<latexit sha1_base64="EOUt608mwVMvDJvfJef2/pOnhrk="></latexit>

= 101.3
B

⌧pp
E0

Z 1

104
dx x

�2.7

<latexit sha1_base64="ZaErxKPAshnb9RUvE1g+v8tGhSk="></latexit>



F� =
L�

4⇡d2

<latexit sha1_base64="4Sy6E/aGDF6BJbNebg19kaKcSgg="></latexit>

Gamma-ray flux ⌘ �min
�

<latexit sha1_base64="4hgZFY3bQP71rNB/dHCWdCVV5f0=">AAACA3icbVC7SgNBFJ2NrxhfUTttBoMgCGFXBLUL2lhGMA/IxjA7uUmGzMyuM7OBsARsrPwNsbFQxNafsPND7J08Ck08cOFwzr3ce08QcaaN6345qbn5hcWl9HJmZXVtfSO7uVXWYawolGjIQ1UNiAbOJJQMMxyqkQIiAg6VoHsx9Cs9UJqF8tr0I6gL0pasxSgxVmpkd3y4jVkP+8UOayR+mwhBBjeJYHLQyObcvDsCniXehOQKh9+PD5CLio3sp98MaSxAGsqJ1jXPjUw9IcowymGQ8WMNEaFd0oaapZII0PVk9MMA71uliVuhsiUNHqm/JxIitO6LwHYKYjp62huK/3m12LRO6wmTUWxA0vGiVsyxCfEwENxkCqjhfUsIVczeimmHKEKNjS1jQ/CmX54l5aO8d5w/u7JpnKMx0mgX7aED5KETVECXqIhKiKI79IRe0Ktz7zw7b877uDXlTGa20R84Hz9ePpux</latexit>

! d
max

=

✓
L
�

4⇡�min

�

◆1/2

⇠ 250 kpc

<latexit sha1_base64="WO5vEz5I7sZKVyyTkQViakLra8Q="></latexit>

Andromeda is at ~ 1 Mpc —> normal galaxies cannot be observed with Cherenkov 
telescopes of current generation  

(in fact, only active galaxies are observed in TeV gamma rays)



Exercise #4— Solution

NPAC course on  
Astroparticles



Supernova remnants with dimensional analysis only

Physical constants aree dimensional quantities 
E.g. G, c, h… 

We can use them to define scales of physical problems



Example: self gravitating fluid

A fluid (monoatomic gas) is defined by the following physical quantities: 
pressure, density, velocity, temperature

P % u T

<latexit sha1_base64="t8em0tlc6V/bZILaBlRc91CqvSg=">AAACCHicbVC7TsMwFL3hWcorwMiARYXEVCWoErBVsDAWqS+pjSrHdVqrjhPZTqUqKhsLv8LCAEKsfAIbf4PTZoCWI1k+PudeXd/jx5wp7Tjf1srq2vrGZmGruL2zu7dvHxw2VZRIQhsk4pFs+1hRzgRtaKY5bceS4tDntOWPbjO/NaZSsUjU9SSmXogHggWMYG2knn1SQw8ZUHeMpRxG+SvJ73rPLjllZwa0TNyclCBHrWd/dfsRSUIqNOFYqY7rxNpLsdSMcDotdhNFY0xGeEA7hgocUuWls0Wm6MwofRRE0hyh0Uz93ZHiUKlJ6JvKEOuhWvQy8T+vk+jgykuZiBNNBZkPChKOdISyVFCfSUo0nxiCiWTmr4gMscREm+yKJgR3ceVl0rwou5Xy9X2lVL3J4yjAMZzCObhwCVW4gxo0gMAjPMMrvFlP1ov1bn3MS1esvOcI/sD6/AEp6JoW</latexit>

XX
And we should specify an equation of state for the gas

P = c2s%

<latexit sha1_base64="3R+ypH5HGtTKP4SqbvZX/l12kcY=">AAAB+nicbVBNS8NAEJ3Ur1q/Uj16WSyCp5KUgnoQil48VrAf0Maw2W7apZts2N1USu1P8eJBEa/+Em/+G7dtDtr6YODx3gwz84KEM6Ud59vKra1vbG7ltws7u3v7B3bxsKlEKgltEMGFbAdYUc5i2tBMc9pOJMVRwGkrGN7M/NaISsVEfK/HCfUi3I9ZyAjWRvLtYh1dIeKrhwrqjrCUA+HbJafszIFWiZuREmSo+/ZXtydIGtFYE46V6rhOor0JlpoRTqeFbqpogskQ92nH0BhHVHmT+elTdGqUHgqFNBVrNFd/T0xwpNQ4CkxnhPVALXsz8T+vk+rwwpuwOEk1jcliUZhypAWa5YB6TFKi+dgQTCQztyIywBITbdIqmBDc5ZdXSbNSdqvly7tqqXadxZGHYziBM3DhHGpwC3VoAIFHeIZXeLOerBfr3fpYtOasbOYI/sD6/AGp6JMB</latexit>

cs =

r
�
kT

m

<latexit sha1_base64="g8QIx4aCrORdCh/+uv3ISpXWvTU=">AAACCXicbVDLSsNAFJ3UV62vqEs3g0VwVRIpqAuh6MZlhb6gCWEynbRDZyZxZiKUkK0bf8WNC0Xc+gfu/BunbRbaeuDC4Zx7ufeeMGFUacf5tkorq2vrG+XNytb2zu6evX/QUXEqMWnjmMWyFyJFGBWkralmpJdIgnjISDcc30z97gORisaipScJ8TkaChpRjLSRAhviQMEr6Kl7qTNviDhH0Iskwtm4lWc8zwO76tScGeAycQtSBQWagf3lDWKcciI0Zkipvusk2s+Q1BQzkle8VJEE4TEakr6hAnGi/Gz2SQ5PjDKAUSxNCQ1n6u+JDHGlJjw0nRzpkVr0puJ/Xj/V0YWfUZGkmgg8XxSlDOoYTmOBAyoJ1mxiCMKSmlshHiGTgzbhVUwI7uLLy6RzVnPrtcu7erVxXcRRBkfgGJwCF5yDBrgFTdAGGDyCZ/AK3qwn68V6tz7mrSWrmDkEf2B9/gClZZpa</latexit>

And gravity

G

<latexit sha1_base64="z25cJrU7ulBx4M0q0zEmhSV405A=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKQL0FPegxAfOAZAmzk95kzOzsMjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781hMqzWP5YMYJ+hEdSB5yRo2V6ne9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCK3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpHlR9irl63qlVL3J4sjDCZzCOXhwCVW4hxo0gAHCM7zCm/PovDjvzseiNedkM8fwB87nD5/VjNc=</latexit>

—> consider a subsonic flow: u << cs

X



Question: can we combine these quantities to form a length scale?

% cs G

<latexit sha1_base64="26thbQfdtPvRLYU/2y8TdWDtdgw=">AAACAnicbZDLSsNAFIZPvNZ6i7oSN4NFcFUSKai7ogtdVrAXaEOYTKft0MkkzEwKJVQ3voobF4q49Snc+TZO2iy09YeBj/+cw5nzBzFnSjvOt7W0vLK6tl7YKG5ube/s2nv7DRUlktA6iXgkWwFWlDNB65ppTluxpDgMOG0Gw+us3hxRqVgk7vU4pl6I+4L1GMHaWL592BlhKQcResiEiK9yuvHtklN2pkKL4OZQglw13/7qdCOShFRowrFSbdeJtZdiqRnhdFLsJIrGmAxxn7YNChxS5aXTEyboxDhd1IukeUKjqft7IsWhUuMwMJ0h1gM1X8vM/2rtRPcuvJSJONFUkNmiXsKRjlCWB+oySYnmYwOYSGb+isgAS0y0Sa1oQnDnT16ExlnZrZQv7yql6lUeRwGO4BhOwYVzqMIt1KAOBB7hGV7hzXqyXqx362PWumTlMwfwR9bnD4cSl4c=</latexit>

[%] = ML�3 [cs] = LT�1 [G] = M�1L3T�2

<latexit sha1_base64="Jvzb0YEubVq8R0FWkGfqSh2t6UU="></latexit>

� ⇠ G↵c�s %
�

<latexit sha1_base64="aVjiML5dEwVwgswXf15CqkZ/e8k=">AAACHXicbVDLSsNAFJ3UV62vqEs3g0VwVRIpqLuiC11WsA9oarmZTNuhM0mYmRRKyI+48VfcuFDEhRvxb5y2WWjrgYFzz7mXO/f4MWdKO863VVhZXVvfKG6WtrZ3dvfs/YOmihJJaINEPJJtHxTlLKQNzTSn7VhSED6nLX90PfVbYyoVi8J7PYlpV8AgZH1GQBupZ1c9bpoDwJ5iAt88pB7weAgZJj1lCp9qw70xSDmMTD0AISDr2WWn4syAl4mbkzLKUe/Zn14QkUTQUBMOSnVcJ9bdFKRmhNOs5CWKxkBGMKAdQ0MQVHXT2XUZPjFKgPuRNC/UeKb+nkhBKDURvukUoIdq0ZuK/3mdRPcvuikL40TTkMwX9ROOdYSnUeGASUo0nxgCRDLzV0yGIIFoE2jJhOAunrxMmmcVt1q5vKuWa1d5HEV0hI7RKXLROaqhW1RHDUTQI3pGr+jNerJerHfrY95asPKZQ/QH1tcPYV+ixg==</latexit>

L ⇠ (M�1L3T�2)↵(LT�1)�(ML�3)�

<latexit sha1_base64="QUNeeBpfnAxGbS8bfIKel+NBtJ0="></latexit>

8
<

:

1 = 3↵+ � � 3�
0 = �↵+ �
0 = �2↵� �

<latexit sha1_base64="mrJ9IXjbCvER9nKZCma128g6ceI="></latexit>

! ↵ = �

<latexit sha1_base64="IMqEsVBzwh6q2vVm2rRqe4cH5K0=">AAACBHicbVDLSgNBEJyNrxhfUY8RGQyCp7ArgnoQgl48JmAekF1C72SSDJnZXWZmlbDk4EF/xYsHRYSc/AhvfoM/4eRx0MSChqKqm+4uP+JMadv+slILi0vLK+nVzNr6xuZWdnunqsJYElohIQ9l3QdFOQtoRTPNaT2SFITPac3vXY382i2VioXBje5H1BPQCVibEdBGamZzrmSdrgYpwzvsAo+6gC+w2wEhoJnN2wV7DDxPnCnJF/eG5e+H/WGpmf10WyGJBQ004aBUw7Ej7SUgNSOcDjJurGgEpAcd2jA0AEGVl4yfGOBDo7RwO5SmAo3H6u+JBIRSfeGbTgG6q2a9kfif14h1+8xLWBDFmgZksqgdc6xDPEoEt5ikRPO+IUAkM7di0gUJRJvcMiYEZ/bleVI9LjgnhfOySeMSTZBGOXSAjpCDTlERXaMSqiCC7tETekGv1qP1bL1Z75PWlDWd2UV/YH38ABEam28=</latexit>

! � = �2↵

<latexit sha1_base64="nki7a2/DFV5UW6hfToXYZCw3b0I=">AAACBnicbVDJSgNBEO1xN26jHl1oFMGLYUYE9SAEvXhMwCyQGUJNp5M09ix01yhh8CSCv+LFgyLm6Dd48xv8CTvLwe1BweO9KqrqBYkUGh3nwxobn5icmp6Zzc3NLywu2csrFR2nivEyi2WsagFoLkXEyyhQ8lqiOISB5NXg8qzvV6+40iKOLrCbcD+EdiRaggEaqWFveEq0OwhKxdfUCzgCPaF7+9QDmXSgYW87eWcA+pe4I7JdWO+VPu82e8WG/e41Y5aGPEImQeu66yToZ6BQMMlvcl6qeQLsEtq8bmgEIdd+Nnjjhu4YpUlbsTIVIR2o3ycyCLXuhoHpDAE7+rfXF//z6im2jvxMREmKPGLDRa1UUoxpPxPaFIozlF1DgClhbqWsAwoYmuRyJgT398t/SWU/7x7kj0smjVMyxAxZI1tkl7jkkBTIOSmSMmHkljyQJ/Js3VuP1ov1Omwds0Yzq+QHrLcvjqGbmw==</latexit>

�! 1 = 3↵� 2↵� 3↵ ! ↵ = �1

2

<latexit sha1_base64="QHdo91WER3KA9iOfl4MYEd+Fks8="></latexit>

�! � = 1

<latexit sha1_base64="ZxMJ4RnUjssAtWHSi+bFhxVfdfI=">AAACAnicbVDLSgNBEJyNrxhfUU+iyGAQPIVdEdSDEPTiMQHzgCSE2clkM2R2ZpnpVUIIXvRTvHhQxEsOfoU3v8GfcPI4aGJBQ1HVTXeXHwluwHW/nMTc/MLiUnI5tbK6tr6R3twqGRVryopUCaUrPjFMcMmKwEGwSqQZCX3Byn7nauiXb5k2XMkb6EasHpJA8hanBKzUSO/UhJKB5kEbiNbqDtd8BgRfYK+RzrhZdwQ8S7wJyeT2BoXvx/1BvpH+rDUVjUMmgQpiTNVzI6j3iAZOBeunarFhEaEdErCqpZKEzNR7oxf6+NAqTdxS2pYEPFJ/T/RIaEw39G1nSKBtpr2h+J9XjaF1Vu9xGcXAJB0vasUCg8LDPHCTa0ZBdC0hVHN7K6ZtogkFm1rKhuBNvzxLSsdZ7yR7XrBpXKIxkmgXHaAj5KFTlEPXKI+KiKJ79IRe0Kvz4Dw7b877uDXhTGa20R84Hz9YOZpz</latexit>

�! � = �1/2

<latexit sha1_base64="4X4p9P7qQXXDkODlJCjH0KrfgJA=">AAACB3icbVDJSgNBEO1xjXGLehSkUQRBjDNBUA9C0IvHCGaBTAg1nc6kSS9Dd48SQm5evPsVXjwo4tVf8Ja/sZN4cHtQ8Hiviqp6UcKZsb4/9KamZ2bn5jML2cWl5ZXV3Np6xahUE1omiitdi8BQziQtW2Y5rSWagog4rUbdi5FfvaHaMCWvbS+hDQGxZG1GwDqpmdsKuZKxZnHHgtbqFocxCAH4DB/g4LDQzO34eX8M/JcEX2SnuB3uPwyLvVIz9xG2FEkFlZZwMKYe+Ilt9EFbRjgdZMPU0ARIF2Jad1SCoKbRH/8xwLtOaeG20q6kxWP1+0QfhDE9EblOAbZjfnsj8T+vntr2SaPPZJJaKslkUTvl2Co8CgW3mKbE8p4jQDRzt2LSAQ3EuuiyLoTg98t/SaWQD47yp1cujXM0QQZtom20hwJ0jIroEpVQGRF0hx7RM3rx7r0n79V7m7ROeV8zG+gHvPdPFO+bHg==</latexit>



�J ⇠ csp
G%

<latexit sha1_base64="6sfX/o+BjdMjDJiDU1bSz/XFWo4=">AAACFHicbVDLSsNAFJ3UV62vqEs3g0UQhJKIoO6KLhRXFewDmhAmk0k7dCaJM5NCCfkAl278FTcuFHHrorjxb5w+Ftp6YOBwzrncucdPGJXKsr6NwsLi0vJKcbW0tr6xuWVu7zRknApM6jhmsWj5SBJGI1JXVDHSSgRB3Gek6fcuR36zT4SkcXSnBglxOepENKQYKS155pHDdDhA3g10JOXQCQXCGfZknjnyXqjsCjp9JEQ3znPPLFsVaww4T+wpKVerX4nzwIc1zxw6QYxTTiKFGZKybVuJcjMkFMWM5CUnlSRBuIc6pK1phDiRbjY+KocHWglgGAv9IgXH6u+JDHEpB9zXSY5UV856I/E/r52q8MzNaJSkikR4sihMGVQxHDUEAyoIVmygCcKC6r9C3EW6FqV7LOkS7NmT50njuGKfVM5vdRsXYIIi2AP74BDY4BRUwTWogTrA4BE8g1fwZjwZL8a78TGJFozpzC74A+PzB+Y8oyQ=</latexit>

Jeans mass

What does it mean? 
Consider a spherical mass (M) of radius R

Gravitational energy —> Eg ⇠ GM2

R
⇠ G%2R5

<latexit sha1_base64="F6fC10Uw/6S5fVa20Dwdkbq5EkY="></latexit>

Thermal energy —> Eth ⇠ ✏V ⇠ PV ⇠ %c2sR
3

<latexit sha1_base64="9+8PFWYdeBbujZJkjq3oglG8KsU="></latexit>

Eth ⇠ Eg �! R ⇠ csp
G%

<latexit sha1_base64="2hoM9WXVwlzh83Cq+T6nw5R/4xc="></latexit>

R > �J �!

<latexit sha1_base64="/mT8XzdYijJK8vd811CbFlQ+rUE=">AAACBnicbVDLSgMxFM34rPU1KrgRIVgEV2VGBHUjpW7EVSv2Ae0wZDJpG5pJhiSjlKErN/6KC10o4taFX+DOjd9i+lho64HA4Zx7uLkniBlV2nG+rJnZufmFxcxSdnlldW3d3tisKpFITCpYMCHrAVKEUU4qmmpG6rEkKAoYqQXd84FfuyFSUcGvdS8mXoTanLYoRtpIvr17Bc9gk5lAiPxLwwRvS9ruaCSluPXtnJN3hoDTxB2TXGG7/E0fix8l3/5shgInEeEaM6RUw3Vi7aVIaooZ6WebiSIxwl3UJg1DOYqI8tLhGX24b5QQtoQ0j2s4VH8nUhQp1YsCMxkh3VGT3kD8z2skunXipZTHiSYcjxa1Ega1gINOYEglwZr1DEFYUvNXiDtIIqxNc1lTgjt58jSpHubdo/xp2bRRBCNkwA7YAwfABcegAC5ACVQABnfgATyDF+veerJerbfR6Iw1zmyBP7DefwBMG5wh</latexit>

Gravitational collapse

R < �J �!

<latexit sha1_base64="2aezkyRdSCDyMecNb5T7ozMKtSI=">AAACBnicbVDLSgMxFM34rPU1KrgRIVgEV2VGBBVclLoRV63YB7TDkMmkbWgmGZKMUoau3PgrLnShiFsXfoE7N36L6WOhrQcCh3Pu4eaeIGZUacf5smZm5+YXFjNL2eWV1bV1e2OzqkQiMalgwYSsB0gRRjmpaKoZqceSoChgpBZ0zwd+7YZIRQW/1r2YeBFqc9qiGGkj+fbuFTyDTWYCIfIvDRO8LWm7o5GU4ta3c07eGQJOE3dMcoXt8jd9LH6UfPuzGQqcRIRrzJBSDdeJtZciqSlmpJ9tJorECHdRmzQM5SgiykuHZ/ThvlFC2BLSPK7hUP2dSFGkVC8KzGSEdEdNegPxP6+R6NaJl1IeJ5pwPFrUShjUAg46gSGVBGvWMwRhSc1fIe4gibA2zWVNCe7kydOkeph3j/KnZdNGEYyQATtgDxwAFxyDArgAJVABGNyBB/AMXqx768l6td5GozPWOLMF/sB6/wFI35wf</latexit>

Stable system (gravity is not important)



Let’s proceed further

R > �J

<latexit sha1_base64="cT5CZ4GdbE1XVEDnZfYooYY10kE=">AAAB9XicbVDLSgMxFL3js9ZXVXDjJlgEV2VGBHUjpW7EVSv2Ae1YMplMG5rJDElGKUP/w40LRdyJP+EXuHPjt5g+Ftp6IHA451zuzfFizpS27S9rbn5hcWk5s5JdXVvf2MxtbddUlEhCqyTikWx4WFHOBK1qpjltxJLi0OO07vUuhn79jkrFInGj+zF1Q9wRLGAEayPdXqNz1OIm7uP2FWrn8nbBHgHNEmdC8sXdyjd7K32U27nPlh+RJKRCE46Vajp2rN0US80Ip4NsK1E0xqSHO7RpqMAhVW46unqADozioyCS5gmNRurviRSHSvVDzyRDrLtq2huK/3nNRAenbspEnGgqyHhRkHCkIzSsAPlMUqJ53xBMJDO3ItLFEhNtisqaEpzpL8+S2lHBOS6cVUwbJRgjA3uwD4fgwAkU4RLKUAUCEh7gCZ6te+vRerFex9E5azKzA39gvf8AoOuVBQ==</latexit>

% cs G

<latexit sha1_base64="26thbQfdtPvRLYU/2y8TdWDtdgw=">AAACAnicbZDLSsNAFIZPvNZ6i7oSN4NFcFUSKai7ogtdVrAXaEOYTKft0MkkzEwKJVQ3voobF4q49Snc+TZO2iy09YeBj/+cw5nzBzFnSjvOt7W0vLK6tl7YKG5ube/s2nv7DRUlktA6iXgkWwFWlDNB65ppTluxpDgMOG0Gw+us3hxRqVgk7vU4pl6I+4L1GMHaWL592BlhKQcResiEiK9yuvHtklN2pkKL4OZQglw13/7qdCOShFRowrFSbdeJtZdiqRnhdFLsJIrGmAxxn7YNChxS5aXTEyboxDhd1IukeUKjqft7IsWhUuMwMJ0h1gM1X8vM/2rtRPcuvJSJONFUkNmiXsKRjlCWB+oySYnmYwOYSGb+isgAS0y0Sa1oQnDnT16ExlnZrZQv7yql6lUeRwGO4BhOwYVzqMIt1KAOBB7hGV7hzXqyXqx362PWumTlMwfwR9bnD4cSl4c=</latexit>

X
Gravity dominates, pressure forces are negligible

We can build a time scale: tff ⇠ (G%)�1/2

<latexit sha1_base64="LBvixt5WuvEgdbmKvcr645QEFKk=">AAACB3icbVDLSsNAFJ3UV219RF0KMliFurAmRVB3RRe6rGAf0MQwmU7aoZMHM5NCCdm58VfcuFCKW/EP3Pkhunb6WGj1wIXDOfdy7z1uxKiQhvGhZebmFxaXssu5/Mrq2rq+sVkXYcwxqeGQhbzpIkEYDUhNUslIM+IE+S4jDbd3MfIbfcIFDYMbOYiI7aNOQD2KkVSSo+9IJ/G8FFqC+rB4Ca0+4rwbHtwmh+ZROXX0glEyxoB/iTklhcre5/Ctn/+qOvq71Q5x7JNAYoaEaJlGJO0EcUkxI2nOigWJEO6hDmkpGiCfCDsZ/5HCfaW0oRdyVYGEY/XnRIJ8IQa+qzp9JLti1huJ/3mtWHqndkKDKJYkwJNFXsygDOEoFNimnGDJBoogzKm6FeIu4ghLFV1OhWDOvvyX1Msl87h0dq3SOAcTZME22AVFYIITUAFXoApqAIM78ACewLN2rz1qQ+1l0prRpjNb4Be012+4+Zxf</latexit>

Free fall time

NOTE: Without G it would have been 
impossible to build a spatial and temporal scale



Is gravity relevant in supernova remnants?

Free expansion phase: gravity does not count (otherwise there would be no explosion!)

Sedov phase: expanding shock in a pressureless gas (P=0)

u % G

<latexit sha1_base64="vLLKKjdkhBBV8lLjHQrs3keqnrE=">AAACAHicbVDLSgMxFM3UV62vURcuFAkWwVWZEUHdFV3osgX7gHYomTTThmaSIckUylAXgl/ixoUi7oqf4c5v8CfMtF1o64ELJ+fcS+49fsSo0o7zZWUWFpeWV7KrubX1jc0te3unqkQsMalgwYSs+0gRRjmpaKoZqUeSoNBnpOb3rlO/1idSUcHv9CAiXog6nAYUI22klr0Xw/sUsNlHUnbF9HXTsvNOwRkDzhN3SvLFg1H5+/FwVGrZn822wHFIuMYMKdVwnUh7CZKaYkaGuWasSIRwD3VIw1COQqK8ZHzAEB4bpQ0DIU1xDcfq74kEhUoNQt90hkh31ayXiv95jVgHF15CeRRrwvHkoyBmUAuYpgHbVBKs2cAQhCU1u0LcRRJhbTLLmRDc2ZPnSfW04J4VLssmjSswQRbsgyNwAlxwDorgFpRABWAwBE/gBbxaD9az9Wa9T1oz1nRmF/yB9fED82CaWg==</latexit>

however, we expect u to change with time, so it is not a good quantity… can we 
substitute it with another one?

The explosion energy E is a constant during the Sedov phase

XE

<latexit sha1_base64="BJ4nPCz9uuAaD82cO+yvduk4Bes=">AAAB6HicbZDLSsNAFIZP6q3GW9Wlm2ARXJVEBHUhFkVw2YK9QBvKZHrSjp1MwsxEKKVP4MaFIm71Ydy7Ed/G6WWhrT8MfPz/Ocw5J0g4U9p1v63MwuLS8kp21V5b39jcym3vVFWcSooVGvNY1gOikDOBFc00x3oikUQBx1rQuxrltXuUisXiVvcT9CPSESxklGhjla9bubxbcMdy5sGbQv7iwz5P3r/sUiv32WzHNI1QaMqJUg3PTbQ/IFIzynFoN1OFCaE90sGGQUEiVP5gPOjQOTBO2wljaZ7Qztj93TEgkVL9KDCVEdFdNZuNzP+yRqrDU3/ARJJqFHTyUZhyR8fOaGunzSRSzfsGCJXMzOrQLpGEanMb2xzBm115HqpHBe+4cFZ288VLmCgLe7APh+DBCRThBkpQAQoID/AEz9ad9Wi9WK+T0ow17dmFP7LefgD8VJAS</latexit>

We now combine the physical quantities above to obtain a length scale

� ⇠
✓

E

G%

◆1/5

⇡ 0.5 kpc

<latexit sha1_base64="P4Q01ugyGuzqpb4/rOgr61ZEu3Q="></latexit>

Much larger than the typical SNR 
radius —> we can neglect gravity!



Scale free problems

As gravity is negligible, the expansion of an energy conserving SNR must be 
determined by the two following physical quantities only

E %

<latexit sha1_base64="DXHcf/IFM4qbK5oKEz4aNImu1EE=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEInkoiBfVWFMFjBfsBbSib7aZdutmE3U2hhvpHvHhQxKs/xZv/xk2bg7Y+GHi8N8PMPD/mTGnH+bYKa+sbm1vF7dLO7t5+2T44bKkokYQ2ScQj2fGxopwJ2tRMc9qJJcWhz2nbH99kfntCpWKReNDTmHohHgoWMIK1kfp2+RY9ZUC9CZZyFPXtilN15kCrxM1JBXI0+vZXbxCRJKRCE46V6rpOrL0US80Ip7NSL1E0xmSMh7RrqMAhVV46P3yGTo0yQEEkTQmN5urviRSHSk1D33SGWI/UspeJ/3ndRAeXXspEnGgqyGJRkHCkI5SlgAZMUqL51BBMJDO3IjLCEhNtsiqZENzll1dJ67zq1qpX97VK/TqPowjHcAJn4MIF1OEOGtAEAgk8wyu8WY/Wi/VufSxaC1Y+cwR/YH3+AM5jkzY=</latexit>

It is impossible to build a length (or a time) scale. So?

The solution must be scale free.

Examples of non-scale free functions…

exp

✓
t

⌧

◆
cos (!t) ...

<latexit sha1_base64="jqN+VlxJIUsbkomt5jx4PmZJg3k="></latexit>

Power laws are scale free! Rs / t↵

<latexit sha1_base64="oKoxaCK9LKLayQTm8r+VAIhw24Y=">AAAB/3icbVDLSgMxFM3UV62vUcGNm2ARXJUZKai7ohuXVewDOuOQSTNtaCYJSUYoYxf+ihsXirj1N9z5N6aPhbYeuHA4517uvSeWjGrjed9OYWl5ZXWtuF7a2Nza3nF395paZAqTBhZMqHaMNGGUk4ahhpG2VASlMSOteHA19lsPRGkq+J0ZShKmqMdpQjEyVorcg9tIw0AqIY2A5j4PEJN9NIrcslfxJoCLxJ+RMpihHrlfQVfgLCXcYIa07vieNGGOlKGYkVEpyDSRCA9Qj3Qs5SglOswn94/gsVW6MBHKFjdwov6eyFGq9TCNbWeKTF/Pe2PxP6+TmeQ8zCmXmSEcTxclGYPjX20YsEsVwYYNLUFYUXsrxH2kEDY2spINwZ9/eZE0Tyt+tXJxUy3XLmdxFMEhOAInwAdnoAauQR00AAaP4Bm8gjfnyXlx3p2PaWvBmc3sgz9wPn8ABu2WIw==</latexit>



Sedov (energy conserving) phase

Explosion of energy E in a pressureless uniform gas

E %

<latexit sha1_base64="I7PGpzQkvs9EH3CthNTHH6Mzjk8=">AAAB+HicbVDLSgMxFM3UV62PjrpUJFgEV2VGBHVXFMFlC/YB7VAyaaYNzSRDkinUoe78CjcuFHHrqt/hzm/wJ8y0XWjrgQuHc+7l3nv8iFGlHefLyiwtr6yuZddzG5tb23l7Z7emRCwxqWLBhGz4SBFGOalqqhlpRJKg0Gek7vevU78+IFJRwe/0MCJeiLqcBhQjbaS2nb+BDylga4Ck7Im2XXCKzgRwkbgzUigdjCvfj4fjctv+bHUEjkPCNWZIqabrRNpLkNQUMzLKtWJFIoT7qEuahnIUEuUlk8NH8NgoHRgIaYprOFF/TyQoVGoY+qYzRLqn5r1U/M9rxjq48BLKo1gTjqeLgphBLWCaAuxQSbBmQ0MQltTcCnEPSYS1ySpnQnDnX14ktdOie1a8rJg0rsAUWbAPjsAJcME5KIFbUAZVgEEMnsALeLXurWfrzXqftmas2cwe+APr4we7Ypbd</latexit>

Rs ⇠ E�%�t↵

<latexit sha1_base64="nqaV9torfotN4DHVM/s0uINMyfw="></latexit>

L = (ML2T�2)�(ML�3)�T↵

<latexit sha1_base64="McW9m7m6aK0cdPY01v+i4tYDwio="></latexit>

8
<

:

1 = 2� � 3�
0 = � + �
0 = �2� + ↵

<latexit sha1_base64="GuyQbIvJlw+3ClEmGoDbCbTwNdo="></latexit>

! � = ��

<latexit sha1_base64="gWwjdRMIGwpwRmkq8iyAGjaMkwE=">AAACBHicbVA9SwNBEN3z2/h1ahmRRRFsDHciqIUg2lgmYFTIhTC32SRLdu+O3TklHCks9K/YWCgipPJH2Pkb/BNuEguNPhh4vDfDzLwwkcKg5304Y+MTk1PTM7O5ufmFxSV3eeXCxKlmvMxiGeurEAyXIuJlFCj5VaI5qFDyy7B92vcvr7k2Io7OsZPwqoJmJBqCAVqp5uYDLZotBK3jGxqEHIEe0Z2gCUpBzd30Ct4A9C/xv8nm8Vqv9Hm33ivW3PegHrNU8QiZBGMqvpdgNQONgknezQWp4QmwNjR5xdIIFDfVbPBEl25ZpU4bsbYVIR2oPycyUMZ0VGg7FWDLjHp98T+vkmLjoJqJKEmRR2y4qJFKijHtJ0LrQnOGsmMJMC3srZS1QANDm1vOhuCPvvyXXOwW/L3CYcmmcUKGmCF5skG2iU/2yTE5I0VSJozckgfyRJ6de+fReXFeh61jzvfMKvkF5+0LslibMg==</latexit>

�! � = �1/5

<latexit sha1_base64="eztRVauk2+WeeeSL5aGucOCqaLg=">AAACBnicbVDLSgNBEJyNrxhfUY8iDAZBEOOuKOpBCHrxGMGokA2hdzLZDM5jmZlVQvDkxQ/wJ7x4UMSr3+Atf+PkcdDEgoaiqpvurijhzFjf73qZicmp6ZnsbG5ufmFxKb+8cmVUqgmtEMWVvonAUM4krVhmOb1JNAURcXod3Z71/Os7qg1T8tK2E1oTEEvWZASsk+r59ZArGWsWtyxore5xGIMQgE/wTrB7UM8X/KLfBx4nwZAUShvh9nO31C7X899hQ5FUUGkJB2OqgZ/YWge0ZYTTh1yYGpoAuYWYVh2VIKipdfpvPOBNpzRwU2lX0uK++nuiA8KYtohcpwDbMqNeT/zPq6a2eVTrMJmklkoyWNRMObYK9zLBDaYpsbztCBDN3K2YtEADsS65nAshGH15nFztFYP94vGFS+MUDZBFa2gDbaEAHaISOkdlVEEEPaIX9IbevSfv1fvwPgetGW84s4r+wPv6AbnTmvc=</latexit>

! � = 1/5

<latexit sha1_base64="dNAUKDeS7f6qutDYlvi5NxDxbRs=">AAACAHicbVDJSgNBEO2JW4zbqAcPXpoEQRDijCjqQQh68RjBLJAZQk+nJ2nSs9BdowxDLn6Df+DFgyJe/Qxv+Rs7y0ETHxQ83quiqp4XC67AsoZGbmFxaXklv1pYW9/Y3DK3d+oqSiRlNRqJSDY9opjgIasBB8GasWQk8ARreP2bkd94YFLxKLyHNGZuQLoh9zkloKW2uedI3u0BkTJ6xI7HgOArbB+ftc2SVbbGwPPEnpJSpegcPQ8rabVtfjudiCYBC4EKolTLtmJwMyKBU8EGBSdRLCa0T7qspWlIAqbcbPzAAB9opYP9SOoKAY/V3xMZCZRKA093BgR6atYbif95rQT8CzfjYZwAC+lkkZ8IDBEepYE7XDIKItWEUMn1rZj2iCQUdGYFHYI9+/I8qZ+U7dPy5Z1O4xpNkEf7qIgOkY3OUQXdoiqqIYoG6AW9oXfjyXg1PozPSWvOmM7soj8wvn4ALXqYdw==</latexit>

�! ↵ = 2/5

<latexit sha1_base64="JMPWX+mHjc5ffYLXONvIc7Nmc/Q=">AAACBXicbVDLSgNBEJyNrxhfUY96GBIEQYi7QVEPQtCLxwjmAdkQeieTZMjszDIzq4SQixd/wI/w4kERr/6Dt/yNk8dBEwsaiqpuuruCiDNtXHfoJBYWl5ZXkquptfWNza309k5Zy1gRWiKSS1UNQFPOBC0ZZjitRopCGHBaCbrXI79yT5VmUtyZXkTrIbQFazECxkqN9L7PpWgr1u4YUEo+YB941AF8ifPHp4101s25Y+B54k1JtpDxj56HhV6xkf72m5LEIRWGcNC65rmRqfdBGUY4HaT8WNMISBfatGapgJDqen/8xQAfWKWJW1LZEgaP1d8TfQi17oWB7QzBdPSsNxL/82qxaZ3X+0xEsaGCTBa1Yo6NxKNIcJMpSgzvWQJEMXsrJh1QQIwNLmVD8GZfniflfM47yV3c2jSu0ARJtIcy6BB56AwV0A0qohIi6BG9oDf07jw5r86H8zlpTTjTmV30B87XD0y8msQ=</latexit>

Rs ⇠
✓
E

%

◆1/5

t2/5

<latexit sha1_base64="H7vQuRhqzmjQwxy5BW4N0SIqODk="></latexit>

Rs ⇠ 1.12

✓
E

%

◆1/5

t2/5

<latexit sha1_base64="7YS+qwthftxMwaIIV6IFsR53IMg="></latexit>

Thin shell approximation



Snowplough (radiative) phase

The shell cools but the interior conserves energy

Adiabatic invariant: K = PV 5/3 ⇠ PR5

<latexit sha1_base64="LNEHB2uMhV/H+J6SzOQ44WiYh4Q=">AAACAXicbVDLSgMxFM34rONr1I3gJlgEV3VGLeqiWHQjuKliH9BOSybNtKGZzJBkhDLUjZ+iGxeKuPUD3LsR/8b0sdDWAxdOzrmX3Hu8iFGpbPvbmJqemZ2bTy2Yi0vLK6vW2npJhrHApIhDFoqKhyRhlJOiooqRSiQICjxGyl7nvO+Xb4mQNOQ3qhsRN0AtTn2KkdJSw9q8hDlYgKV6kt076MGapIF+XtezDSttZ+wB4CRxRiR9+mHmoocvs9CwPmvNEMcB4QozJGXVsSPlJkgoihnpmbVYkgjhDmqRqqYcBUS6yeCCHtzRShP6odDFFRyovycSFEjZDTzdGSDVluNeX/zPq8bKP3YTyqNYEY6HH/kxgyqE/ThgkwqCFetqgrCgeleI20ggrHRopg7BGT95kpT2M85h5uTKTufPwBApsAW2wS5wwBHIgwtQAEWAwR14BM/gxbg3noxX423YOmWMZjbAHxjvP9Pwl5k=</latexit>

[K] = (ML�1T�2)(L)5 = ML4T�2

<latexit sha1_base64="wTgEC4nZyL/DzqVoMppPSx2mYoM=">AAACFXicbVBdSwJBFJ21L7Mvq8deBiVQKtkVo3oIpF6CDAz8Al1ldhx1cPaDmdlgWfwTEfRXeumhiF6D3vw3zaoPpR243MM59zJzj+UxKqSuj7XY0vLK6lp8PbGxubW9k9zdqwnX55hUsctc3rCQIIw6pCqpZKThcYJsi5G6NbyO/PoD4YK6TkUGHjFt1Hdoj2IkldRJHjdvTXgJM3ew1A5PjBGsqJYfZWGmlG2fKicyCjO1k0zrOX0CuEiMGUkXU62jp3ExKHeS362ui32bOBIzJETT0D1phohLihkZJVq+IB7CQ9QnTUUdZBNhhpOrRvBQKV3Yc7kqR8KJ+nsjRLYQgW2pSRvJgZj3IvE/r+nL3rkZUsfzJXHw9KGez6B0YRQR7FJOsGSBIghzqv4K8QBxhKUKMqFCMOZPXiS1fM4o5C7uVRpXYIo4OAApkAEGOANFcAPKoAoweAQv4A28a8/aq/ahfU5HY9psZx/8gfb1A6gHnSI=</latexit>

Rs = K�%�t↵

<latexit sha1_base64="w30ChpZp9xtEDbupgyR/vIq/2wQ="></latexit>

L = (ML4T�2)�(ML�3)�T↵

<latexit sha1_base64="99xg5yoj68Q0xM2rff0G1nDwL7w="></latexit>

8
<

:

1 = 4� � 3�
0 = � + �
0 = �2� + ↵

<latexit sha1_base64="YDtusFcCTV8GBa7kvjBCYpQTGys="></latexit>

Rs ⇠
✓
K

%

◆1/7

t2/7

<latexit sha1_base64="TEfjnFoFWpRTISsa9Vaf/uaqI8E="></latexit>



Momentum conserving (radiative) phase

µ %

<latexit sha1_base64="6Dzpiu5Q33vWIZwlf/Uz1S9CTNE=">AAAB+nicbVDLSgMxFM3UV62vqS4VCRbBVZkRQd0V3bhswT6gU0omzbShmWRIMpUy1p2f4caFIm5d9Dvc+Q3+hJm2C209cOFwzr3ce48fMaq043xZmaXlldW17HpuY3Nre8fO79aUiCUmVSyYkA0fKcIoJ1VNNSONSBIU+ozU/f516tcHRCoq+K0eRqQVoi6nAcVIG6lt570whg8poDdAUvZE2y44RWcCuEjcGSmUDsaV78fDcbltf3odgeOQcI0ZUqrpOpFuJUhqihkZ5bxYkQjhPuqSpqEchUS1ksnpI3hslA4MhDTFNZyovycSFCo1DH3TGSLdU/NeKv7nNWMdXLQSyqNYE46ni4KYQS1gmgPsUEmwZkNDEJbU3ApxD0mEtUkrZ0Jw519eJLXTontWvKyYNK7AFFmwD47ACXDBOSiBG1AGVYDBHXgCL+DVureerTfrfdqasWYze+APrI8fjeeX6g==</latexit>

[µ] = MLT�1

<latexit sha1_base64="J4zpIxPE+yYsYpVHVnjTLNEepgc=">AAAB+3icbVDLSsNAFJ3UV62vWJduhhZBEEsigroQim5cKFToC5JYJtNpO3QyCTMTMYT8hWs3LhRx64+46984fSy09cCFwzn3cu89fsSoVJY1MnJLyyura/n1wsbm1vaOuVtsyjAWmDRwyELR9pEkjHLSUFQx0o4EQYHPSMsfXo/91iMRkoa8rpKIeAHqc9qjGCktdcyi4waxBy/hHbyF9Yf02M46ZtmqWBPARWLPSLlaco+eR9Wk1jG/3W6I44BwhRmS0rGtSHkpEopiRrKCG0sSITxEfeJoylFApJdObs/ggVa6sBcKXVzBifp7IkWBlEng684AqYGc98bif54Tq965l1IexYpwPF3UixlUIRwHAbtUEKxYognCgupbIR4ggbDScRV0CPb8y4ukeVKxTysX9zqNKzBFHuyDEjgENjgDVXADaqABMHgCL+ANvBuZ8Wp8GJ/T1pwxm9kDf2B8/QB9apXK</latexit>

Rs = µ�%�t↵

<latexit sha1_base64="PseebP1xAPLBJtufjwIk051uEPY="></latexit>

L = (MLT�1)�(ML�3)�T↵

<latexit sha1_base64="OpqtIdJluiLsYuT+L+UBFC77Dqc="></latexit>

8
<

:

1 = � � 3�
0 = � + �
0 = �� + ↵

<latexit sha1_base64="VlLIeXR7fD9saJel9NQIqm5VpN4="></latexit>

Rs ⇠
✓
µ

%

◆1/4

t1/4

<latexit sha1_base64="hR+Zs88QVwQYY0oV0pokxemG87A="></latexit>



Supernova remnant in a stellar wind (Sedov phase)

The density is not uniform but scales as a power law (scale free!)

% = BR�2

<latexit sha1_base64="sV1FzV0NBR1DNC+zRiuwYewX2C8=">AAAB+3icbVDLSsNAFJ3UV62vWJeKDBbBjSUpgroQSt24bMU+oI1lMp20QyeZMDMplpClv+HGhSJuhX6HO7/Bn3D6WGjrgQuHc+7l3nvckFGpLOvLSC0tr6yupdczG5tb2zvmbrYmeSQwqWLOuGi4SBJGA1JVVDHSCAVBvstI3e1fj/36gAhJeXCnhiFxfNQNqEcxUlpqm9nWAAnR4/AKluDtfXxaSNpmzspbE8BFYs9Irngwqnw/Ho7KbfOz1eE48kmgMENSNm0rVE6MhKKYkSTTiiQJEe6jLmlqGiCfSCee3J7AY610oMeFrkDBifp7Ika+lEPf1Z0+Uj05743F/7xmpLwLJ6ZBGCkS4OkiL2JQcTgOAnaoIFixoSYIC6pvhbiHBMJKx5XRIdjzLy+SWiFvn+UvKzqNEpgiDfbBETgBNjgHRXADyqAKMHgAT+AFvBqJ8Wy8Ge/T1pQxm9kDf2B8/AAYWpbm</latexit>

Rs ⇠
✓
E

%

◆1/5

t2/5

<latexit sha1_base64="H7vQuRhqzmjQwxy5BW4N0SIqODk="></latexit>

=

✓
E

BR�2
s

◆1/5

t2/5

<latexit sha1_base64="ZSdR4L45IGZhj/1rpMGkUKESfvQ="></latexit>

=

✓
E

B

◆1/5

t2/5R2/5
s

<latexit sha1_base64="tbC3c9ItyT9C8EfUptoMAXrUvvM="></latexit>

R3/5
s =

✓
E

B

◆1/5

t2/5

<latexit sha1_base64="VpNskI4jhMB7SaNQqwJdU2tnfGg="></latexit>

�! Rs =

✓
E

B

◆1/3

t2/3

<latexit sha1_base64="KHlYKR7MmVgiHq3dtDl20goYL9Q="></latexit>

2/3 > 2/5

<latexit sha1_base64="wuTE7rqS0IHcKZXkUcmBfHw4uho=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LC2CILRJVdSLFL14rGBrpQ1ls920SzebsLsRQuiv0IMHRbz6c7z137j9OGjrg4HHezPMzPMizpS27ZGVWVpeWV3Lruc2Nre2d/K7ew0VxpLQOgl5KJseVpQzQeuaaU6bkaQ48Dh98AY3Y//hiUrFQnGvk4i6Ae4J5jOCtZEeK+UTdIUq5bNOvmiX7AnQInFmpFgttI9fRtWk1sl/t7shiQMqNOFYqZZjR9pNsdSMcDrMtWNFI0wGuEdbhgocUOWmk4OH6NAoXeSH0pTQaKL+nkhxoFQSeKYzwLqv5r2x+J/XirV/4aZMRLGmgkwX+TFHOkTj71GXSUo0TwzBRDJzKyJ9LDHRJqOcCcGZf3mRNCol57R0eWfSuIYpsnAABTgCB86hCrdQgzoQCOAZ3uDdktar9WF9Tlsz1mxmH/7A+voB/52Rkw==</latexit>

Larger expansion rate


