
Gamma-Ray Emission from GRBs 
Outflows- An Overview
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Caveat! The Gamma-Ray emission I will be focusing on here is the radiation observed during 
the “afterglow” phase of the GRB



What Are GRBs?
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• Not actually isotropic outflows, but can be considered 

as “quasi-isotropic” since θjet>1/Γ

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

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

<latexit sha1_base64="iCFFqEja5z9Ef/U2LS0CFhk193Q=">AAAB83icbVDLSsNAFL2prxpfVZduBovgqiSi6LLoxmUF+4AmlMl00g6dTMI8hBLyG25cKOLWn3Hn3zhts9DWAxcO59zLvfdEGWdKe963U1lb39jcqm67O7t7+we1w6OOSo0ktE1SnspehBXlTNC2ZprTXiYpTiJOu9HkbuZ3n6hULBWPeprRMMEjwWJGsLZSEERx7opB7hduMajVvYY3B1olfknqUKI1qH0Fw5SYhApNOFaq73uZDnMsNSOcFm5gFM0wmeAR7VsqcEJVmM9vLtCZVYYoTqUtodFc/T2R40SpaRLZzgTrsVr2ZuJ/Xt/o+CbMmciMpoIsFsWGI52iWQBoyCQlmk8twUQyeysiYywx0TYm14bgL7+8SjoXDf+q4T1c1pu3ZRxVOIFTOAcfrqEJ99CCNhDI4Ble4c0xzovz7nwsWitOOXMMf+B8/gApY5Ec</latexit>n1

[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)
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Evolutionary Phases of Blastwave

<latexit sha1_base64="g4sUZOo6GAPlJsxDd93/y7E8iMg="></latexit>

dEk

dt
= �4⇡R2�(�2⇢� �⇢)

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

Ek =
⇢4⇡R3

3
(�� 1)

<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>

�� 1 = 2
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M2
0(�0 � 1)
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(M-M0)/M0

Critical mass where free expansion 
changes to deceleration phase

Blast wave becomes non-relativistic

[R. Blandford + McKee 1976]
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Temporal Compression of Observed 
Signal

<latexit sha1_base64="gvU8D91RfukaT1Ag3MoA3Vwbp4A=">AAACB3icbVDLSgMxFM3UVx1foy4FCRbBjXWmKrosutBlBfuATi2ZNNOGJpkhyQhlmJ0bf8WNC0Xc+gvu/BvTdhZaPRA4nHMvN+cEMaNKu+6XVZibX1hcKi7bK6tr6xvO5lZDRYnEpI4jFslWgBRhVJC6ppqRViwJ4gEjzWB4Ofab90QqGolbPYpJh6O+oCHFSBup6+z6QZja/hXiHEE/llGsIyjv0sPjo0pmZ12n5JbdCeBf4uWkBHLUus6n34twwonQmCGl2p4b606KpKaYkcz2E0VihIeoT9qGCsSJ6qSTHBncN0oPhpE0T2g4UX9upIgrNeKBmeRID9SsNxb/89qJDs87KRVxoonA00NhwqDJOi4F9qgkWLORIQhLav4K8QBJhLWpzjYleLOR/5JGpeydlt2bk1L1Iq+jCHbAHjgAHjgDVXANaqAOMHgAT+AFvFqP1rP1Zr1PRwtWvrMNfsH6+AbzjZgT</latexit>

� / r�3/2

For a constant density medium, 
during the deceleration phase,

Since moving emitter is observed along the beam 
direction 

<latexit sha1_base64="lRxIhG0bUM128JOoH5bV0NttdHk="></latexit>

cdtobs = (1� �)dr ⇡ dr/2�2

<latexit sha1_base64="iCTCR8T86IUDt1RUjVjPZszQGyw=">AAACDXicbVC7TsMwFHXKq4RXgJHFoiCxUBKooGMFA4xFog+pKZXjOq1VO45sB6mK8gMs/AoLAwixsrPxN7iPAVqOZOnonHt1fU4QM6q0635buYXFpeWV/Kq9tr6xueVs79SVSCQmNSyYkM0AKcJoRGqaakaasSSIB4w0gsHVyG88EKmoiO70MCZtjnoRDSlG2kgd58APwtT2rxHnCPqxFLEWUHdSEajsPj0+OylndtZxCm7RHQPOE29KCmCKasf58rsCJ5xEGjOkVMtzY91OkdQUM5LZfqJIjPAA9UjL0AhxotrpOE0GD43ShaGQ5kUajtXfGyniSg15YCY50n01643E/7xWosNyO6VRnGgS4cmhMGFwlNhUA7tUEqzZ0BCEJTV/hbiPJMLaFGibErzZyPOkflr0zoul21KhcjmtIw/2wD44Ah64ABVwA6qgBjB4BM/gFbxZT9aL9W59TEZz1nRnF/yB9fkDH6Wa9w==</latexit>

� / t�3/8
obs

<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

[Plots Courtesy of M. Klinger]
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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"

<latexit sha1_base64="sWCrOKe+20105RebPTqxkjhrNAA=">AAACJ3icbZDLSsNAFIYn9VbjLerSTbAIrkoiRd0oRRe6rGAv0IQwmUzaoTNJmJkIJeRt3PgqbgQV0aVv4jSNoq0HBj7+/xzOnN9PKBHSsj60ysLi0vJKdVVfW9/Y3DK2dzoiTjnCbRTTmPd8KDAlEW5LIinuJRxD5lPc9UeXE797h7kgcXQrxwl2GRxEJCQISiV5xrnjh5nu8GHsZWnu+FjCAq4gYwWdTb3g2wt+vCDXc8+oWXWrKHMe7BJqoKyWZzw7QYxShiOJKBSib1uJdDPIJUEU57qTCpxANIID3FcYQYaFmxV35uaBUgIzjLl6kTQL9fdEBpkQY+arTgblUMx6E/E/r5/K8NTNSJSkEkdouihMqSljcxKaGRCOkaRjBRBxov5qoiHkEEkVra5CsGdPnofOUd0+rjduGrXmRRlHFeyBfXAIbHACmuAatEAbIHAPHsELeNUetCftTXuftla0cmYX/Cnt8wv4Mafa</latexit>

⇢u�u�u = ⇢d�d�d

<latexit sha1_base64="aiiE0EFvIgHpd2qHltD8j7QpwpI="></latexit>

pu +wu�
2
u�

2
u = pd +wd�

2
d�

2
d

<latexit sha1_base64="B1EanlHLf7hm+TnatyNaQ/k1Uv0=">AAACKXicbZDLSsNAFIYn9VbjLerSTbAIrkpSiroRii50WcFeoKlhMpm0Q2eSMDNRSsjruPFV3Cgo6tYXcZpG0dYDAx//fw5nzu/FlAhpWe9aaWFxaXmlvKqvrW9sbhnbO20RJRzhFopoxLseFJiSELckkRR3Y44h8yjueKPzid+5xVyQKLyW4xj3GRyEJCAISiW5RsPxglS/c9MkczwsYQ4XkLGcbtJadqpM/9v0f0w/N/XMNSpW1crLnAe7gAooqukaz44foYThUCIKhejZViz7KeSSIIoz3UkEjiEawQHuKQwhw6Kf5pdm5oFSfDOIuHqhNHP190QKmRBj5qlOBuVQzHoT8T+vl8jgpJ+SME4kDtF0UZBQU0bmJDbTJxwjSccKIOJE/dVEQ8ghkipcXYVgz548D+1a1T6q1q/qlcZZEUcZ7IF9cAhscAwa4BI0QQsgcA8ewQt41R60J+1N+5i2lrRiZhf8Ke3zC4fIqKI=</latexit>

wu�u�
2
u = wd�d�

2
d

wrel. =
�

� � 1
p+ ⇢
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Rel. Hydro Shock- Downstream 
Partition of the Upstream Ram Pressure
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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
𝛽! 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="QzxjS+7rQdtcOnhXebiysSgkR6o="></latexit>

pd =
2

3
⇢u�

2
u�

2
u

<latexit sha1_base64="fsfNF+CWZJqCbim8opxku3qimF8="></latexit>

⇢d�
2
d�

2
d =

1

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
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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>

B ⇡ 6 mG

<latexit sha1_base64="OwjNXqYb+8GvgY3MamxNmi+1XlI="></latexit>

"B =
UB

⇢u�2
u�

2
u

<latexit sha1_base64="2acQ5VfOucC1XJsP+jqQMTC6YcY=">AAAB/3icbVDLSsNAFJ34rPEVFdy4GSyCG0uiRd0IRTcuK9gHtLFMppN26MwkzEyEEiP4K25cKOLW33Dn3zhts9DWAxcO59zLvfcEMaNKu+63NTe/sLi0XFixV9fWNzadre26ihKJSQ1HLJLNACnCqCA1TTUjzVgSxANGGsHgauQ37olUNBK3ehgTn6OeoCHFSBup4+y2gzC1RSdNsgvvEfO79Ogks7OOU3RL7hhwlng5KYIc1Y7z1e5GOOFEaMyQUi3PjbWfIqkpZiSz24kiMcID1CMtQwXiRPnp+P4MHhilC8NImhIajtXfEyniSg15YDo50n017Y3E/7xWosNzP6UiTjQReLIoTBjUERyFAbtUEqzZ0BCEJTW3QtxHEmFtIrNNCN70y7OkflzyTkvlm3KxcpnHUQB7YB8cAg+cgQq4BlVQAxg8gGfwCt6sJ+vFerc+Jq1zVj6zA/7A+vwB84KVbA==</latexit>

nu = 1 cm�3 <latexit sha1_base64="LUn2LlD9UzuYdI3sWxYEOJYXwcU=">AAACBnicbZDLSsNAFIYn9VbjLepShMEiuCqJFHUjFF3osoK9QBPCZDpph84kYWYilJCVG1/FjQtF3PoM7nwbp2kW2vrDwMd/zuHM+YOEUals+9uoLC2vrK5V182Nza3tHWt3ryPjVGDSxjGLRS9AkjAakbaiipFeIgjiASPdYHw9rXcfiJA0ju7VJCEeR8OIhhQjpS3fOnSDMDPdgCjkZ2nu3iDOC7p0bDP3rZpdtwvBRXBKqIFSLd/6cgcxTjmJFGZIyr5jJ8rLkFAUM5KbbipJgvAYDUlfY4Q4kV5WnJHDY+0MYBgL/SIFC/f3RIa4lBMe6E6O1EjO16bmf7V+qsILL6NRkioS4dmiMGVQxXCaCRxQQbBiEw0IC6r/CvEICYSVTs7UITjzJy9C57TunNUbd41a86qMowoOwBE4AQ44B01wC1qgDTB4BM/gFbwZT8aL8W58zForRjmzD/7I+PwBaSyYcw==</latexit>

�u�u = 10

<latexit sha1_base64="2acQ5VfOucC1XJsP+jqQMTC6YcY=">AAAB/3icbVDLSsNAFJ34rPEVFdy4GSyCG0uiRd0IRTcuK9gHtLFMppN26MwkzEyEEiP4K25cKOLW33Dn3zhts9DWAxcO59zLvfcEMaNKu+63NTe/sLi0XFixV9fWNzadre26ihKJSQ1HLJLNACnCqCA1TTUjzVgSxANGGsHgauQ37olUNBK3ehgTn6OeoCHFSBup4+y2gzC1RSdNsgvvEfO79Ogks7OOU3RL7hhwlng5KYIc1Y7z1e5GOOFEaMyQUi3PjbWfIqkpZiSz24kiMcID1CMtQwXiRPnp+P4MHhilC8NImhIajtXfEyniSg15YDo50n017Y3E/7xWosNzP6UiTjQReLIoTBjUERyFAbtUEqzZ0BCEJTW3QtxHEmFtIrNNCN70y7OkflzyTkvlm3KxcpnHUQB7YB8cAg+cgQq4BlVQAxg8gGfwCt6sJ+vFerc+Jq1zVj6zA/7A+vwB84KVbA==</latexit>

nu = 1 cm�3
<latexit sha1_base64="LUn2LlD9UzuYdI3sWxYEOJYXwcU=">AAACBnicbZDLSsNAFIYn9VbjLepShMEiuCqJFHUjFF3osoK9QBPCZDpph84kYWYilJCVG1/FjQtF3PoM7nwbp2kW2vrDwMd/zuHM+YOEUals+9uoLC2vrK5V182Nza3tHWt3ryPjVGDSxjGLRS9AkjAakbaiipFeIgjiASPdYHw9rXcfiJA0ju7VJCEeR8OIhhQjpS3fOnSDMDPdgCjkZ2nu3iDOC7p0bDP3rZpdtwvBRXBKqIFSLd/6cgcxTjmJFGZIyr5jJ8rLkFAUM5KbbipJgvAYDUlfY4Q4kV5WnJHDY+0MYBgL/SIFC/f3RIa4lBMe6E6O1EjO16bmf7V+qsILL6NRkioS4dmiMGVQxXCaCRxQQbBiEw0IC6r/CvEICYSVTs7UITjzJy9C57TunNUbd41a86qMowoOwBE4AQ44B01wC1qgDTB4BM/gFbwZT8aL8W58zForRjmzD/7I+PwBaSyYcw==</latexit>

�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
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One Zone Model

injection 𝑄

escape 𝜏!"#

turbulent magnetic 
fields 𝐵

<latexit sha1_base64="RX922ehfj+w9tvt2IaSGXXKL3X8="></latexit>

@np

@t
= �rp ·


p

⌧acc(p)
np � p

⌧loss(p)
np

�
� np

⌧esc(p)
+Q

Note the absence of spatial
information in the transport equation

[Diagram Courtesy of M. Klinger]
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Steady state No losses Delta injection

Hadronic Particle Acceleration in Sources

10-6

10-5

10-4

10-3

10-2

10-1

100

101

100 101 102 103 104 105 106 107 108 109

E2
dN

/d
E

E

Note- shock acceleration is
not the only acceleration process on the 
block

⌧acc(p) = ⌧0(p/p0)

⌧esc(p) = ⌧0(p/p0), p < pmax

= ⌧0(pmax/p0), p > pmax

<latexit sha1_base64="RX922ehfj+w9tvt2IaSGXXKL3X8="></latexit>

@np

@t
= �rp ·


p

⌧acc(p)
np � p

⌧loss(p)
np

�
� np

⌧esc(p)
+Q

<latexit sha1_base64="qTdO43sVYCsVctx+7+AXaUsr4ww="></latexit>

np = Q

✓
p

p0

◆�(1+ ⌧acc
⌧esc )



Cosmic Ray Source Requirements

tacc = ⌘
Rlar

c�2

[AM Hillas (1984)]

12

tesc. =
R

c�

<latexit sha1_base64="D7FPhTJbD7dKpeNnKfavWk3xibU=">AAACCnicbVBNS8NAEN34WeNX1aOXaBE8lUQKehGKXjxWsR/QhLLZTtqlmw92J0IJOXvxr3jxoIhXf4E3/43bNgdtfTDweG+GmXl+IrhC2/42lpZXVtfWSxvm5tb2zm55b7+l4lQyaLJYxLLjUwWCR9BEjgI6iQQa+gLa/uh64rcfQCoeR/c4TsAL6SDiAWcUtdQrH7l+kJnYy0Cxan7pBpKy7C7PmOsD0tzMzV65YlftKaxF4hSkQgo0euUvtx+zNIQImaBKdR07QS+jEjkTkJtuqiChbEQH0NU0oiEoL5u+klsnWulbQSx1RWhN1d8TGQ2VGoe+7gwpDtW8NxH/87opBhdexqMkRYjYbFGQCgtja5KL1ecSGIqxJpRJrm+12JDqNFCnNwnBmX95kbTOqk6tWrutVepXRRwlckiOySlxyDmpkxvSIE3CyCN5Jq/kzXgyXox342PWumQUMwfkD4zPH6bamjw=</latexit>

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 13
[X. Rodrigues, A. Taylor, et al., ApJ 2019] 
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Electron Spectrum Produced in 
Sources

10-8

10-7

10-6

10-5

10-4

10-3

10-2

10-1

100

102 103 104 105 106 107 108 109 1010 1011

E e
dN

/d
E e

Ee [mec2]

Steady state
<latexit sha1_base64="lx0Qa6CCg6oyrTVQc2oLTHDQlKw="></latexit>

⌧e↵ =
�
⌧�1
loss + ⌧�1

esc

��1

<latexit sha1_base64="B+qBpNkMRBjPeL570YgmWuJxy/c="></latexit>

@np

@t
= �rp ·

✓
� p

⌧loss(p)
np

◆
� np

⌧esc(p)
+Q

<latexit sha1_base64="46RPPRbbH0mieC+lU9sUI1D9JMg=">AAACCHicbVDLSsNAFJ34rPEVdenCwSK4Kokouiy6cdmCfUATwmQ6aYdOJsPMRCwhSzf+ihsXirj1E9z5N07bLLT1wIXDOfdy7z2RYFRp1/22lpZXVtfWKxv25tb2zq6zt99WaSYxaeGUpbIbIUUY5aSlqWakKyRBScRIJxrdTPzOPZGKpvxOjwUJEjTgNKYYaSOFzpEfxbnNw1wUPhJCpg+w6WuUhTmJ48IuQqfq1twp4CLxSlIFJRqh8+X3U5wlhGvMkFI9zxU6yJHUFDNS2H6miEB4hAakZyhHCVFBPn2kgCdG6cM4laa4hlP190SOEqXGSWQ6E6SHat6biP95vUzHV0FOucg04Xi2KM4Y1CmcpAL7VBKs2dgQhCU1t0I8RBJhbbKzTQje/MuLpH1W8y5qbvO8Wr8u46iAQ3AMToEHLkEd3IIGaAEMHsEzeAVv1pP1Yr1bH7PWJaucOQB/YH3+AN1pmd8=</latexit>

np ⇡ Q⌧e↵



Electron Acceleration with Cooling

tacc = ⌘
Rlar

c�2

Esync
� ⇡ 9

4
⌘�1�2me

↵

Maximum synchrotron energy tells us how efficient accelerator is!

15

Emax
e =

✓
⌘�1/2

↵1/2(B/Bcrit)1/2

◆
mec

2

tcool =
9

8⇡↵

✓
UBcrit

UB

◆✓
h

Ee

◆

Andrew Taylor

Bcrit = 4⇥ 1013G

Where do synchrotron cutoffs 
for AGN and GRB sit in energy?



Possible VHE Emission Processes

Andrew Taylor 16

g

g g

g

g
gg

Photon Background 
(Inverse Compton)

g

g g

g

g
gg

Magnetic Field 
(Synchrotron)

e-

Virtual Photons Real Photons

Etarget
�Etarget

� =

✓
B

Bcrit

◆
mec

2

Weizacher-Williams approx.

UB U�



Efficiency Transfer Efficiency for Inverse 
Compton Emission

 0.01

 0.1

 1

 0.1  1  10

Thomson
regime

Klein Nishina
regime

b/3

E γ
/E

e

b

b =
4EeEtarget

�

(mec2)
2

<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

EIC
� ⇡

✓
b

1+ b

◆
Ee

<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>
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✓
b

1+ b

◆
⇡ 1

<latexit sha1_base64="CjRt3pYFG6tNInNIweUR44D7AJc=">AAACFHicbVDLSsNAFJ34rPEVdelmsAiVQkmkoMuiG5cV7AOaUCbTSTt08mDmRiwhH+HGX3HjQhG3Ltz5N07aLrT1wIXDOfdy7z1+IrgC2/42VlbX1jc2S1vm9s7u3r51cNhWcSopa9FYxLLrE8UEj1gLOAjWTSQjoS9Yxx9fF37nnknF4+gOJgnzQjKMeMApAS31rarrB5npChZAxQ0koZmfZ07Vz13JhyM4c0mSyPgBO2Zu9q2yXbOnwMvEmZMymqPZt77cQUzTkEVABVGq59gJeBmRwKlguemmiiWEjsmQ9TSNSMiUl02fyvGpVgY4iKWuCPBU/T2RkVCpSejrzpDASC16hfif10shuPQyHiUpsIjOFgWpwBDjIiE84JJREBNNCJVc34rpiOhoQOdYhOAsvrxM2uc1p16r39bLjat5HCV0jE5QBTnoAjXQDWqiFqLoET2jV/RmPBkvxrvxMWtdMeYzR+gPjM8fV+qduw==</latexit>

<latexit sha1_base64="HKkmp8kFsb7QME9iHghe66tpVUI=">AAAB/HicbVDLSsNAFJ3UV42vaJdugkVwVRIRdSMURXBZoS9oQ5hMb9qhkwczEyGE9FfcuFDErR/izr9x0mahrQcuHM65l3vv8WJGhbSsb62ytr6xuVXd1nd29/YPjMOjrogSTqBDIhbxvocFMBpCR1LJoB9zwIHHoOdN7wq/9wRc0ChsyzQGJ8DjkPqUYKkk16gNPT/T790M8ht71oaunuuuUbca1hzmKrFLUkclWq7xNRxFJAkglIRhIQa2FUsnw1xSwiDXh4mAGJMpHsNA0RAHIJxsfnxuniplZPoRVxVKc67+nshwIEQaeKozwHIilr1C/M8bJNK/djIaxomEkCwW+QkzZWQWSZgjyoFIliqCCafqVpNMMMdEqryKEOzll1dJ97xhXzYuHi/qzdsyjio6RifoDNnoCjXRA2qhDiIoRc/oFb1pM+1Fe9c+Fq0VrZypoT/QPn8A6uyTqA==</latexit>

Ee = 1 TeV
<latexit sha1_base64="EWojDyYUKZNHAGZxxust8g2wn7o=">AAACCnicbVDLSsNQEL2p7/iqunQTLYKrkkhRN4IogksF+4C2lsntpL303iTcOxFKiFs3/oobF4q49Qvc+TemtQtfBwYO58wwM8ePpTDkuh9WYWp6ZnZufsFeXFpeWS2urddMlGiOVR7JSDd8MChFiFUSJLERawTlS6z7g9ORX79BbUQUXtEwxraCXigCwYFyqVPcavlBap910lYPlILsOiXQPaTsyLsdYM3O7E6x5JbdMZy/xJuQEpvgolN8b3UjnigMiUswpum5MbVT0CS4xMxuJQZj4APoYTOnISg07XT8Subs5ErXCSKdV0jOWP0+kYIyZqj8vFMB9c1vbyT+5zUTCg7bqQjjhDDkX4uCRDoUOaNcnK7QyEkOcwJci/xWh/dBA6c8vVEI3u+X/5LaXtnbL1cuK6Xjk0kc82yTbbNd5rEDdszO2QWrMs7u2AN7Ys/WvfVovVivX60FazKzwX7AevsEfc+aIg==</latexit>

Etarget
� = 1 keV
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Afterglow GRB SED- Expected from SSC Model

Without KN effects, the ratio of the heights of the IC to Synchrotron 
bumps would scale with Ue/UB (ie. εe/ εB)
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[Nature 575, 459-463 (2019)] 

An SSC origin of the VHE emission has been adopted by others 
to describe early time VHE emission 

Usync
�

electrons
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• Fermi-LAT detection from T0 to 
T0+10000 s (max. energy 
photon >90 GeV).

• Extremely bright burst:
– 2nd brightest afterglow 

measured by Swift-XRT.

GR
B1

80
72

0B

GR
B1

30
42

7A

GRB Energy Flux Histogram

tGBM
90 ~ 138 s, tBAT

90~ 163 s
z = 0.34

Swift-XRT GRBs 
energy flux distribution at 11 hours

•GRBs at HE and VHE:
~12 GRBs per year Fermi-LAT

•However, most science 
learnt from brightest event-
GRB130427A: 94 GeV max 
energy photon.

VHE emission has been a 
decades-long mystery
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GRB 130427A Lightcurve
<latexit sha1_base64="zSUMO+5zwWMPJvhB8ahLt/mJOso=">AAACCnicbVC7TsMwFHV4lvAKMLIYKiQWqgRVwFjBwsBQUF9SEyLHdVqrTmLZDlIVZWbhV1gYQIiVL2Djb3DbDNByJEtH59yr63MCzqhUtv1tLCwuLa+sltbM9Y3NrW1rZ7clk1Rg0sQJS0QnQJIwGpOmooqRDhcERQEj7WB4NfbbD0RImsQNNeLEi1A/piHFSGnJtw7cIMzMGz/r3DVyl4uEqwSq++zERYwPUG7mvlW2K/YEcJ44BSmDAnXf+nJ7CU4jEivMkJRdx+bKy5BQFDOSm24qCUd4iPqkq2mMIiK9bBIlh0da6cEwEfrFCk7U3xsZiqQcRYGejJAayFlvLP7ndVMVXngZjXmqSIynh8KUwXFc3QvsUUGwYiNNEBZU/xXiARIIK92eqUtwZiPPk9ZpxTmrVG+r5dplUUcJ7INDcAwccA5q4BrUQRNg8AiewSt4M56MF+Pd+JiOLhjFzh74A+PzB7J7mkg=</latexit>

LXRT / t�↵

<latexit sha1_base64="QDmZC8pKmsmqkh/e+274Iqq2MrI=">AAACA3icbZDLSsNAFIYnXmu8Rd3pZrAIrkIipXUjFN24rGAv0IQymU7aoZPJMDMRSii48VXcuFDErS/hzrdx2mahrT8MfPznHM6cPxKMKu1539bK6tr6xmZpy97e2d3bdw4OWyrNJCZNnLJUdiKkCKOcNDXVjHSEJCiJGGlHo5tpvf1ApKIpv9djQcIEDTiNKUbaWD3nOIji3A4QE0N05bt+LRAJ9Fyvak96TtnATHAZ/ALKoFCj53wF/RRnCeEaM6RU1/eEDnMkNcWMTOwgU0QgPEID0jXIUUJUmM9umMAz4/RhnErzuIYz9/dEjhKlxklkOhOkh2qxNjX/q3UzHV+GOeUi04Tj+aI4Y1CncBoI7FNJsGZjAwhLav4K8RBJhLWJzTYh+IsnL0PrwvWrbuWuUq5fF3GUwAk4BefABzVQB7egAZoAg0fwDF7Bm/VkvVjv1se8dcUqZo7AH1mfP17elWs=</latexit>
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No Synchrotron Cutoff of GRB 130427A Seen 
in X-rays and Gamma-Rays

[Kouveliotou et al., ApJL 779 (2013)]
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0.02

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



Conclusions
u Fast shocks from massive energy release events are the most viable sources of 

extragalactic cosmic rays

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

u We are finally starting to probe the very high energy (TeV) gamma-ray emission 
from GRB, allowing us to start probing the magnetic fields in the source

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

Andrew Taylor 24
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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] 



GRB 190829A- Testing the “Standard” and 
Non-Standard VHE Emission Scenarios

27

10-8

10-7

10-6

10-5

10-4

10-3

10-2

10-1

100

102 103 104 105 106 107 108 109 1010 1011

E e
dN

/d
E e

Ee [mec2]

electrons

Synchrotron Only

Synchrotron + SSC
<latexit sha1_base64="NSvMpFqq+UrebePBZKBCiYXNcWw=">AAAB/XicbVDJSgNBEO2JWxy3cbl5GQyCp9AjET1JUESPEcwCyTD0dGqSJj0L3T1CHEZ/xYsHRbz6H978GzvLQRMfFDzeq6Kqnp9wJhXG30ZhYXFpeaW4aq6tb2xuWds7DRmngkKdxjwWLZ9I4CyCumKKQysRQEKfQ9MfXI785j0IyeLoTg0TcEPSi1jAKFFa8qy9jh9k5pWXQX5ewfjxGhpm7lklXMZj2PPEmZISmqLmWV+dbkzTECJFOZGy7eBEuRkRilEOudlJJSSEDkgP2ppGJATpZuPrc/tQK107iIWuSNlj9fdERkIph6GvO0Oi+nLWG4n/ee1UBWduxqIkVRDRyaIg5baK7VEUdpcJoIoPNSFUMH2rTftEEKp0YKYOwZl9eZ40jsvOSRnfVkrVi2kcRbSPDtARctApqqIbVEN1RNEDekav6M14Ml6Md+Nj0lowpjO76A+Mzx+Hm5P6</latexit>

Ee > 400 GeV

Ee > 1 PeV

<latexit sha1_base64="1cyi96PB1d1hqIJUqyuGzH9XNeU=">AAACA3icbVDLSsNAFJ3UV42vqDvdDBbBVUmkoCspiuCygn1AE8JketMOnTyYmQglRNz4K25cKOLWn3Dn35i0WWjrgQuHc+7l3nu8mDOpTPNbqywtr6yuVdf1jc2t7R1jd68jo0RQaNOIR6LnEQmchdBWTHHoxQJI4HHoeuOrwu/eg5AsCu/UJAYnIMOQ+YwSlUuucWB7fqpfuylkF9h6SG0R4BZ0Mj3TXaNm1s0p8CKxSlJDJVqu8WUPIpoEECrKiZR9y4yVkxKhGOWQ6XYiISZ0TIbQz2lIApBOOv0hw8e5MsB+JPIKFZ6qvydSEkg5Cby8MyBqJOe9QvzP6yfKP3dSFsaJgpDOFvkJxyrCRSB4wARQxSc5IVSw/FZMR0QQqvLYihCs+ZcXSee0bjXqjdtGrXlZxlFFh+gInSALnaEmukEt1EYUPaJn9IretCftRXvXPmatFa2c2Ud/oH3+ANVdllw=</latexit>

MCMC fits to Night 1
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Non-Rel. Hydro Shock- Downstream 
Partition of the Upstream Ram Pressure

[viewed in shock restframe]

Blast wave CBMshock

upstreamdownstream
𝛽! 𝛽"
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Energy Transfer Efficiency for 
Synchrotron Emission
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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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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



MWL Energy Flux Lightcurve

X-ray and Gamma-ray energy fluxes decay in 
a remarkably similar way-

F(t) / t�↵
↵XRT = 1.09± 0.04

↵HESS = 1.05± 0.12

GRB was not detected by 
Fermi-LAT

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

Z tmax

tmin

F(t)dt

[HESS- A. Taylor, et al., Science 2021] 
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GRB 190829A- Optical Data
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GRB 190829A- Radio Data
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Swift XRT Photon Index Distribution
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[Ajello et al., Ap. J., 863 138, 2018] 



Fermi-LAT Photon Index Distribution

Andrew Taylor 41

[Ajello et al., Ap. J., 878:52, 2019] 
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Momentum Flux:

Energy Flux:

Relativistic Shocks

<latexit sha1_base64="8/t9a9rtcEjuCHuuJNJ4QGA8wZc=">AAACl3ichVFda9RAFJ3Eqm3qx6p9kb4EF6EiLkkoKoJYrNg+ttBtCzvrcjN7szt0JgkzN8IS8pf8Mb75b5zspmC3BS8Mc+65556ZuZOWSlqKoj+ef2/j/oOHm1vB9qPHT572nj0/t0VlBA5FoQpzmYJFJXMckiSFl6VB0KnCi/TqsK1f/ERjZZGf0aLEsYZZLjMpgBw16f3iaVYH5aSOm7dcYUZ7PDMgaj4DraHp9ndx00nMvGgBN3I2pzc8RYI2/1EnDT9qpdfZZ9eQ/N8zufZM1jyTG56rLGgmvX40iJYR3gZxB/qsi5NJ7zefFqLSmJNQYO0 ojkoa12BICoVNwCuLJYgrmOHIwRw02nG9nGsTvnbMNMwK41ZO4ZL9t6MGbe1Cp06pgeZ2vdaSd9VGFWUfx7XMy4owF6uDskqFVITtJ4VTaVCQWjgAwkh311DMwc2Q3FcGbgjx+pNvg/NkEL8f7J/u9w++duPYZLvsFdtjMfvADtgxO2FDJrwd75N36H3zX/pf/O/+8Urqe13PC3Yj/NO/qrDMOw==</latexit>

p1 +

✓
�

� � 1
p1 + ⇢1

◆
�2
1�

2
1 = p2 +

✓
�

� � 1
p2 + ⇢2

◆
�2
2�

2
2

<latexit sha1_base64="2TSk+ywJUsC98r43TIQge50+I9Y="></latexit>✓
�

� � 1
p1 + ⇢1

◆
�1�

2
1 =

✓
�

� � 1
p2 + ⇢2

◆
�2�

2
2
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Momentum Flux:

Energy Flux:

Cold Relativistic Shocks
<latexit sha1_base64="d/4AQPvG0Zb8zbicz/m31zmnu4s=">AAACZ3icbVFdS+QwFE276mr9ml1FhH2pDoIiO7SD7O6LIPqgjwo7KkzGkmZuZ4JJW5LbhaF0f+S+7bsv/gvTmSJ+XUhycu65N8lJnEthMAj+O+6nufmFz4tL3vLK6tp668vXa5MVmkOPZzLTtzEzIEUKPRQo4TbXwFQs4Sa+P6vzN39AG5Glv3GSw0CxUSoSwRlaKmr9pXFSelSPs6gMKxoDshrcld2KnjOlnnfHeWTnQyohwX 2aaMZLOqoFVbN+D6tGMm1m67UYjfGg6dl91XO286qo1Q46wTT89yBsQJs0cRm1/tFhxgsFKXLJjOmHQY6DkmkUXELl0cJAzvg9G0HfwpQpMINy6lPl71lm6CeZtiNFf8q+rCiZMmaiYqtUDMfmba4mP8r1C0x+DUqR5gVCymcHJYX0MfNr0/2h0MBRTixgXAt7V5+PmfUQ7dd41oTw7ZPfg+tuJ/zRObo6ap+cNnYskm9kl+yTkPwkJ+SCXJIe4eTB8ZwNZ9N5dNfdLXd7JnWdpmaDvAp35wnV+bo9</latexit>

⇢1�
2
1�

2
1 = p2 +

✓
�

� � 1
p2 + ⇢2

◆
�2
2�

2
2

<latexit sha1_base64="6TFkVpKLH/HcNO1PI4sTKKVQAaY=">AAACWXicbVFda9swFJXdtcvcr7R93ItZGLSUBtuUtS+Fsj50jxksbSFKjaxcJ6KSbaTrQjD+k30olP2VPlRxzNiaXRA6nHPvkXSUFFIYDIIXx137sL7xsfPJ29za3tnt7u3fmLzUHIY8l7m+S5gBKTIYokAJd4UGphIJt8nD1UK/fQRtRJ79wnkBY8WmmUgFZ2ipuFvQJK08qmd5XIU1TQBZA66ZUg26r6L6gkpI8ZCmmvGKTh dS3e4nYV3EtuV4aRHVVIvpDI9ap+iPU9Q4eXXc7QX9oCl/FYQt6JG2BnH3iU5yXirIkEtmzCgMChxXTKPgEmqPlgYKxh/YFEYWZkyBGVdNMrX/1TITP821XRn6Dfv3RMWUMXOV2E7FcGbeawvyf9qoxPR8XImsKBEyvjwoLaWPub+I2Z8IDRzl3ALGtbB39fmM2fzQfoZnQwjfP3kV3ET98Fv/9Odp7/J7G0eHfCZfyCEJyRm5JD/IgAwJJ8/k1Vl3NpzfruN2XG/Z6jrtzAH5p9yDN6A1tXw=</latexit>

⇢1�1�
2
1 =

✓
�

� � 1
p2 + ⇢2

◆
�2�

2
2

<latexit sha1_base64="YymwRWXMZZ7fJ8kC8CyLHFBEfGA="></latexit>

⇢1�1�1(�1 � 1) =
�

� � 1
p2�2�

2
2 + ⇢2�2�2(�2 � 1)

<latexit sha1_base64="6BBPdsm4dElcg6+TF3Eznb5+jn0="></latexit>

⇢1�
2
1�

2
1 � ⇢2�

2
2�

2
2 = p2


1+

✓
�

� � 1

◆
�2
2�

2
2

�
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<latexit sha1_base64="8EQCAmjMF4ZtlTNQU2yd3s4isic="></latexit>

p2

�2
1�

2
1⇢1


1+ �2

2�
2
2

✓
�

� � 1

◆�
=

✓
1� �2�2

�1�1

◆

<latexit sha1_base64="snBmR9eAEXrXjiVvF54dvz+Y0BY="></latexit>✓
�

� � 1

◆
�2
2p2�2

�2
1⇢1�1

=

✓
1� (�2 � 1)

(�1 � 1)

◆

Momentum Flux:

Energy Flux:

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>

1� �2�2

�1�1

1+ �2
2�

2
2

�
��1

=
1� �2�1

�1�1

�2
2�2

�
��1

<latexit sha1_base64="Ktrc3unNArGtbJYg/xbTSsrGC/s="></latexit>

1+ �2
2�

2
2

✓
�

� � 1

◆
= �2

2�2

✓
�

� � 1

◆

<latexit sha1_base64="OYZQi5SVi/mX064WWKJwc3eusHI=">AAACFXicbVDLSsNAFJ3UV42vqEs3wSK0oCUpim6EohuXFewDmlJuppN26EwSZiZCCf0JN/6KGxeKuBXc+TdO2yxq64ELZ865l7n3+DGjUjnOj5FbWV1b38hvmlvbO7t71v5BQ0aJwKSOIxaJlg+SMBqSuqKKkVYsCHCfkaY/vJ34zUciJI3CBzWKSYdDP6QBxaC01LVOPT9IzaLnEwXdtDI+c0tzj6LXB85Bi6Vrxxx3rYJTdq awl4mbkQLKUOta314vwgknocIMpGy7Tqw6KQhFMSNj00skiQEPoU/amobAieyk06vG9olWenYQCV2hsqfq/EQKXMoR93UnBzWQi95E/M9rJyq46qQ0jBNFQjz7KEiYrSJ7EpHdo4JgxUaaABZU72rjAQjASgdp6hDcxZOXSaNSdi/Kzv15oXqTxZFHR+gYFZGLLlEV3aEaqiOMntALekPvxrPxanwYn7PWnJHNHKI/ML5+AR88nEE=</latexit>

(�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>

� =
4

3

<latexit sha1_base64="voIZnYmR4p1Bnk950hK5X7dkHtk=">AAACF3icbZDNSsNAFIUn9a/Gv6hLN8EiuApJLepGKLpxWcHWQhPCZDpph04mYWYilDBv4cZXceNCEbe6822cthG09cLAxzn3cueeKKNESNf9MipLyyura9V1c2Nza3vH2t3riDTnCLdRSlPejaDAlDDclkRS3M04hklE8V00upr4d/eYC5KyWznOcJDAASMxQVBqKbQcP4oL0485RIUfYQnDoq7UD3pKXcw8TxUnylShVXMdd1r2Ingl1EBZrdD69PspyhPMJKJQiJ7nZjIoIJcEUaxMPxc4g2gEB7inkcEEi6CY3qXsI6307Tjl+jFpT9XfEwVMhBgnke5MoByKeW8i/uf1chmfBwVhWS4xQ7NFcU5tmdqTkOw+4RhJOtYAESf6rzYaQp2D1FGaOgRv/uRF6NQd79Rp3DRqzcsyjio4AIfgGHjgDDTBNWiBNkDgATyBF/BqPBrPxpvxPmutGOXMPvhTxsc3fQOgIg==</latexit>

�2

�1
=

1

3


