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Gamma-Ray Emission from GRBs 
Afterglows- A Brief Overview

1Andrew Taylor

Caveat! The Gamma-Ray emission I will 
be focusing on here is the radiation 

observed during the “afterglow” phase of 
the GRB

[HESS Coll. Nature 2019] 



GRBs: Natures Machines for Converting 
Rel. Ram Pressure into Gamma-Rays

Andrew Taylor 2

(upstream)(downstream) �

�

• Not actually isotropic outflows, but can be considered as 
“quasi-isotropic” since θjet>1/Γ

• Isotropic equivalent energy in gamma-rays, Eiso, up to 
1054 erg, close to Gravitational binding energy limit

• Extremely efficient emitters in terms of converting kinetic 
energy flux to radiation

[viewed in upstream restframe]

<latexit sha1_base64="Lti+u+Oq0lCV/zu8JHAfdq5Pen8=">AAACAHicbVDLSsNAFJ3UV42vqAsXboJFqCAlkaIui25cVrAPaEKYTCft0MlMmJkIJWTjr7hxoYhbP8Odf+OkzUJbD9zL4Zx7mbknTCiRynG+jcrK6tr6RnXT3Nre2d2z9g+6kqcC4Q7ilIt+CCWmhOGOIorifiIwjEOKe+HktvB7j1hIwtmDmibYj+GIkYggqLQUWEdeGGVm3RNjHmRpfp4U/czMA6vmNJwZ7GXilqQGSrQD68sbcpTGmClEoZQD10mUn0GhCKI4N71U4gSiCRzhgaYMxlj62eyA3D7VytCOuNDFlD1Tf29kMJZyGod6MoZqLBe9QvzPG6QquvYzwpJUYYbmD0UptRW3izTsIREYKTrVBCJB9F9tNIYCIqUzM3UI7uLJy6R70XAvG837Zq11U8ZRBcfgBNSBC65AC9yBNugABHLwDF7Bm/FkvBjvxsd8tGKUO4fgD4zPH95GlfQ=</latexit>

(⇢u,pu)
<latexit sha1_base64="plppZZy//gB7uzctnsWeMUh3Dpw=">AAACAHicbVDLSsNAFJ3UV42vqAsXbgaLUEFKIkVdFt24rGAf0IQwmUzaoZNJmJkIJWTjr7hxoYhbP8Odf+Ok7UJbD9zL4Zx7mbknSBmVyra/jcrK6tr6RnXT3Nre2d2z9g+6MskEJh2csET0AyQJo5x0FFWM9FNBUBww0gvGt6XfeyRC0oQ/qElKvBgNOY0oRkpLvnXkBlFu1l0xSvw8LM7Tsp+ZhW/V7IY9BVwmzpzUwBxt3/pywwRnMeEKMyTlwLFT5eVIKIoZKUw3kyRFeIyGZKApRzGRXj49oICnWglhlAhdXMGp+nsjR7GUkzjQkzFSI7noleJ/3iBT0bWXU55minA8eyjKGFQJLNOAIRUEKzbRBGFB9V8hHiGBsNKZmToEZ/HkZdK9aDiXjeZ9s9a6mcdRBcfgBNSBA65AC9yBNugADArwDF7Bm/FkvBjvxsdstGLMdw7BHxifP6nQldI=</latexit>

(⇢d,pd)

<latexit sha1_base64="mzG+FJ9wSWPH56qp6IXt3W8H3qo=">AAACAnicbVBNS8NAEN3Urxq/qj16CRbBU0iKX8eiF48VrC00oWy2k3bt5oPdiVBC/StePOhRvPorvPlv3LY5aOuDgcd7M8zMC1LBFTrOt1FaWV1b3yhvmlvbO7t7lf2De5VkkkGLJSKRnYAqEDyGFnIU0Ekl0CgQ0A5G11O//QhS8SS+w3EKfkQHMQ85o6ilXqXqBWFuejgEpL38AXBiTnqVmmM7M1jLxC1IjRRo9ipfXj9hWQQxMkGV6rpOin5OJXImYGJ6mYKUshEdQFfTmEag/Hx2/MQ61krfChOpK0Zrpv6eyGmk1DgKdGdEcagWvan4n9fNMLz0cx6nGULM5ovCTFiYWNMkrD6XwFCMNaFMcn2rxYZUUoY6L1OH4C6+vEy8uu2e22e26zh2/fa01rgqQimTQ3JETohLLkiD3JAmaRFGxuSZvJI348l4Md6Nj3lryShmquQPjM8fJFCV5g==</latexit>

✓jet

<latexit sha1_base64="kwxWq1iEboe0AnQdQK1BnnAo/l4=">AAAB83icbVDLSsNAFL3xWeur6tLNYBFchaT4WhbduKxgH9CEMplO2rGTmTAzEUroP7hxoUtx68+482+ctllo64ELh3Pu5d57opQzbTzv21lZXVvf2Cxtlbd3dvf2KweHLS0zRWiTSC5VJ8KaciZo0zDDaSdVFCcRp+1odDv1209UaSbFgxmnNEzwQLCYEWys1AqiOFeTXqXqud4MaJn4BalCgUav8hX0JckSKgzhWOuu76UmzL EyjHA6KQeZpikmIzygXUsFTqgO89m1E3RqlT6KpbIlDJqpvydynGg9TiLbmWAz1IveVPzP62Ymvg5zJtLMUEHmi+KMIyPR9HXUZ4oSw8eWYKKYvRWRIVaYGBtQ2YbgL768TIKa61+6F67veW7t/rxavylCKcExnMAZ+HAFdbiDBjSBwCM8wyu8OdJ5cd6dj3nrilPMHMEfOJ8/W7OQhQ==</latexit>r

forward shock
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Temporal Compression of Signal
For a constant density medium, 
during the deceleration phase,

Since radiation is emitted by a relativistically 
moving emitter,

<latexit sha1_base64="Pg7kU1by2zBkRgAZyAFeBJF5E3U="></latexit>

Rdec ⇡ 1017

✓
Eiso

1053 erg

◆1/3 ⇣ n

1 cm�3

⌘�1/3
✓

�

100

◆�2/3

cm

<latexit sha1_base64="X8oQsfHQbq9Lmum9OQbBF0v/NtI="></latexit>

tobsdec ⇡ R

c�2
= 300

✓
R

1017 cm

◆✓
�

100

◆�2

s

[Plot Courtesy of M. Klinger]
<latexit sha1_base64="kwxWq1iEboe0AnQdQK1BnnAo/l4=">AAAB83icbVDLSsNAFL3xWeur6tLNYBFchaT4WhbduKxgH9CEMplO2rGTmTAzEUroP7hxoUtx68+482+ctllo64ELh3Pu5d57opQzbTzv21lZXVvf2Cxtlbd3dvf2KweHLS0zRWiTSC5VJ8KaciZo0zDDaSdVFCcRp+1odDv1209UaSbFgxmnNEzwQLCYEWys1AqiOFeTXqXqud4MaJn4BalCgUav8hX0JckSKgzhWOuu76UmzLEyjHA6KQeZpikmIzygXUsFTqgO89m1E3RqlT6KpbIlDJqpvydynGg9TiLbmWAz1IveVPzP62Ymvg5zJtLMUEHmi+KMIyPR9HXUZ4oSw8eWYKKYvRWRIVaYGBtQ2YbgL768TIKa61+6F67veW7t/rxavylCKcExnMAZ+HAFdbiDBjSBwCM8wyu8OdJ5cd6dj3nrilPMHMEfOJ8/W7OQhQ==</latexit>r

<latexit sha1_base64="awLxpFHXECG5d4mhi0QX0PdzGII=">AAAB/3icbVDLSsNAFJ3UV62vqEs3g0VwFZLia1l047KCtYUmlMl00g6dR5iZFErIn7hxoUtx62+482+ctllo64ELh3Pu5d574pRRbXz/26msrW9sblW3azu7e/sH7uHRk5aZwqSNJZOqGyNNGBWkbahhpJsqgnjMSCce3838zoQoTaV4NNOURBwNBU0oRsZKfdcN4yQ3/TxUHMpYF0XfrfuePwdcJUFJ6qBEq+9+hQOJM06EwQxp3Qv81EQ5UoZiRopamGmSIjxGQ9KzVCBOdJTPLy/gmVUGMJHKljBwrv6eyBHXespj28mRGellbyb+5/Uyk9xEORVpZojAi0VJxqCRcBYDHFBFsGFTSxBW1N4K8QgphI0Nq2ZDCJZfXiVhwwuuvEsv8H2v8XBRb96WoVTBCTgF5yAA16AJ7kELtAEGE/AMXsGbkzsvzrvzsWitOOXMMfgD5/MHjIWVEg==</latexit>

tobs

<latexit sha1_base64="HKkFKH7rRyMwbKIM4Y8aGMd+cs8=">AAACDXicbVC7SgNBFJ2Nr7i+opaCDAYhFi67wVcjBG0sIxgTyC7L7GQ2GTL7YOauEJZ0Nv6KjYWWYmtv5984eRSaeODC4Zx7ufeeIBVcgW1/G4WFxaXlleKquba+sblV2t65V0kmKWvQRCSyFRDFBI9ZAzgI1kolI1EgWDPoX4/85gOTiifxHQxS5kWkG/OQUwJa8kv7bhDmJgU/d2WEk0ANLyvOsRswIEfSHPqlsm3ZY+B54kxJGU1R90tfbiehWcRioIIo1XbsFLycSOBUsKHpZoqlhPZJl7U1jUnElJeP/xjiQ610cJhIXTHgsfp7IieRUoMo0J0RgZ6a9Ubif147g/DCy3mcZsBiOlkUZgJDgkeh4A6XjIIYaEKo5PpWTHtEEgo6OlOH4My+PE/cquWcWaeWY9tW9fakXLuahlJEe+gAVZCDzlEN3aA6aiCKHtEzekVvxpPxYrwbH5PWgjGd2UV/YHz+ANpzmWs=</latexit>

ctobs = (1� �)r

coasting dec
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Rel. Hydro Shock- Downstream 
Partition of the Upstream Ram Pressure

 1

 2

 3

 4

 5

 6

 7

 8

 0.01  0.1  1  10  100  1000

β 1
/β

2

β1Γ1

γ=5/3
γ=4/3

approx. for γ=5/3
approx. for γ=4/3

[viewed in shock restframe]

Blast wave CBMshock

upstreamdownstream
𝜌d, pth

d, 𝛽! 𝜌u, 𝛽"

<latexit sha1_base64="ZeW5gAlYfHlO/UrNl/kni/GlPVk=">AAACE3icbZBNS8MwGMfT+TbrW9Wjl+IQxMNox1CPQw96nOBeYK0jzdItLElLkgqj9Dt48at48aCIVy/e/DamWxHd/EPgl//zPCTPP4gpkcpxvozS0vLK6lp53dzY3NresXb32jJKBMItFNFIdAMoMSUctxRRFHdjgSELKO4E48u83rnHQpKI36pJjH0Gh5yEBEGlrb514gVhanpiFPXTJPMCrGAOd2kt864gYz83M+tbFafqTGUvgltABRRq9q1PbxChhGGuEIVS9lwnVn4KhSKI4sz0EoljiMZwiHsaOWRY+ul0p8w+0s7ADiOhD1f21P09kUIm5YQFupNBNZLztdz8r9ZLVHjup4THicIczR4KE2qryM4DsgdEYKToRANEgui/2mgEBURKx2jqENz5lRehXau6p9X6Tb3SuCjiKIMDcAiOgQvOQANcgyZoAQQewBN4Aa/Go/FsvBnvs9aSUczsgz8yPr4B9GKe2A==</latexit>

⇢u�
2
u�

2
u<latexit sha1_base64="/RsYpzAVwlThpon3J4OUjyxdP6c="></latexit>

wd�
2
d�

2
d =

1

3
⇢u�

2
u�

2
u

<latexit sha1_base64="DlWUVEz7sHHPqUTu+ZUMiQZ46/U=">AAACKXicbZDLSsQwFIZTr2O9jbp0UxwEV0PrBd0Igy50OYIzCtNOSdN0Jpi0JTkVhtDXceOruFFQ1K0vYuaCePsh8OU/55CcP8o5U+C6b9bU9Mzs3HxlwV5cWl5Zra6tt1VWSEJbJOOZvI6wopyltAUMOL3OJcUi4vQqujkd1q9uqVQsSy9hkNNA4F7KEkYwGCusNvwo0Xbe1dAvQx2Xx34iMdG7pd4rfdnPQl2UfkQBD6FrfP 8MC/F1s8uwWnPr7kjOX/AmUEMTNcPqkx9npBA0BcKxUh3PzSHQWAIjnJa2XyiaY3KDe7RjMMWCqkCPNi2dbePETpJJc1JwRu73CY2FUgMRmU6Boa9+14bmf7VOAclRoFmaF0BTMn4oKbgDmTOMzYmZpAT4wAAmkpm/OqSPTVRgwrVNCN7vlf9Ce7fuHdTdi/1a42QSRwVtoi20gzx0iBroHDVRCxF0hx7QM3qx7q1H69V6H7dOWZOZDfRD1scndu2olg==</latexit>

pth
d =

2

3
⇢u�

2
u�

2
u
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Rel. MHD Shock- Downstream Partition 
of the Upstream Ram Pressure

<latexit sha1_base64="f361GcYB9ddqlnBrMCefz52hOGI=">AAAB9HicbVBNS8NAEJ3Urxq/oh69LBbBU0lE0WOxF49V7Ae0oWy2m3bpZhN3N4US8ju8eFDEqz/Gm//GbZuDtj4YeLw3w8y8IOFMadf9tkpr6xubW+Vte2d3b//AOTxqqTiVhDZJzGPZCbCinAna1Exz2kkkxVHAaTsY12d+e0KlYrF41NOE+hEeChYygrWR/F4QZnbSz+oPuZ33nYpbdedAq8QrSAUKNPrOV28QkzSiQhOOlep6bqL9DEvNCKe53UsVTTAZ4yHtGipwRJWfzY/O0ZlRBiiMpSmh0Vz9PZHhSKlpFJjOCOuRWvZm4n9eN9XhjZ8xkaSaCrJYFKYc6RjNEkADJinRfGoIJpKZWxEZYYmJNjnZJgRv+eVV0rqoeldV9/6yUrst4ijDCZzCOXhwDTW4gwY0gcATPMMrvFkT68V6tz4WrSWrmDmGP7A+fwDtY5GM</latexit>pCR

<latexit sha1_base64="nUdbYfxEJhh9B8IuCfe8ZGieakw=">AAAB83icbVBNS8NAEJ3Urxq/qh69LBbBU0lE0WOpF48V7Ac0oWy2m3bpZrPsboQS8je8eFDEq3/Gm//GbZuDVh8MPN6bYWZeJDnTxvO+nMra+sbmVnXb3dnd2z+oHR51dZopQjsk5anqR1hTzgTtGGY47UtFcRJx2oumt3O/90iVZql4MDNJwwSPBYsZwcZKQRDFuSuHeatwi2Gt7jW8BdBf4pekDiXaw9pnMEpJllBhCMdaD3xPmjDHyjDCaeEGmaYSkyke04GlAidUh/ni5gKdWWWE4lTZEgYt1J8TOU60niWR7UywmehVby7+5w0yE9+EORMyM1SQ5aI448ikaB4AGjFFieEzSzBRzN6KyAQrTIyNybUh+Ksv/yXdi4Z/1fDuL+vNVhlHFU7gFM7Bh2towh20oQMEJDzBC7w6mfPsvDnvy9aKU84cwy84H99GbpEv</latexit>pB

<latexit sha1_base64="ZeW5gAlYfHlO/UrNl/kni/GlPVk=">AAACE3icbZBNS8MwGMfT+TbrW9Wjl+IQxMNox1CPQw96nOBeYK0jzdItLElLkgqj9Dt48at48aCIVy/e/DamWxHd/EPgl//zPCTPP4gpkcpxvozS0vLK6lp53dzY3NresXb32jJKBMItFNFIdAMoMSUctxRRFHdjgSELKO4E48u83rnHQpKI36pJjH0Gh5yEBEGlrb514gVhanpiFPXTJPMCrGAOd2kt864gYz83M+tbFafqTGUvgltABRRq9q1PbxChhGGuEIVS9lwnVn4KhSKI4sz0EoljiMZwiHsaOWRY+ul0p8w+0s7ADiOhD1f21P09kUIm5YQFupNBNZLztdz8r9ZLVHjup4THicIczR4KE2qryM4DsgdEYKToRANEgui/2mgEBURKx2jqENz5lRehXau6p9X6Tb3SuCjiKIMDcAiOgQvOQANcgyZoAQQewBN4Aa/Go/FsvBnvs9aSUczsgz8yPr4B9GKe2A==</latexit>

⇢u�
2
u�

2
u

<latexit sha1_base64="BExXFcUD+mvLVWArrRLXlqSW+Cs=">AAAB+nicbVDLSsNAFL2prxpfqS7dDBbBVUlE1GXRjcsK9gFtDJPJpB06eTAzUUrMp7hxoYhbv8Sdf+O0zUJbD1w4nHMv997jp5xJZdvfRmVldW19o7ppbm3v7O5Ztf2OTDJBaJskPBE9H0vKWUzbiilOe6mgOPI57frj66nffaBCsiS+U5OUuhEexixkBCsteVZt4Ie5md7nalR4eVCYhWfV7YY9A1omTknqUKLlWV+DICFZRGNFOJay79ipcnMsFCOcFuYgkzTFZIyHtK9pjCMq3Xx2eoGOtRKgMBG6YoVm6u+JHEdSTiJfd0ZYjeSiNxX/8/qZCi/dnMVppmhM5ovCjCOVoGkOKGCCEsUnmmAimL4VkREWmCidlqlDcBZfXiad04Zz3ji7Pas3r8o4qnAIR3ACDlxAE26gBW0g8AjP8ApvxpPxYrwbH/PWilHOHMAfGJ8/HNaT6w==</latexit>

pth
d

<latexit sha1_base64="EMtLf+NsnPS3p0djURzVH+ONUFA=">AAAB+3icbVDLSsNAFJ3UV42vWJduBovgqiRS1GXRjcsK9gFtDJPJpB06MwkzE7GE/IobF4q49Ufc+TdO2yy09cCFwzn3cu89Ycqo0q77bVXW1jc2t6rb9s7u3v6Bc1jrqiSTmHRwwhLZD5EijArS0VQz0k8lQTxkpBdObmZ+75FIRRNxr6cp8TkaCRpTjLSRAqc2DOPcTh9yiXgR5FFhF4FTdxvuHHCVeCWpgxLtwPkaRgnOOBEaM6TUwHNT7edIaooZKexhpkiK8ASNyMBQgThRfj6/vYCnRolgnEhTQsO5+nsiR1ypKQ9NJ0d6rJa9mfifN8h0fOXnVKSZJgIvFsUZgzqBsyBgRCXBmk0NQVhScyvEYyQR1iYu24TgLb+8SrrnDe+i0bxr1lvXZRxVcAxOwBnwwCVogVvQBh2AwRN4Bq/gzSqsF+vd+li0Vqxy5gj8gfX5A+AIlFk=</latexit>

pram
d

<latexit sha1_base64="N9EG0oMLU3FaXeCwAhRKNf0r0BE=">AAACK3icbZDNahsxFIU1Ttq605+4zbIbEVPoyswY02ZTCO6iXSZQ2wGPY+7Id2Jh/QySJmDEvE83fZUumkWTkG3eI7JjSpvkgODTufci3ZOXgluXJJdRY2v7ydNnzefxi5evXu+03rwdWl0ZhgOmhTbHOVgUXOHAcSfwuDQIMhc4yhdfVvXRGRrLtfruliVOJJwqXnAGLljTVj/LCx9nZ2CwtFxoRT/TrDDAfFn7zMz11Fd1lq ODFZz4bp19BSn/3uq4nrbaSSdZiz6EdANtstHhtPU7m2lWSVSOCbB2nCalm3gwjjOBdZxVFktgCzjFcUAFEu3Er3et6fvgzGihTTjK0bX774QHae1S5qFTgpvb+7WV+VhtXLlif+K5KiuHit09VFSCOk1XwdEZN8icWAYAZnj4K2VzCEm5EG8cQkjvr/wQht1O+rHTO+q1D/qbOJrkHdkjH0hKPpED8o0ckgFh5Af5Rf6Qi+hndB5dRdd3rY1oM7NL/lN0cwu49ak8</latexit>

" =
p

⇢u�2
u�

2
u

1. ε- key parameters which we 
don’t apriori know, but which we 
may probe with observations
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Relativistic MHD Shocks

"B = 0.1

For

Downstream magnetic field partition of upstream ram pressure:

<latexit sha1_base64="//clzgcsxBxI2ibCk+urtvhXgQw=">AAAB/3icbVDLSsNAFJ3UV42vqODGzWARXJVEfC1LXeiygn1AE8pkOmmHTibDzEQssYK/4saFIm79DXf+jdM2C209cOFwzr3ce08oGFXadb+twsLi0vJKcdVeW9/Y3HK2dxoqSSUmdZywRLZCpAijnNQ11Yy0hCQoDhlphoPLsd+8I1LRhN/qoSBBjHqcRhQjbaSOs+eHUWZXfSSETO6hWz57hFf2qOOU3LI7AZwnXk5KIEet43z53QSnMeEaM6RU23OFDjIkNcWMjGw/VUQgPEA90jaUo5ioIJvcP4KHRunCKJGmuIYT9fdEhmKlhnFoOmOk+2rWG4v/ee1URxdBRrlINeF4uihKGdQJHIcBu1QSrNnQEIQlNbdC3EcSYW0is00I3uzL86RxXPZOy+7NSalSzeMogn1wAI6AB85BBVyDGqgDDB7AM3gFb9aT9WK9Wx/T1oKVz+yCP7A+fwCflZSM</latexit>

B ⇡ 0.6 G

<latexit sha1_base64="exG6vasKeFb+7vcVUrPQg0SCvE4=">AAACB3icbVDLSsNAFL3xWeMr6lKQYBHcWBKx6EYodeOygn1AE8tkOmmHTiZhZlIoITs3/oobF4q49Rfc+TdOHwttPXDhcM693HtPkDAqleN8G0vLK6tr64UNc3Nre2fX2ttvyDgVmNRxzGLRCpAkjHJSV1Qx0koEQVHASDMY3Iz95pAISWN+r0YJ8SPU4zSkGCktdawjLwgz0xsiQRJJmZayan7tOg/ZWTk3845VdErOBPYicWekCDPUOtaX141xGhGuMENStl0nUX6GhKKYkdz0UkkShAeoR9qachQR6WeTP3L7RCtdO4yFLq7sifp7IkORlKMo0J0RUn05743F/7x2qsIrP6M8SRXheLooTJmtYnscit2lgmDFRpogLKi+1cZ9JBBWOjpTh+DOv7xIGuclt1xy7i6KleosjgIcwjGcgguXUIFbqEEdMDzCM7zCm/FkvBjvxse0dcmYzRzAHxifP8hymJk=</latexit>

"B = 10�5

<latexit sha1_base64="pcZ4EayfHSTL+W0SI6N645RjQrw=">AAAB/nicbVDLSgMxFM34rONrVFy5CRbBVZkRX8tSF7qsYB/QKSWTZtrQZBKSjFiGir/ixoUibv0Od/6NaTsLbT1w4XDOvdx7TyQZ1cb3v52FxaXlldXCmru+sbm17e3s1rVIFSY1LJhQzQhpwmhCaoYaRppSEcQjRhrR4GrsN+6J0lQkd2YoSZujXkJjipGxUsfbD6M4cyshklKJB3j+CPm1O+p4Rb/kTwDnSZCTIshR7XhfYVfglJPEYIa0bgW+NO0MKUMxIyM3TDWRCA9Qj7QsTRAnup1Nzh/BI6t0YSyUrcTAifp7IkNc6yGPbCdHpq9nvbH4n9dKTXzZzmgiU0MSPF0UpwwaAcdZwC5VBBs2tARhRe2tEPeRQtjYxFwbQjD78jypn5SCs5J/e1osV/I4CuAAHIJjEIALUAY3oApqAIMMPINX8OY8OS/Ou/MxbV1w8pk98AfO5w+L3JSR</latexit>
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"B =
UB

⇢u�2
u�

2
u
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nu = 1 cm�3
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�u�u = 10
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• Isotropisation is caused by magnetic
turbulence, its rate is described by
the scattering time, which in Larmor
time units is η

• Scattering agent velocity β dictates 
energy gain each crossing cycle

Particle Acceleration and Magnetic Turbulence

<latexit sha1_base64="08zV5a0juvIsDjPpKlvWEaHxpOg=">AAACD3icbVC7SgNBFJ31GdfXqqXNYFCswq4o2ghBG8so5gHZsMxOZpMhsw9m7gph2D+w8VdsLBSxtbXzb5w8Ck08cOFwzr3ce0+YCa7Adb+thcWl5ZXV0pq9vrG5te3s7DZUmkvK6jQVqWyFRDHBE1YHDoK1MslIHArWDAfXI7/5wKTiaXIPw4x1YtJLeMQpASMFzpEfRtqGQCujFJc+A4L9SBKq7wItiCwKTQu7CJyyW3HHwPPEm5IymqIWOF9+N6V5zBKggijV9twMOppI4FSwwvZzxTJCB6TH2oYmJGaqo8f/FPjQKF0cpdJUAnis/p7QJFZqGIemMybQV7PeSPzPa+cQXXQ0T7IcWEIni6JcYEjxKBzc5ZJREENDCJXc3Ippn5g0wERomxC82ZfnSeOk4p1V3NvTcvVqGkcJ7aMDdIw8dI6q6AbVUB1R9Iie0St6s56sF+vd+pi0LljTmT30B9bnD4JVnPc=</latexit>

tscat = ⌘
Rlar

c

<latexit sha1_base64="u8qQ9yTVS+g31QjuBwtAcXhcLzQ="></latexit>

tacc. = �tcyc (E/�Ecyc)

<latexit sha1_base64="wVSQkzO/l7hiBUAAUzVVKeqkX34=">AAACA3icbVDLSsNAFJ34rPEVdaebYBFc1aQouhGKblxWsA9oYphMJ+3QySTM3AglBNz4K25cKOLWn3Dn3zh9LLT1wIXDOfdy7z1hypkCx/k2FhaXlldWS2vm+sbm1ra1s9tUSSYJbZCEJ7IdYkU5E7QBDDhtp5LiOOS0FQ6uR37rgUrFEnEHw5T6Me4JFjGCQUuBte+FUW5eQpArLRUnXkgB3+fVwiwCq+xUnDHseeJOSRlNUQ+sL6+bkCymAgjHSnVcJwU/xxIY4bQwvUzRFJMB7tGOpgLHVPn5+IfCPtJK144SqUuAPVZ/T+Q4VmoYh7ozxtBXs95I/M/rZBBd+DkTaQZUkMmiKOM2JPYoELvLJCXAh5pgIpm+1SZ9LDEBHZupQ3BnX54nzWrFPas4t6fl2tU0jhI6QIfoGLnoHNXQDaqjBiLoET2jV/RmPBkvxrvxMWldMKYze+gPjM8fQbmXRQ==</latexit>

= tscat/�
2

downstream upstream

2. η- key parameter which 
again we don’t apriori know, 
but which we may probe 
with observations 



synchrotron
inverse Compton 
scattering

photons can 
escape from box

electrons drive 
expansion of box

shock injects 
relativistic particles

𝜕!𝑁",$% = 𝜕"
𝐸

𝜏&'((𝐸, 𝑡)
+

𝐸
𝜏)*(𝐸, 𝑡)

+
𝐸

𝜏+,)(𝑡)
𝑁",$% +𝑄)(- 𝐸, 𝑡 −

𝑁",$%
𝜏.. 𝐸, 𝑡

+ 𝑄.+ 𝐸, 𝑡

𝜕!𝑁",/ = −
𝑁",/
𝜏$&0(𝑡)

+ 𝑄&'( 𝐸, 𝑡 + 𝑄)* 𝐸, 𝑡 + 𝑄.. 𝐸, 𝑡 −
𝑁",/

𝜏.+(𝐸, 𝑡)

injection 𝑄

escape 𝜏$&0

turbulent magnetic 
fields 𝐵

𝑒!𝑒" → 𝛾𝛾

𝛾𝛾 → 𝑒!𝑒"

electron number

photon number

One Zone Model (Spectral) 

Note the absence of spatial information in these transport equations
[Diagram + plot Courtesy of M. Klinger]
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Electron Spectrum Produced in 
SourcesSteady state

<latexit sha1_base64="KGtwISVTfbuSqDk9E1JmIOTC5IQ=">AAACD3icbVC7TsMwFHV4lvAqMLJYVEhMUVLxGitYGFuJ0kpNFTmu01p1bMt2EFWUlYVfYWGAEbGysvE3uI8BWo50paNz7tW998SSUW18/9tZWl5ZXVsvbbibW9s7u+W9/TstMoVJEwsmVDtGmjDKSdNQw0hbKoLSmJFWPLwe+617ojQV/NaMJOmmqM9pQjEyVorKMIyT3OVRLosQSanEA2yEBmVRzoTWhVtE5Yrv+RPARRLMSAXMUI/KX2FP4Cwl3GCGtO4EvjTdHClDMSOFG2aaSISHqE86lnKUEt3NJ58U8NgqPZgIZYsbOFF/T+Qo1XqUxrYzRWag572x+J/XyUxy2c0pl5khHE8XJRmDRsBxLLBHFcGGjSxBWFF7K8QDpBA2NjzXhhDMv7xIwqoXnHtnXuD7XrVxWqldzUIpgUNwBE5AAC5ADdyAOmgCDB7BM3gFb86T8+K8Ox/T1iVnNnMA/sD5/AGzLZu2</latexit>

np ⇡ Q⌧loss

<latexit sha1_base64="DXhhQmLs4ghEcVHWNR7zwPwsJhE="></latexit>

⌧loss =
�
⌧�1
adi + ⌧�1

sync + ⌧�1
IC

��1

Electron spec.

<latexit sha1_base64="XO/GfiokW8KBRbXZmxDZfOjtEd8="></latexit>

@np

@t
= �rp ·

✓
� p

⌧loss(p)
np

◆
+Q
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Afterglow GRB SED- Expected from SSC Model

The ”steady-state” approximation provides a reasonable 
description for the spectrum → ie. ~agrees with the full time-
dependent result

UB Usync
�

Electron spec.

<latexit sha1_base64="KGtwISVTfbuSqDk9E1JmIOTC5IQ=">AAACD3icbVC7TsMwFHV4lvAqMLJYVEhMUVLxGitYGFuJ0kpNFTmu01p1bMt2EFWUlYVfYWGAEbGysvE3uI8BWo50paNz7tW998SSUW18/9tZWl5ZXVsvbbibW9s7u+W9/TstMoVJEwsmVDtGmjDKSdNQw0hbKoLSmJFWPLwe+617ojQV/NaMJOmmqM9pQjEyVorKMIyT3OVRLosQSanEA2yEBmVRzoTWhVtE5Yrv+RPARRLMSA XMUI/KX2FP4Cwl3GCGtO4EvjTdHClDMSOFG2aaSISHqE86lnKUEt3NJ58U8NgqPZgIZYsbOFF/T+Qo1XqUxrYzRWag572x+J/XyUxy2c0pl5khHE8XJRmDRsBxLLBHFcGGjSxBWFF7K8QDpBA2NjzXhhDMv7xIwqoXnHtnXuD7XrVxWqldzUIpgUNwBE5AAC5ADdyAOmgCDB7BM3gFb86T8+K8Ox/T1iVnNnMA/sD5/AGzLZu2</latexit>

np ⇡ Q⌧loss

Photon spec.
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Afterglow GRB SED- Expected from SSC Model

Note- to get IC peak to sit at a comparable level to the synchrotron 
peak requires a “triple point” in the cooling time plot to exist [Klinger et al. MNRAS 520 (2023)] 

Photon spec.

Note curvature of SSC spectrum in the VHE band

Where is the signature of εth? results above/in most others works, set the 
thermal particles components to 0, is this realistic?

Is η=1 realistic?



Electron Acceleration with Cooling

tacc = ⌘
Rlar

c�2

Esync
� ⇡ 9

4
⌘�1�2me

↵

Maximum synchrotron energy tells us how efficient accelerator is!

12

Emax
e =

✓
⌘�1/2

↵1/2(B/Bcrit)1/2

◆
mec

2

tcool =
9

8⇡↵

✓
UBcrit

UB

◆✓
h

Ee

◆

Andrew Taylor

Bcrit = 4⇥ 1013G

[Huang et al. Ap J 925, (2022)] 

GRB 190829A
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VHE GRB SED- Lessons Learnt Since 2018

• Striking how flat the MWL 
photon spectra are!

• The SSC model predicts a 
curved spectrum which 
may be contradiction with 
these observations

[Klinger et al. arxiv:2403.13902] 

[MAGIC Coll. Nature 2019]
[HESS Coll. Science 2021] 
[LHAASO Coll., Science 2023] 

 

<latexit sha1_base64="YTT7EoKksSzaVeRVc8sBe65R3T0=">AAAB+nicbVBNS8NAEJ34WeNX1aOXxSJ4CkmtHxeh6MVjBWsLbSib7aZdutnE3U2hhv4OLx70KF79Jd78N27bHLT1wcDjvRlm5gUJZ0q77re1tLyyurZe2LA3t7Z3dot7+w8qTiWhdRLzWDYDrChngtY105w2E0lxFHDaCAY3E78xpFKxWNzrUUL9CPcECxnB2kh+Owgz++nKdSqn9rhTLLmOOwVaJF5OSpCj1il+tbsxSSMqNOFYqZbnJtrPsNSMcDq226miCSYD3KMtQwWOqPKz6dFjdGyULgpjaUpoNFV/T2Q4UmoUBaYzwrqv5r2J+J/XSnV46WdMJKmmgswWhSlHOkaTBFCXSUo0HxmCiWTmVkT6WGKiTU62CcGbf3mRtMuOd+6cOZ7rOuW7Sql6nYdSgEM4ghPw4AKqcAs1qAOBR3iGV3izhtaL9W59zFqXrHzmAP7A+vwBKZGR6Q==</latexit>

z = 0.43

<latexit sha1_base64="rd5abUVxaGnDYT3LgqsK66kg8WI=">AAAB+3icbZC9TsMwFIVv+C3hr8DIYlEhMUVJBRQGpAoWxiJRWqkpleM6rVXHiWwHVKK+BwsDjIiVF2HjbXDbDNByJEufzr1X9/oECWdKu+63tbC4tLyyWliz1zc2t7aLO7t3Kk4loXUS81g2A6woZ4LWNdOcNhNJcRRw2ggGV+N644FKxWJxq4cJbUe4J1jICNbGuveDMLOfLlzHrZzbo06xZGgiNA9eDiXIVesUv/xuTNKICk04VqrluYluZ1hqRjgd2X6qaILJAPdoy6DAEVXtbHL1CB0ap4vCWJonNJq4vycyHCk1jALTGWHdV7O1sflfrZXq8KydMZGkmgoyXRSmHOkYjSNAXSYp0XxoABPJzK2I9LHERJugbBOCN/vlefDLjnfqnDie6zrlm+NS9TIPpQD7cABH4EEFqnANNagDAQnP8Apv1qP1Yr1bH9PWBSuf2YM/sj5/AKngkiw=</latexit>

z = 0.079

<latexit sha1_base64="6U1MAMFKZlW+O1HQn5JKZAe4nQM=">AAAB+nicbVBNT8JAEJ3iF9Yv1KOXjcTEU9MSUS8mRC8eMREhgYZsly1s2G7r7pYEG36HFw96NF79Jd78Ny7Qg4IvmeTlvZnMzAsSzpR23W+rsLK6tr5R3LS3tnd290r7Bw8qTiWhDRLzWLYCrChngjY005y2EklxFHDaDIY3U785olKxWNzrcUL9CPcFCxnB2kh+Jwgz++nKdbyqPemWyq7jzoCWiZeTMuSod0tfnV5M0ogKTThWqu25ifYzLDUjnE7sTqpogskQ92nbUIEjqvxsdvQEnRilh8JYmhIazdTfExmOlBpHgemMsB6oRW8q/ue1Ux1e+hkTSaqpIPNFYcqRjtE0AdRjkhLNx4ZgIpm5FZEBlphok5NtQvAWX14mnYrjnTtVx3Ndp3J3Vq5d56EU4QiO4RQ8uIAa3EIdGkDgEZ7hFd6skfVivVsf89aClc8cwh9Ynz8oApHo</latexit>

z = 0.15
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Statistical Tests- A Spectral Model Fit for 
GRB 190114C

[Klinger et al. MNRAS 520 (2023)] 

[Fermi+Swift. ApJ 890 (2020)] 

[MAGIC Coll. Nature 2019]
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AASTeX v6.3.1 Sample article 3
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Figure 3. Alternative model.

REFERENCES

Statistical Tests- Spectral Model Fits other GRB

[HESS Coll. Science 2021] 

[LHAASO Coll. Science 2023] 

GRB 190829A
[15-28 ks]

GRB 221009A
[0.2-0.9 ks]
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Alternative 1-Zone Scenarios?

Each scenario requires rather 
extreme parameter values 
(see highlighted box) 

Before raising the number of 
degrees of freedom, other 
parts of parameter space 
should first be explored

[Klinger et al., arxiv:2403.13902
[Khangulyan et al., Ap. J. 914 (2021)]
[Isravel et al., Ap. J 955 (2023)] 
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Importance of Minimising EBL Damage

x3
x10

GRB 190829A GRB 221009A

<latexit sha1_base64="vOpxBE0X+5CTFhvM2daL9cZXm1w=">AAAB93icbVBNS8NAEJ3Ur1q/qh69LBbBiyEpfh2LXjxWsLbYxLLZbtqlm03Y3Qgl9F948aBH8epf8ea/cdPmoK0PBh7vzTAzL0g4U9pxvq3S0vLK6lp5vbKxubW9U93du1dxKgltkZjHshNgRTkTtKWZ5rSTSIqjgNN2MLrO/fYTlYrF4k6PE+pHeCBYyAjWRnqgj9mJp3E6qfSqNcd2pkCLxC1IDQo0e9Uvrx+TNKJCE46V6rpOov0MS80Ip5OKlyqaYDLCA9o1VOCIKj+bXjxBR0bpozCWpoRGU/X3RIYjpcZRYDojrIdq3svF/7xuqsNLP2MiSTUVZLYoTDnSMcrfR30mKdF8bAgmkplbERliiYk2IeUhuPMvLxKvbrvn9pntOo5dvz2tNa6KUMpwAIdwDC5cQANuoAktICDgGV7hzVLWi/VufcxaS1Yxsw9/YH3+AJQxkbc=</latexit>

e�⌧

dust photoelectric EBL



Key Phase Space for VHE GRB Detections?
Three key factors for GRB 
detection are apparent:

• Locality is crucial (EBL 
damage minimised)

• Brightness is crucial (allows 
detection at late times once 
Lorentz factor has decreased 
significantly)

• Simultaneous MWL 
coverage (in keV to multi-
TeV energy range) is crucial10-6

10-5

10-4

10-3

10-2

10-1

100

1011 1012 1013 1014

e-τ

E [eV]

z=0.03
z=0.08
z=0.15

exp(-1.0)

Within Swift’s lifetime (~20 years so far), the most local GRB was z=0.03

Spectra up to 10 TeV, with small EBL effects,  may potentially be probeable
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Prospective Rates for Testing the 
GRB Emission Process with CTA

• Future GRBs for providing a 
stronger probe of the spectral 
emission model must be local 
and have  bright afterglows

• For CTA, a rate of up to 4 yr -1 is 
possible to expect, consistent 
with other estimates

• However, of these events, the 
local subset of particular 
interest will be rare (< 0.25 yr -1)[Provided by J. Pfeil and D. Parsons] 

PRELIMINARY
[Ashkar et al., ApJ 964 57] 



20

Night 1/
3.6h obs. time

= HESS observation time

PRELIMINARY PRELIMINARY

A GRB 190829A Like Event for CTA

EBL Attenuated Power Law

Fit Parameter HESS CTA South

𝛾)(! 2.06 ± 0.10 ± 0.26 2.09 ± 0. 02

[Provided by J. Pfeil and D. Parsons] 

Obs. assumed to start at T0 + 2hrs for 5 hrs



Conclusions
u Fast (rel.) shocks in the ejecta of GRB jets appear to operate as particle 

acceleration machines

u Synchrotron emission from long GRB can tell us directly how efficient these 
sources operate as cosmic ray accelerators

u We are now (since 2018) starting to probe the very high energy (TeV) gamma-ray 
emission from GRB, providing new insights into the source environment

u Whether a new component in the GRB spectrum is present remains unclear- 
curiously, the VHE GRB detections appear compatible with a continuation of the 
synchrotron emission beyond the expected supposed theoretical limit

u For CTA to answer this emission process question, the catching of extremely local 
GRB events will play a crucial role
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Night 1/
3.6h obs. time

= HESS observation time

PRELIMINARY PRELIMINARY

Prospects for Testing the GRB Emission 
Process with CTA

EBL Attenuated Power Law

Fit Parameter HESS CTA South

𝛾)(! 2.06 ± 0.10 ± 0.26 2.09 ± 0. 02

[Provided by J. Pfeil and D. Parsons] 



Prospects for Future Observatories
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Swift-XRT GRBs energy flux distribution

GR
B1

30
42
7A

GR
B1

80
72
0B

CT
A

• CTA to have ~10 times better 
sensitivity than present ACTs

• Will be able to detect flux over 
many decades in time with 
detailed spectra information.

• Boost the detection of GRBs at 
VHE. 
– ~ 3 GRBs per year at 11 hours 

after burst.
– ~ 11 GRBs per year at 5 hours 

after burst

Ruiz-Velasco+ (1st CTA symposium)
HESS Collaboration Nature 575, 464–467 (2019)
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No Synchrotron Cutoff of GRB 130427A Seen 
in X-rays and Gamma-Rays

[Kouveliotou et al., ApJL 779 (2013)]

0.02
0.02

[Ajello et al., ApJ 863 138 (2018)]

10-10

10-9

10-8

10-7

10-6

10-5

10-4

100 102 104 106 108 1010 1012 1014 1016 1018

E2
dN

/d
E
[e
rg
cm

-2
s-
1 ]

Eγ [eV]

GRB 180720B

sync
IC

IC- no KN



25

The Observational Challenges for GRBs
Absorption!

EBL absorption
Photoelectric absorptionDust absorption
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Attenuation through Pair Production 
on the EBL
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Energy Spectrum Information
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The effect of the EBL on the (optically thin) attenuation for a nearby 
(z=0.08) source for Eγ<6 TeV is a softening of the spectrum by around 
ΔΓ≈0.5, starting around 250 GeV.

[HESS- A. Taylor, et al., Science 2021] 



Origin of Temporal Decay Structure
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Steady state No losses Delta injection

Hadronic Particle Acceleration in Sources
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not the only acceleration process on the 
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Cosmic Ray Source Requirements

tacc = ⌘
Rlar

c�2

[AM Hillas (1984)]
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tesc. =
R
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Not many objects appear capable of 
accelerating cosmic rays up to EeV 
energies. Blackhole related 
phenomena seem most promising- 
AGN and GRB 

Emax = ⌘�1�BR



GRB Outflows as a Cosmic Ray Sources

● As the source expands, CRs can be accelerated to 
energies between the knee and the ankle

● If the B-field is as large as ~G -> possibility of 
UHECRs

Andrew Taylor 31
[X. Rodrigues, A. Taylor, et al., ApJ 2019] 
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GRB 190114C (Detected by MAGIC)

68-110s
110-180s
180-360s
360-625s

625-2400s

180-380s
380-627s

• remarkably flat over 9 orders of magnitude in energy!

[Nature 575, 459-463 (2019)] 
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Evidence for a New Component?

• SSC spectra are mirroring a
smoothly BPL electron distribution

• We need more bright, nearby GRBs
(without moonlight!)

• GRB 190114C shows no clear evidence for the 
onset of a new component 

[M. Kinger et al., MNRAS 501 2023] 
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HESS Detection of GRB 190829A

SDSS field

tGBM
90 ~ 60 s, tBAT

90~ 60 s
z = 0.078

Night 1 Night 2 Night 3

[HESS- A. Taylor, et al., Science 2021] 

First detection of a GRB in VHE band for multiple nights
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GRB 190829A- Optical Data
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GRB 190829A- Radio Data



GRB 190114C



GRB 190114C



GRB 190114C



Swift XRT Photon Index Distribution
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[Ajello et al., Ap. J., 863 138, 2018] 



Fermi-LAT Photon Index Distribution
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[Ajello et al., Ap. J., 878:52, 2019] 
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Relativistic Hydro Shocks
What’s the compression ratio for relativistic shocks?

Mass Flux:

Momentum Flux:

Energy Flux:

Blast wave CBMshock

upstreamdownstream
𝛽! 𝛽"
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Momentum Flux:

Energy Flux:

Relativistic Shocks
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Momentum Flux:

Energy Flux:

Cold Relativistic Shocks
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<latexit sha1_base64="c6EhdYod2hBQaIaBl0B59j1nGeM=">AAACu3icdVFbS8MwFE7rvd6mPvpSHIIgG40o+iKIPujjBHeBdRtplm7RpC1JKozQP+mb/8b0gk7nDoR8+c53zkm+BAmjUnnep2WvrK6tb2xuOds7u3v7tYPDjoxTgUkbxywWvQBJwmhE2ooqRnqJIIgHjHSDt4c8330nQtI4elGzhAw4mkQ0pBgpQ41qH34QascPBcIaNsrdf0Sco5G+yPyAqAJk3yQ0sGRhZkLD8x/5cL6kOJ T9Jrkgq/aGqbtdNrAB5yflUr2k/bLWTjaq1b2mV4S7CGAF6qCKVm7COMYpJ5HCDEnZh16iBhoJRTEjmeOnkiQIv6EJ6RsYIU7kQBfeZ+6pYcZuGAuzIuUW7HyFRlzKGQ+MkiM1lX9zOflfrp+q8GagaZSkikS4HBSmzFWxm3+kO6aCYMVmBiAsqLmri6fImKLMdzvGBPj3yYugc9GEV03v+bJ+d1/ZsQmOwQk4AxBcgzvwBFqgDbB1Yw2tiTW1b21sv9qslNpWVXMEfoWdfgGLAtwW</latexit>
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(�2 � 1)(�2 � (� � 1)) = 0

Relativistic Shocks

Eg:
<latexit sha1_base64="wZ4BlEQWo5I847NiNgNjgy6JfUw=">AAACAnicbVDLSsNAFJ3UV42vqCtxM1gEVyXRom6EohuXFewDmlAm00k7dGYSZiZCCcGNv+LGhSJu/Qp3/o3TNgttPXDhcM693HtPmDCqtOt+W6Wl5ZXVtfK6vbG5tb3j7O61VJxKTJo4ZrHshEgRRgVpaqoZ6SSSIB4y0g5HNxO//UCkorG41+OEBBwNBI0oRtpIPefAD6PM9geIc3TlRxLhrJZnZ7md95yKW3WngIvEK0gFFG j0nC+/H+OUE6ExQ0p1PTfRQYakppiR3PZTRRKER2hAuoYKxIkKsukLOTw2Sh9GsTQlNJyqvycyxJUa89B0cqSHat6biP953VRHl0FGRZJqIvBsUZQyqGM4yQP2qSRYs7EhCEtqboV4iEwO2qRmmxC8+ZcXSeu06p1Xa3e1Sv26iKMMDsEROAEeuAB1cAsaoAkweATP4BW8WU/Wi/VufcxaS1Yxsw/+wPr8AV8Ylsk=</latexit>
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Evolutionary Phases of Blastwave

<latexit sha1_base64="AYsldKjk+DwoCyRvBLCSNH8hpLY=">AAACGXicbVDLSsNAFJ3UV42vqEs3g0WoC0uiRd0IRRFdVrEPaGqZTCft0JkkzEyEEvIbbvwVNy4Ucakr/8Zpm4W2HrhwOOde7r3HixiVyra/jdzc/MLiUn7ZXFldW9+wNrfqMowFJjUcslA0PSQJowGpKaoYaUaCIO4x0vAGFyO/8UCEpGFwp4YRaXPUC6hPMVJa6li26/mJedlJBumZ6wuEE1f0Q1h2Iwpv75OjNNVVdK8Q5+jA2TfTjlWwS/YYcJY4GSmADNWO9el2QxxzEijMkJQtx45UO0FCUcxIarqxJBHCA9QjLU0DxIlsJ+PPUrinlS70Q6ErUHCs/p5IEJdyyD3dyZHqy2lvJP7ntWLln7YTGkSxIgGeLPJjBlUIRzHBLhUEKzbUBGFB9a0Q95HOR+kwTR2CM/3yLKkflpzjUvmmXKicZ3HkwQ7YBUXggBNQAdegCmoAg0fwDF7Bm/FkvBjvxsekNWdkM9vgD4yvH1Jsnzo=</latexit>
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<latexit sha1_base64="3Ze1NurslR8ESz6C6o1urU3h7bg="></latexit>

d�

dM
= � (�2 � 1)

M

Assuming shock is radiative (ie. incoming KE flux radiated away)

This has the solution
<latexit sha1_base64="TruClAgDfZQQzxI8MhKXnyuKA9s="></latexit>
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Γ0=100

Γ

(M-M0)/M0

Critical mass where free expansion 
changes to deceleration phase

Blast wave becomes non-relativistic

[R. Blandford + McKee 1976]
<latexit sha1_base64="C/2BQkjPwteGpS+ZNmBOE+s2KpQ="></latexit>
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Evolution of Key Energies with Time


