
Lecture 2 Plan:

1) The requirements on sources capable of 
accelerating particles up to ultra high energies

2) The physics of relativistic hydrodynamic (HD) 
shocks

3) The pressure fractions of magnetic fields and 
non-thermal particles at MHD shocks

4) The radiative signatures expected from 
efficient relativistic shocks



��
�

��
�

��
�

��
�

��
�

��
�

��
�

��
���

��
���

��
���

��
���

��
��

��
��

��
��

��
��

��
��

��
��

��
��

(
QH
UJ
\�
IOX
[�
�H
UJ
�F
P

��
�V
��
�

W����

+�(�6�6�������*H9�������*H9�

)HUPL�*%0����NH9������0H9�
6ZLIW�%$7�;57������NH9������NH9�

)HUPL�/$7������0H9������*H9�

2SWLFDO��U���EDQG�

D

��
�

��
�

��
�

��
�

��
�

��
�

��
�

7LPH�VLQFH�*%0�WULJJHU��V�

�

�

�

3
KR
WR
Q

LQ
GH
[

E

Gamma-Ray Burst Afterglow 
Physics

2Andrew Taylor

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

observed during the “afterglow” phase of 
long GRBs

[HESS Coll. Nature 2019] 

[NASA Webpage] 
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Why are GRBs Interesting?

Why question- requires background information to answer



Cosmic Ray Source Requirements

tacc = ⌘
Rlar

c�2

[AM Hillas (1984)]

4

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
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Particle Accelerator Limits

tacc = ⌘
Rlar

c�2

[AM Hillas (1984)]

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>

[Lovelace et al. (1976)]

Under the assumption of equipartition 
of energy between kinetic energy and 
magnetic field:

<latexit sha1_base64="k26UNges34y5X+hetyE8xRChyjg=">AAACDHicbVC9TsMwGHT4LeGvwMhiUSExVUlVBAtSVRYGhoJIW6kJleM6rVXHiWwHqYryACy8CgsDCLHyAGy8DU6bAVpOsnW6u0/2d37MqFSW9W0sLa+srq2XNszNre2d3fLefltGicDEwRGLRNdHkjDKiaOoYqQbC4JCn5GOP77M/c4DEZJG/E5NYuKFaMhpQDFSWuqXK64fpOZ1P21mF05+192Ywtv7tJa5PlEIYjPTKatqTQEXiV2QCijQ6pe/3EGEk5BwhRmSsmdbsfJSJBTFjGSmm0gSIzxGQ9LTlKOQSC+dLpPBY60MYBAJfbiCU/X3RIpCKSehr5MhUiM57+Xif14vUcG5l1IeJ4pwPHsoSBhUEcybgQMqCFZsognCguq/QjxCAmGl+zN1Cfb8youkXavap1Xrpl5pNIs6SuAQHIETYIMz0ABXoAUcgMEjeAav4M14Ml6Md+NjFl0yipkD8AfG5w/FsZor</latexit>

LB = UB4⇡R
2�c

<latexit sha1_base64="TeK2b4BrUh2Dg/4TN6w5NfQexz4="></latexit>

Emax . Z

⌘
(�LKE↵~)1/2 ⇡ 10

Z

⌘

✓
�LKE

3⇥ 1043 erg s�1

◆1/2

EeV

<latexit sha1_base64="Au7iwBMauLXY/NVY9DlELwEVk8w=">AAACAnicbVDLSsNAFJ3UV42vqCtxM1gEVyURRTdCqQguq9gHtKVMpjft0MkkzEzEEoIbf8WNC0Xc+hXu/Bunj4W2HrhwOOde7r3HjzlT2nW/rdzC4tLySn7VXlvf2NxytndqKkokhSqNeCQbPlHAmYCqZppDI5ZAQp9D3R9cjvz6PUjFInGnhzG0Q9ITLGCUaCN1nL2WH6T2VScNyUN20fJBEwxlfGtnHafgFt0x8DzxpqSApqh0nK9WN6JJCEJTTpRqem6s2ymRmlEOmd1KFMSEDkgPmoYKEoJqp+MXMnxolC4OImlKaDxWf0+kJFRqGPqmMyS6r2a9kfif10x0cN5OmYgTDYJOFgUJxzrCozxwl0mgmg8NIVQycyumfSIJ1SY124Tgzb48T2rHRe+06N6cFErlaRx5tI8O0BHy0BkqoWtUQVVE0SN6Rq/ozXqyXqx362PSmrOmM7voD6zPH3DVlik=</latexit>

Emax = �eBR



Cosmic Ray Sources Have to be Local
(logarithmic scale)

Andrew Taylor 6

dGZK ⇠ 100 Mpc

[A. Taylor et al., Phys Rev D (2011)]

L0 ⇡ 4⇥ 1044 erg Mpc�3 yr�1

[E. Waxman, Astrophys. J. 452 (1995)]

L0 ⇡ L0n0 n0 ⇠ 10�5 Mpc�3

Only AGN and GRB appears to satisfy these requirements as the sources 
of extragalactic cosmic rays

⇡ E0ṅ0 ṅ0 ⇠ 10�6 Mpc�3 yr�1

[R. Lang and A. Taylor in prep.]



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 7
[X. Rodrigues, A. Taylor, et al., ApJ 2019] 
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What are GRBs?



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

Andrew Taylor 9

(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

forward shock

<latexit sha1_base64="f1qbb1EPd/Dycx5cVlWXd+98oNo=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoseiF49V7Ae0S8mm2TY2myxJVihL/4MXD4p49f9489+YtnvQ1gcDj/dmmJkXJoIb63nfqLCyura+UdwsbW3v7O6V9w+aRqWasgZVQul2SAwTXLKG5VawdqIZiUPBWuHoZuq3npg2XMkHO05YEJOB5BGnxDqp2Q2j7H7SK1e8qjcDXiZ+TiqQo94rf3X7iqYxk5YKYkzH9xIbZERbTgWblLqpYQmhIzJgHUcliZkJstm1E3zilD6OlHYlLZ6pvycyEhszjkPXGRM7NIveVPzP66Q2ugoyLpPUMknni6JUYKvw9HXc55pRK8aOEKq5uxXTIdGEWhdQyYXgL768TJpnVf+i6t2dV2rXeRxFOIJjOAUfLqEGt1CHBlB4hGd4hTek0At6Rx/z1gLKZw7hD9DnD571jyg=</latexit>

R
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Evolutionary Phases of Blastwave

End of free expansion phase once swept up 
mass is ~M0/Γ0

Blast wave becomes non-relativistic 
once swept up mass is ~M0Γ0

[R. Blandford + McKee 1976]

1) Deceleration rate

�

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

✓jet

<latexit sha1_base64="f1qbb1EPd/Dycx5cVlWXd+98oNo=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoseiF49V7Ae0S8mm2TY2myxJVihL/4MXD4p49f9489+YtnvQ1gcDj/dmmJkXJoIb63nfqLCyura+UdwsbW3v7O6V9w+aRqWasgZVQul2SAwTXLKG5VawdqIZiUPBWuHoZuq3npg2XMkHO05YEJOB5BGnxDqp2Q2j7H7SK1e8qjcDXiZ+TiqQo94rf3X7iqYxk5YKYkzH9xIbZERbTgWblLqpYQmhIzJgHUcliZkJstm1E3zilD6OlHYlLZ6pvycyEhszjkPXGRM7NIveVPzP66Q2ugoyLpPUMknni6JUYKvw9HXc55pRK8aOEKq5uxXTIdGEWhdQyYXgL768TJpnVf+i6t2dV2rXeRxFOIJjOAUfLqEGt1CHBlB4hGd4hTek0At6Rx/z1gLKZw7hD9DnD571jyg=</latexit>

R

[viewed in upstream restframe]
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<latexit sha1_base64="KncCVb0jV8CIZ+BrNzhd83+W9KM=">AAACDHicbVDLSsNAFJ34rPFVdSnCYBHqwpAUX5tCUYpuhArWFppQJtNJO3QmCTMToYSu3PgrblzoUtz6Ae78G6dtFtp64MLhnHu59x4/ZlQq2/425uYXFpeWcyvm6tr6xmZ+a/teRonApI4jFommjyRhNCR1RRUjzVgQxH1GGn7/cuQ3HoiQNArv1CAmHkfdkAYUI6Wldn7P9YPUrJaL7hXiHMEj5/CmXG2nVEZDc9jOF2zLHgPOEicjBZCh1s5/uZ0IJ5yECjMkZcuxY+WlSCiKGRmabiJJjHAfdUlL0xBxIr10/MYQHmilA4NI6AoVHKu/J1LEpRxwX3dypHpy2huJ/3mtRAXnXkrDOFEkxJNFQcKgiuAoE9ihgmDFBpogLKi+FeIeEggrnZypQ3CmX54lbslyTq0Ty7Ftq3R7XKhcZKHkwC7YB0XggDNQAdegBuoAg0fwDF7Bm/FkvBjvxsekdc7IZnbAHxifP9f5mD8=</latexit>

E = (�� 1)M = Eiso

<latexit sha1_base64="KTrLNzON8NdaO+NLB9vhr1hPh5A="></latexit>

dM

dR
= �4⇡⇢R2

<latexit sha1_base64="ySiroNkev0TkQR06JZFd45mekaw=">AAACEXicbVA7T8MwGHTKq4RXgJElaoXEQkgqXmMFAyxIRaK0UhMix3Vaq3YS2Q6oirKz8FdYGGBErGxs/BvcNgO0nGTpdPd9+nwXJJQIadvfWmlufmFxqbysr6yurW8Ym1u3Ik45wk0U05i3AygwJRFuSiIpbiccQxZQ3AoG5yO/dY+5IHF0I4cJ9hjsRSQkCEol+UbFDcJMdy8gY9BNeJzI2LzyM/GQ32X7zkEt13PfqNqWPYY5S5yCVEGBhm98ud0YpQxHElEoRMexE+llkEuCKM51NxU4gWgAe7ijaAQZFl42zpKbu0rpmmHM1YukOVZ/b2SQCTFkgZpkUPbFtDcS//M6qQxPvYxESSpxhCaHwpSaKvCoGLNLOEaSDhWBiBP1VxP1IYdIqvp0VYIzHXmWuDXLObaOLMe2rdr1YbV+VpRSBjugAvaAA05AHVyCBmgCBB7BM3gFb9qT9qK9ax+T0ZJW7GyDP9A+fwCExpty</latexit>

� / M�1/2
sw

<latexit sha1_base64="H+bl1OKZ8CuMngLj7XU/LSsl10E="></latexit>

Eiso ⇡ 1052

✓
�0

300

◆✓
M0

3⇥ 10�5 M�

◆
erg
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PAUSE

Obtain the above expected evolution of the Lorentz factor with swept-up mass

<latexit sha1_base64="rJJQ2jV3TVMMWP4Jsb8IXoMqTJU=">AAACEXicbVA7T8MwGHTKq4RXgJElaoXEQkgqXmMFAyxIRVBaqQmR4zqtVTuJbAepirKz8FdYGGBErGxs/BvcNgO0nGTpdPd9+nwXJJQIadvfWmlufmFxqbysr6yurW8Ym1t3Ik45wk0U05i3AygwJRFuSiIpbiccQxZQ3AoG5yO/9YC5IHF0K4cJ9hjsRSQkCEol+UbFDcJMdy8gY9BNeJzI2Lzys5tWfp/tOwe1XM99o2pb9hjmLHEKUgUFGr7x5XZjlDIcSUShEB3HTqSXQS4JojjX3VTgBKIB7OGOohFkWHjZOEtu7iqla4YxVy+S5lj9vZFBJsSQBWqSQdkX095I/M/rpDI89TISJanEEZocClNqqsCjYswu4RhJOlQEIk7UX03UhxwiqerTVQnOdORZ4tYs59g6shzbtmrXh9X6WVFKGeyACtgDDjgBdXAJGqAJEHgEz+AVvGlP2ov2rn1MRktasbMN/kD7/AEfppsy</latexit>

! → M→1/2
SW
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Evolutionary Phases of Blastwave

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

[R. Blandford + McKee 1976]

1) Deceleration rate

1) Radiative loss rate

<latexit sha1_base64="sOHqnAKDJYHVJJHaY8ASjoiBgE8="></latexit>

dErad

dR
= �"rad4⇡⇢R

2�(�� 1)

<latexit sha1_base64="G4TztDGxm3T9Vu/kbBIlcmorAv0=">AAACB3icbVDLSsNAFJ3UV42vqBvBTbAIbgxJ8bURilJwWcHaQhPCZDJph04yYWYilBA3/oobF7oUt/6CO//GaZuFth643MM59zJzT5BSIqRtf2uVhcWl5ZXqqr62vrG5ZWzv3AuWcYTbiFHGuwEUmJIEtyWRFHdTjmEcUNwJhtdjv/OAuSAsuZOjFHsx7CckIghKJfnGnhtEud68bPo5Eaw4Vp3DsNAL36jZlj2BOU+cktRAiZZvfLkhQ1mME4koFKLn2Kn0csglQRQXupsJnEI0hH3cUzSBMRZePrmgMA+VEpoR46oSaU7U3xs5jIUYxYGajKEciFlvLP7n9TIZXXg5SdJM4gRNH4oyakpmjuMwQ8IxknSkCEScqL+aaAA5RFKFpqsQnNmT54lbt5wz69RybNuq357UGldlKFWwDw7AEXDAOWiAG9ACbYDAI3gGr+BNe9JetHftYzpa0cqdXfAH2ucPF8aXdQ==</latexit>

E = Eiso �Erad
 0.1

 1

 10

 100

 1000

 0.0001  0.001  0.01  0.1  1  10  100  1000

Γ0=300

Γ

Msw/M0

εrad=1
εrad=0

End of free expansion phase once swept up 
mass is ~M0/Γ0

Blast wave becomes non-relativistic 
once swept up mass is ~M0

<latexit sha1_base64="HCmDN337blSc7vE1nqS4gzYkjQ8="></latexit>

dM

dR
= �4⇡⇢R2 � 1

�

dErad

dr
<latexit sha1_base64="ySiroNkev0TkQR06JZFd45mekaw=">AAACEXicbVA7T8MwGHTKq4RXgJElaoXEQkgqXmMFAyxIRaK0UhMix3Vaq3YS2Q6oirKz8FdYGGBErGxs/BvcNgO0nGTpdPd9+nwXJJQIadvfWmlufmFxqbysr6yurW8Ym1u3Ik45wk0U05i3AygwJRFuSiIpbiccQxZQ3AoG5yO/dY+5IHF0I4cJ9hjsRSQkCEol+UbFDcJMdy8gY9BNeJzI2LzyM/GQ32X7zkEt13PfqNqWPYY5S5yCVEGBhm98ud0YpQxHElEoRMexE+llkEuCKM51NxU4gWgAe7ijaAQZFl42zpKbu0rpmmHM1YukOVZ/b2SQCTFkgZpkUPbFtDcS//M6qQxPvYxESSpxhCaHwpSaKvCoGLNLOEaSDhWBiBP1VxP1IYdIqvp0VYIzHXmWuDXLObaOLMe2rdr1YbV+VpRSBjugAvaAA05AHVyCBmgCBB7BM3gFb9qT9qK9ax+T0ZJW7GyDP9A+fwCExpty</latexit>

� / M�1/2
sw

<latexit sha1_base64="2gSy/aji5K2knOwSL+rD50uehko=">AAACD3icbVA7T8MwGHTKq4RXgJHFokJiIUoqXmMFAyxIRaK0UhMqx3Vaq3YS2Q6oirKy8FdYGGBErKxs/BvcNgO0nGTpdPd9+nwXJIxK5TjfRmlufmFxqbxsrqyurW9Ym1u3Mk4FJg0cs1i0AiQJoxFpKKoYaSWCIB4w0gwG5yO/eU+EpHF0o4YJ8TnqRTSkGCktdSzoBWFmeheIc+QlIk5UDK86mXzI77IDNzfzjlVxbGcMOEvcglRAgXrH+vK6MU45iRRmSMq26yTKz5BQFDOSm14qSYLwAPVIW9MIcSL9bJwkh3ta6cIwFvpFCo7V3xsZ4lIOeaAnOVJ9Oe2NxP+8dqrCUz+jUZIqEuHJoTBlUMcd1QK7VBCs2FAThAXVf4W4jwTCSpdn6hLc6cizxKva7rF9ZLuOY1evDyu1s6KUMtgBu2AfuOAE1MAlqIMGwOARPINX8GY8GS/Gu/ExGS0Zxc42+APj8weN8Zr9</latexit>

� / M�1
sw
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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,

[Plot Courtesy of M. Klinger]

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

tobs

coasting dec

<latexit sha1_base64="f1qbb1EPd/Dycx5cVlWXd+98oNo=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoseiF49V7Ae0S8mm2TY2myxJVihL/4MXD4p49f9489+YtnvQ1gcDj/dmmJkXJoIb63nfqLCyura+UdwsbW3v7O6V9w+aRqWasgZVQul2SAwTXLKG5VawdqIZiUPBWuHoZuq3npg2XMkHO05YEJOB5BGnxDqp2Q2j7H7SK1e8qjcDXiZ+TiqQo94rf3X7iqYxk5YKYkzH9xIbZERbTgWblLqpYQmhIzJgHUcliZkJstm1E3zilD6OlHYlLZ6pvycyEhszjkPXGRM7NIveVPzP66Q2ugoyLpPUMknni6JUYKvw9HXc55pRK8aOEKq5uxXTIdGEWhdQyYXgL768TJpnVf+i6t2dV2rXeRxFOIJjOAUfLqEGt1CHBlB4hGd4hTek0At6Rx/z1gLKZw7hD9DnD571jyg=</latexit>

R
<latexit sha1_base64="d2AcUpneSWubrbXOd+eogDSunME=">AAACB3icbVDLSsNAFJ3UV42vqEtBBotQF5ZEFN0IRTcuq9gHNKFMppN26OTBzI1QQnZu/BU3LhRx6y+482+cPhbaeuDC4Zx7ufcePxFcgW1/G4WFxaXlleKquba+sbllbe80VJxKyuo0FrFs+UQxwSNWBw6CtRLJSOgL1vQH1yO/+cCk4nF0D8OEeSHpRTzglICWOta+6weZSaGTuTLEsa/yy7Jz7PoMyNGdmXeskl2xx8DzxJmSEpqi1rG+3G5M05BFQAVRqu3YCXgZkcCpYLnppoolhA5Ij7U1jUjIlJeN/8jxoVa6OIilrgjwWP09kZFQqWHo686QQF/NeiPxP6+dQnDhZTxKUmARnSwKUoEhxqNQcJdLRkEMNSFUcn0rpn0iCQUdnalDcGZfnieNk4pzVrFvT0vVq2kcRbSHDlAZOegcVdENqqE6ougRPaNX9GY8GS/Gu/ExaS0Y05ld9AfG5w/trZgO</latexit>

ctobs = (1� �)R

<latexit sha1_base64="sO46UH38U+vIVkYebt8r3KnZJUE="></latexit>

Rdec ⇡ 1016

✓
Eiso

1052 erg

◆1/3 ⇣ n

1 cm�3

⌘�1/3
✓

�0

300

◆�2/3

cm

<latexit sha1_base64="6y7Wact7FBgUKyOU2tl30VVxSFs="></latexit>

tobsdec ⇡ Rdec

c�2
= 10

✓
Rdec

1016 cm

◆✓
�

300

◆�2

s

<latexit sha1_base64="gEKvvUpNF5UG90HxQGSMldXIVX8="></latexit>

� ⇡ 10

✓
Eiso

1052 erg

◆1/8 ⇣ n

1 cm�3

⌘�1/8
✓

tobs
104 s

◆�3/8
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What Do Shocks Do?



Reminder: (Non-Rel.) Shocks

The fastest speed information in plasmas can be transmitted is 
the sound speed. When plasmas travel faster than this, they set 
up a shock- the upstream region is not able to know what is 
coming (a surprise!).

upstreamdownstream
<latexit sha1_base64="rEVX4VdM8S2rCyja6FK6SZWBcCw=">AAACAHicbZDLSsNAFIYnXmu8RV24cDNYhApSElF0WXTjsoK9QBPCZDpph05mwsxEKCEbX8WNC0Xc+hjufBsnbRfa+sPAx3/O4cz5o5RRpV3321paXlldW69s2Jtb2zu7zt5+W4lMYtLCggnZjZAijHLS0lQz0k0lQUnESCca3Zb1ziORigr+oMcpCRI04DSmGGljhc6hH8W5XUvD3CvOfDkUJZzaRehU3bo7EVwEbwZVMFMzdL78vsBZQrjGDCnV89xUBzmSmmJGCtvPFEkRHqEB6RnkKCEqyCcHFPDEOH0YC2ke13Di/p7IUaLUOIlMZ4L0UM3XSvO/Wi/T8XWQU55mmnA8XRRnDGoByzRgn0qCNRsbQFhS81eIh0girE1mtgnBmz95Edrnde+y7t5fVBs3szgq4AgcgxrwwBVogDvQBC2AQQGewSt4s56sF+vd+pi2LlmzmQPwR9bnDwoAlWc=</latexit>

(p1, ⇢1)
<latexit sha1_base64="0r7nip1zAvYRVaP383yBKWTSw7w=">AAACAHicbZDLSsNAFIYn9VbjLerChZtgESpISYqiy6IblxXsBZoQJtNJO3QyE2YmQgnZ+CpuXCji1sdw59s4abPQ1h8GPv5zDmfOHyaUSOU430ZlZXVtfaO6aW5t7+zuWfsHXclTgXAHccpFP4QSU8JwRxFFcT8RGMYhxb1wclvUe49YSMLZg5om2I/hiJGIIKi0FVhHXhhlZj0JsmZ+7okxL+DMzAOr5jScmexlcEuogVLtwPryhhylMWYKUSjlwHUS5WdQKIIozk0vlTiBaAJHeKCRwRhLP5sdkNun2hnaERf6MWXP3N8TGYylnMah7oyhGsvFWmH+VxukKrr2M8KSVGGG5ouilNqK20Ua9pAIjBSdaoBIEP1XG42hgEjpzEwdgrt48jJ0mw33suHcX9RaN2UcVXAMTkAduOAKtMAdaIMOQCAHz+AVvBlPxovxbnzMWytGOXMI/sj4/AENGZVp</latexit>

(p2, ⇢2)

<latexit sha1_base64="j7pURxy54m9pOg9Mz7C8yGWlX3o=">AAAB83icbVBNS8NAEJ3Urxq/qh69LBbBU0mKoseiF48V7Ac0oWy2m3bpZhN2N4US8je8eFDEq3/Gm//GbZqDtj4YeLw3w8y8IOFMacf5tiobm1vbO9Vde2//4PCodnzSVXEqCe2QmMeyH2BFORO0o5nmtJ9IiqOA014wvV/4vRmVisXiSc8T6kd4LFjICNZG8rwgzOzZMGvmdj6s1Z2GUwCtE7ckdSjRHta+vFFM0ogKTThWauA6ifYzLDUjnOa2lyqaYDLFYzowVOCIKj8rbs7RhVFGKIylKaFRof6eyHCk1DwKTGeE9UStegvxP2+Q6vDWz5hIUk0FWS4KU450jBYBoBGTlGg+NwQTycytiEywxESbmGwTgrv68jrpNhvudcN5vKq37so4qnAG53AJLtxACx6gDR0gkMAzvMKblVov1rv1sWytWOXMKfyB9fkDNzqRJQ==</latexit>v2
<latexit sha1_base64="lVIQkpXBg+9TtTxHZZ57A0UyPzM=">AAAB83icbVDLSsNAFL2prxpfVZduBovgqiSi6LLoxmUF+4AmlMl00g6dTMI8CiXkN9y4UMStP+POv3HaZqHVAxcO59zLvfdEGWdKe96XU1lb39jcqm67O7t7+we1w6OOSo0ktE1SnspehBXlTNC2ZprTXiYpTiJOu9Hkbu53p1QqlopHPctomOCRYDEjWFspCKI4d6eD3C/cYlCrew1vAfSX+CWpQ4nWoPYZDFNiEio04Vipvu9lOsyx1IxwWriBUTTDZIJHtG+pwAlVYb64uUBnVhmiOJW2hEYL9edEjhOlZklkOxOsx2rVm4v/eX2j45swZyIzmgqyXBQbjnSK5gGgIZOUaD6zBBPJ7K2IjLHERNuYXBuCv/ryX9K5aPhXDe/hst68LeOowgmcwjn4cA1NuIcWtIFABk/wAq+OcZ6dN+d92Vpxyplj+AXn4xs1s5Ek</latexit>v1

Shock converts ram pressure ( ) into thermal pressure ( )
<latexit sha1_base64="cpTk+jtf9xZHS+r8tntUSmSEHZ4=">AAAB+nicbVDLSsNAFJ3UV42vVJduBovgqiRF0WXRjcsK9gFNLJPppB06mQkzk0qJ+RQ3LhRx65e482+ctllo64ELh3Pu5d57woRRpV332yqtrW9sbpW37Z3dvf0Dp3LYViKVmLSwYEJ2Q6QIo5y0NNWMdBNJUBwy0gnHNzO/MyFSUcHv9TQhQYyGnEYUI22kvlPxwyizfTkScPKQ1XM77ztVt+bOAVeJV5AqKNDsO1/+QOA0JlxjhpTqeW6igwxJTTEjue2niiQIj9GQ9AzlKCYqyOan5/DUKAMYCWmKazhXf09kKFZqGoemM0Z6pJa9mfif10t1dBVklCepJhwvFkUpg1rAWQ5wQCXBmk0NQVhScyvEIyQR1iYt24TgLb+8Str1mndRc+/Oq43rIo4yOAYn4Ax44BI0wC1oghbA4BE8g1fwZj1ZL9a79bFoLVnFzBH4A+vzBy4fk0w=</latexit>

⇢v2 <latexit sha1_base64="kQGt4mm23BicRfniUTgiGZ94E9c=">AAAB73icbVBNS8NAEJ3Urxq/qh69LBbBU0lE0WPRi8cKthbaUDbbSbt0s4m7G6GE/gkvHhTx6t/x5r9x2+agrQ8GHu/NMDMvTAXXxvO+ndLK6tr6RnnT3dre2d2r7B+0dJIphk2WiES1Q6pRcIlNw43AdqqQxqHAh3B0M/UfnlBpnsh7M04xiOlA8ogzaqzU7oZR7qbupFepejVvBrJM/IJUoUCjV/nq9hOWxSgNE1Trju+lJsipMpwJnLjdTGNK2YgOsGOppDHqIJ/dOyEnVumTKFG2pCEz9fdETmOtx3FoO2NqhnrRm4r/eZ3MRFdBzmWaGZRsvijKBDEJmT5P+lwhM2JsCWWK21sJG1JFmbERuTYEf/HlZdI6q/kXNe/uvFq/LuIowxEcwyn4cAl1uIUGNIGBgGd4hTfn0Xlx3p2PeWvJKWYO4Q+czx84no9u</latexit>p
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Collisional Shock- Conservation 
Conditions

upstreamdownstream
<latexit sha1_base64="rEVX4VdM8S2rCyja6FK6SZWBcCw=">AAACAHicbZDLSsNAFIYnXmu8RV24cDNYhApSElF0WXTjsoK9QBPCZDpph05mwsxEKCEbX8WNC0Xc+hjufBsnbRfa+sPAx3/O4cz5o5RRpV3321paXlldW69s2Jtb2zu7zt5+W4lMYtLCggnZjZAijHLS0lQz0k0lQUnESCca3Zb1ziORigr+oMcpCRI04DSmGGljhc6hH8W5XUvD3CvOfDkUJZzaRehU3bo7EVwEbwZVMFMzdL78vsBZQrjGDCnV89xUBzmSmmJGCtvPFEkRHqEB6RnkKCEqyCcHFPDEOH0YC2ke13Di/p7IUaLUOIlMZ4L0UM3XSvO/Wi/T8XWQU55mmnA8XRRnDGoByzRgn0qCNRsbQFhS81eIh0girE1mtgnBmz95Edrnde+y7t5fVBs3szgq4AgcgxrwwBVogDvQBC2AQQGewSt4s56sF+vd+pi2LlmzmQPwR9bnDwoAlWc=</latexit>

(p1, ⇢1)
<latexit sha1_base64="0r7nip1zAvYRVaP383yBKWTSw7w=">AAACAHicbZDLSsNAFIYn9VbjLerChZtgESpISYqiy6IblxXsBZoQJtNJO3QyE2YmQgnZ+CpuXCji1sdw59s4abPQ1h8GPv5zDmfOHyaUSOU430ZlZXVtfaO6aW5t7+zuWfsHXclTgXAHccpFP4QSU8JwRxFFcT8RGMYhxb1wclvUe49YSMLZg5om2I/hiJGIIKi0FVhHXhhlZj0JsmZ+7okxL+DMzAOr5jScmexlcEuogVLtwPryhhylMWYKUSjlwHUS5WdQKIIozk0vlTiBaAJHeKCRwRhLP5sdkNun2hnaERf6MWXP3N8TGYylnMah7oyhGsvFWmH+VxukKrr2M8KSVGGG5ouilNqK20Ua9pAIjBSdaoBIEP1XG42hgEjpzEwdgrt48jJ0mw33suHcX9RaN2UcVXAMTkAduOAKtMAdaIMOQCAHz+AVvBlPxovxbnzMWytGOXMI/sj4/AENGZVp</latexit>

(p2, ⇢2)

<latexit sha1_base64="j7pURxy54m9pOg9Mz7C8yGWlX3o=">AAAB83icbVBNS8NAEJ3Urxq/qh69LBbBU0mKoseiF48V7Ac0oWy2m3bpZhN2N4US8je8eFDEq3/Gm//GbZqDtj4YeLw3w8y8IOFMacf5tiobm1vbO9Vde2//4PCodnzSVXEqCe2QmMeyH2BFORO0o5nmtJ9IiqOA014wvV/4vRmVisXiSc8T6kd4LFjICNZG8rwgzOzZMGvmdj6s1Z2GUwCtE7ckdSjRHta+vFFM0ogKTThWauA6ifYzLDUjnOa2lyqaYDLFYzowVOCIKj8rbs7RhVFGKIylKaFRof6eyHCk1DwKTGeE9UStegvxP2+Q6vDWz5hIUk0FWS4KU450jBYBoBGTlGg+NwQTycytiEywxESbmGwTgrv68jrpNhvudcN5vKq37so4qnAG53AJLtxACx6gDR0gkMAzvMKblVov1rv1sWytWOXMKfyB9fkDNzqRJQ==</latexit>v2
<latexit sha1_base64="lVIQkpXBg+9TtTxHZZ57A0UyPzM=">AAAB83icbVDLSsNAFL2prxpfVZduBovgqiSi6LLoxmUF+4AmlMl00g6dTMI8CiXkN9y4UMStP+POv3HaZqHVAxcO59zLvfdEGWdKe96XU1lb39jcqm67O7t7+we1w6OOSo0ktE1SnspehBXlTNC2ZprTXiYpTiJOu9Hkbu53p1QqlopHPctomOCRYDEjWFspCKI4d6eD3C/cYlCrew1vAfSX+CWpQ4nWoPYZDFNiEio04Vipvu9lOsyx1IxwWriBUTTDZIJHtG+pwAlVYb64uUBnVhmiOJW2hEYL9edEjhOlZklkOxOsx2rVm4v/eX2j45swZyIzmgqyXBQbjnSK5gGgIZOUaD6zBBPJ7K2IjLHERNuYXBuCv/ryX9K5aPhXDe/hst68LeOowgmcwjn4cA1NuIcWtIFABk/wAq+OcZ6dN+d92Vpxyplj+AXn4xs1s5Ek</latexit>v1

Number Flux:

Momentum Flux:

Energy Flux:

⇢1v1 = ⇢2v2

p1 + ⇢1v
2
1 = p2 + ⇢2v

2
2

w1v1 +
1

2
⇢1v

3
1 = w2v2 +

1

2
⇢2v

3
2
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Collisional Shock- Enthalpy

wrel. =
�

� � 1
p+ ⇢

= wnonrel. + ⇢

<latexit sha1_base64="iWcYqdiB3pSXLzqJkgPiv+Do3yU=">AAACDXicbVC7TsMwFHV4lvAKMLJYFCSmKkEgWJAqWBiLRB9SE0WO67RWbSeyHVAV5QdY+BUWBhBiZWfjb3DbDNBypCsdnXOvfe+JUkaVdt1va2FxaXlltbJmr29sbm07O7stlWQSkyZOWCI7EVKEUUGammpGOqkkiEeMtKPh9dhv3xOpaCLu9CglAUd9QWOKkTZS6Bz6UZzbfh9xji79WCKcP4S5SASUhNWKIieFXYRO1a25E8B54pWkCko0QufL7yU440RozJBSXc9NdZAjqSlm5kU/UyRFeIj6pGuoQJyoIJ9cU8Ajo/RgnEhTQsOJ+nsiR1ypEY9MJ0d6oGa9sfif1810fBHkVKSZJgJPP4ozBnUCx9HAHpUEazYyBGFJza4QD5CJRJsAbROCN3vyPGmd1Lyzmnt7Wq1flXFUwD44AMfAA+egDm5AAzQBBo/gGbyCN+vJerHerY9p64JVzuyBP7A+fwCGVJva</latexit>

� =
wnonrel.

e
<latexit sha1_base64="El+xt6+70AZySoDk8I9pcxqBpPo=">AAAB/nicbVDLSgMxFL1TX3V8jYorN8EiCEKZEUU3QtGNywr2AZ2hZNJMG5p5kGSEEgb8FTcuFHHrd7jzb0wfC209cOFwzr3JvSfMOJPKdb+t0tLyyupaed3e2Nza3nF295oyzQWhDZLyVLRDLClnCW0opjhtZ4LiOOS0FQ5vx37rkQrJ0uRBjTIaxLifsIgRrIzUdQ78MNL2tR8JTDQ9zQpNC7voOhW36k6AFok3IxWYod51vvxeSvKYJopwLGXHczMVaCwUI9y86OeSZpgMcZ92DE1wTGWgJ+sX6NgoPRSlwlSi0ET9PaFxLOUoDk1njNVAzntj8T+vk6voKtAsyXJFEzL9KMo5UikaZ4F6TFCi+MgQTAQzuyIywCYJZRKzTQje/MmLpHlW9S6q7v15pXYzi6MMh3AEJ+DBJdTgDurQAAIanuEV3qwn68V6tz6mrSVrNrMPf2B9/gCPnpU7</latexit>

=
e+ p

e

e =
p

� � 1

wnonrel. =
�

� � 1
p
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Collisional Shock- Cold Shock 
Case

Momentum Flux:

Energy Flux:

<latexit sha1_base64="hAtLZsLOmUYQF/3mOppxaGZbvdM=">AAACGXicbZBLS8NAEMc3Pmt8RT16WSyCIJQkKHoRil48VrAPaGLYbDft0s2D3U2hhHwNL34VLx4U8agnv42bNAdtHdjhz29mmJ2/nzAqpGl+a0vLK6tr67UNfXNre2fX2NvviDjlmLRxzGLe85EgjEakLalkpJdwgkKfka4/vinq3QnhgsbRvZwmxA3RMKIBxUgq5Bmm4weZ7vBR7GVWPinSQ2bnV4mn8umM2wW3S67nnlE3G2YZcFFYlaiDKlqe8ekMYpyGJJKYISH6lplIN0NcUsxIrjupIAnCYzQkfSUjFBLhZuVlOTxWZACDmKsXSVjS3xMZCoWYhr7qDJEciflaAf+r9VMZXLoZjZJUkgjPFgUpgzKGhU1wQDnBkk2VQJhT9VeIR4gjLJWZujLBmj95UXTshnXeMO/O6s3ryo4aOARH4ARY4AI0wS1ogTbA4BE8g1fwpj1pL9q79jFrXdKqmQPwJ7SvH2MDoIg=</latexit>

⇢1v
2
1 = p2 + ⇢2v

2
2

<latexit sha1_base64="fKloiuAHFUrM/GfyDG8K2GntQUQ="></latexit>

p2

⇢1v2
1

=

✓
1� v2

v1

◆

<latexit sha1_base64="yBIlWyzC7qHLinWIEMEqxTrHxB0="></latexit>

1

2
⇢1v

3
1 =

✓
�

� � 1

◆
p2v2 +

1

2
⇢2v

3
2

<latexit sha1_base64="Sq3hvQLnDNPYzBi9JtKXu2jSB9I="></latexit>

2�

� � 1

p2v2

⇢1v3
1

=

 
1�

✓
v2

v1

◆2
!

=

✓
1� v2

v1

◆✓
1+

v2

v1

◆
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Collisional Shock- Cold Shock 
Case

So what are collisional shocks good for?

<latexit sha1_base64="3r30jFevr1LSK/ppnild1e5DaOg="></latexit>

v2

v1

✓
1� v2

v1

◆
=

✓
� � 1

2�

◆ 
1�

✓
v2

v1

◆2
!

<latexit sha1_base64="W77PM4jqbfrAnMqJ1IRDB+XDfkA="></latexit>✓
v2

v1
� 1

◆✓
v2

v1
�

✓
� � 1

� + 1

◆◆
= 0
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Collisional Shock- Cold Shock 
Case

So what are collisional shocks good for?
Stimulating the unstimulated degrees of freedom in the 
system where momentum/energy can be stored

<latexit sha1_base64="3r30jFevr1LSK/ppnild1e5DaOg="></latexit>

v2

v1

✓
1� v2

v1

◆
=

✓
� � 1

2�

◆ 
1�

✓
v2

v1

◆2
!

<latexit sha1_base64="W77PM4jqbfrAnMqJ1IRDB+XDfkA="></latexit>✓
v2

v1
� 1

◆✓
v2

v1
�

✓
� � 1

� + 1

◆◆
= 0

Andrew Taylor

Eg:
<latexit sha1_base64="IppPqsZX9N8Rws/sgzxH48FVJTg=">AAACAnicbVDLSsNAFJ34rPEVdSVuBovgqiRaHxuh6MZlBfuAJpTJdNIOnZmEmYlQQnDjr7hxoYhbv8Kdf+O0zUJbD1w4nHMv994TJowq7brf1sLi0vLKamnNXt/Y3Np2dnabKk4lJg0cs1i2Q6QIo4I0NNWMtBNJEA8ZaYXDm7HfeiBS0Vjc61FCAo76gkYUI22krrPvh1Fm+33EObryI4lwdpZnp7mdd52yW3EngPPEK0gZFKh3nS+/F+OUE6ExQ0p1PDfRQYakppiR3PZTRRKEh6hPOoYKxIkKsskLOTwySg9GsTQlNJyovycyxJUa8dB0cqQHatYbi/95nVRHl0FGRZJqIvB0UZQyqGM4zgP2qCRYs5EhCEtqboV4gEwO2qRmmxC82ZfnSfOk4p1XqnfVcu26iKMEDsAhOAYeuAA1cAvqoAEweATP4BW8WU/Wi/VufUxbF6xiZg/8gfX5A2Cilso=</latexit>

� =
5

3

<latexit sha1_base64="LbhVi7aFTkIp4dD/o+LZ7q7M6Q4=">AAACF3icbZDLSsNAFIYn9VbjLerSTbAIrkJSiroRim5cVrAXaEKYTCft0MmFmYlQhnkLN76KGxeKuNWdb+O0jaCtBwY+/v8czpw/yinhwnW/jMrK6tr6RnXT3Nre2d2z9g86PCsYwm2U0Yz1IsgxJSluCyIo7uUMwySiuBuNr6d+9x4zTrL0TkxyHCRwmJKYICi0FFqOH8XS9GMGkfQjLGAo60r9oKfU5dzzlGwoU4VWzXXcWdnL4JVQA2W1QuvTH2SoSHAqEIWc9z03F4GETBBEsTL9guMcojEc4r7GFCaYB3J2l7JPtDKw44zplwp7pv6ekDDhfJJEujOBYsQXvan4n9cvRHwRSJLmhcApmi+KC2qLzJ6GZA8Iw0jQiQaIGNF/tdEI6hyEjtLUIXiLJy9Dp+54Z07jtlFrXpVxVMEROAanwAPnoAluQAu0AQIP4Am8gFfj0Xg23oz3eWvFKGcOwZ8yPr4BfoqgIw==</latexit>

�2

�1
=

1

4
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Relativistic Shocks
How does the compression ratio result change for relativistic shocks

upstreamdownstream
<latexit sha1_base64="rEVX4VdM8S2rCyja6FK6SZWBcCw=">AAACAHicbZDLSsNAFIYnXmu8RV24cDNYhApSElF0WXTjsoK9QBPCZDpph05mwsxEKCEbX8WNC0Xc+hjufBsnbRfa+sPAx3/O4cz5o5RRpV3321paXlldW69s2Jtb2zu7zt5+W4lMYtLCggnZjZAijHLS0lQz0k0lQUnESCca3Zb1ziORigr+oMcpCRI04DSmGGljhc6hH8W5XUvD3CvOfDkUJZzaRehU3bo7EVwEbwZVMFMzdL78vsBZQrjGDCnV89xUBzmSmmJGCtvPFEkRHqEB6RnkKCEqyCcHFPDEOH0YC2ke13Di/p7IUaLUOIlMZ4L0UM3XSvO/Wi/T8XWQU55mmnA8XRRnDGoByzRgn0qCNRsbQFhS81eIh0girE1mtgnBmz95Edrnde+y7t5fVBs3szgq4AgcgxrwwBVogDvQBC2AQQGewSt4s56sF+vd+pi2LlmzmQPwR9bnDwoAlWc=</latexit>

(p1, ⇢1)
<latexit sha1_base64="0r7nip1zAvYRVaP383yBKWTSw7w=">AAACAHicbZDLSsNAFIYn9VbjLerChZtgESpISYqiy6IblxXsBZoQJtNJO3QyE2YmQgnZ+CpuXCji1sdw59s4abPQ1h8GPv5zDmfOHyaUSOU430ZlZXVtfaO6aW5t7+zuWfsHXclTgXAHccpFP4QSU8JwRxFFcT8RGMYhxb1wclvUe49YSMLZg5om2I/hiJGIIKi0FVhHXhhlZj0JsmZ+7okxL+DMzAOr5jScmexlcEuogVLtwPryhhylMWYKUSjlwHUS5WdQKIIozk0vlTiBaAJHeKCRwRhLP5sdkNun2hnaERf6MWXP3N8TGYylnMah7oyhGsvFWmH+VxukKrr2M8KSVGGG5ouilNqK20Ua9pAIjBSdaoBIEP1XG42hgEjpzEwdgrt48jJ0mw33suHcX9RaN2UcVXAMTkAduOAKtMAdaIMOQCAHz+AVvBlPxovxbnzMWytGOXMI/sj4/AENGZVp</latexit>

(p2, ⇢2)

Number Flux:

Momentum Flux:

Energy Flux:

<latexit sha1_base64="gfTHIhk4mGhrl72mwmvnn0//QX8=">AAAB+XicbVBNS8NAEN3Urxq/oh69LBbBU0lE0WPRi8cK9gOaEDbbSbt0swm7m0IJ+SdePCji1X/izX/jts1Bqw8GHu/NMDMvyjhT2nW/rNra+sbmVn3b3tnd2z9wDo+6Ks0lhQ5NeSr7EVHAmYCOZppDP5NAkohDL5rczf3eFKRiqXjUswyChIwEixkl2kih4/hRXNh+BJqEhVfaZeg03Ka7AP5LvIo0UIV26Hz6w5TmCQhNOVFq4LmZDgoiNaMcStvPFWSETsgIBoYKkoAKisXlJT4zyhDHqTQlNF6oPycKkig1SyLTmRA9VqveXPzPG+Q6vgkKJrJcg6DLRXHOsU7xPAY8ZBKo5jNDCJXM3IrpmEhCtQnLNiF4qy//Jd2LpnfVdB8uG63bKo46OkGn6Bx56Bq10D1qow6iaIqe0At6tQrr2Xqz3petNauaOUa/YH18A540kv8=</latexit>

�1
<latexit sha1_base64="mVfWCxWTS0jDVTHbRRIVbW1Im2U=">AAAB+XicbVBNS8NAEN3Urxq/oh69LBbBU0mKoseiF48V7Ac0IWy2m3bpZhN2J4US+k+8eFDEq//Em//GbZuDtj4YeLw3w8y8KBNcg+t+W5WNza3tnequvbd/cHjkHJ90dJoryto0FanqRUQzwSVrAwfBepliJIkE60bj+7nfnTCleSqfYJqxICFDyWNOCRgpdBw/igvbjxiQsGjM7Fno1Ny6uwBeJ15JaqhEK3S+/EFK84RJoIJo3ffcDIKCKOBUsJnt55plhI7JkPUNlSRhOigWl8/whVEGOE6VKQl4of6eKEii9TSJTGdCYKRXvbn4n9fPIb4NCi6zHJiky0VxLjCkeB4DHnDFKIipIYQqbm7FdEQUoWDCsk0I3urL66TTqHvXdffxqta8K+OoojN0ji6Rh25QEz2gFmojiiboGb2iN6uwXqx362PZWrHKmVP0B9bnD5+7kwA=</latexit>

�2

<latexit sha1_base64="9kDk0bhP2uou4lTeS5b5h5oJVQs="></latexit>

p1 +w1�
2
1�

2
1 = p2 +w2�

2
2�

2
2

<latexit sha1_base64="l5MsrvoqXrzf6azynvRszfO5V6k=">AAACKXicbZDLSsNAFIYnXmu8RV26CRbBVUmCohuh6EKXFewFmhgm00k7dCYJMxOlhLyOG1/FjYKibn0Rp2kUbT0w8PH/53Dm/EFCiZCW9a7NzS8sLi1XVvTVtfWNTWNruyXilCPcRDGNeSeAAlMS4aYkkuJOwjFkAcXtYHg+9tu3mAsSR9dylGCPwX5EQoKgVJJv1N0gzPQ7P7NzN8ASFnABGSvoJnPyU2U636bzYzqFqee+UbVqVlHmLNglVEFZDd94dnsxShmOJKJQiK5tJdLLIJcEUZzrbipwAtEQ9nFXYQQZFl5WXJqb+0rpmWHM1YukWai/JzLIhBixQHUyKAdi2huL/3ndVIYnXkaiJJU4QpNFYUpNGZvj2Mwe4RhJOlIAESfqryYaQA6RVOHqKgR7+uRZaDk1+6hmXR1W62dlHBWwC/bAAbDBMaiDS9AATYDAPXgEL+BVe9CetDftY9I6p5UzO+BPaZ9fP16nOw==</latexit>

w1�1�
2
1 = w2�2�

2
2

<latexit sha1_base64="jfGscBaKVAQwmDYEW5lqX+mbJbk=">AAACJ3icbZDLSsNAFIYnXmu8RV26CRbBVUlCUTdK0YUuK9gLNCFMppN26EwSZiZCCXkbN76KG0FFdOmbOE2jaOuBgY//P4cz5w8SSoS0rA9tYXFpeWW1sqavb2xubRs7u20RpxzhFoppzLsBFJiSCLckkRR3E44hCyjuBKPLid+5w1yQOLqV4wR7DA4iEhIEpZJ849wNwkx3+TD2Mzt3AyxhAVeQsYLOpp7z7Tk/npPruW9UrZpVlDkPdglVUFbTN57dfoxShiOJKBSiZ1uJ9DLIJUEU57qbCpxANIID3FMYQYaFlxV35uahUvpmGHP1ImkW6u+JDDIhxixQnQzKoZj1JuJ/Xi+V4amXkShJJY7QdFGYUlPG5iQ0s084RpKOFUDEifqriYaQQyRVtLoKwZ49eR7aTs0+rtVv6tXGRRlHBeyDA3AEbHACGuAaNEELIHAPHsELeNUetCftTXufti5o5cwe+FPa5xe3t6Z4</latexit>

⇢1�1�1 = ⇢2�2�2

[viewed in shock restframe]
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wrel. =
�

� � 1
p+ ⇢

Upsream and Downstream 
Enthalpy

<latexit sha1_base64="/t/3ogSELnzeukF8a3cshmOHJRo=">AAAB/nicbZDLSsNAFIYnXmu8RcWVm8EiuCqJFHUjFN24rGAv0IQymU7aoZOZMDNRSgj4Km5cKOLW53Dn2zhps9DWHwY+/nMO58wfJowq7brf1tLyyuraemXD3tza3tl19vbbSqQSkxYWTMhuiBRhlJOWppqRbiIJikNGOuH4pqh3HohUVPB7PUlIEKMhpxHFSBur7xz6YZTZj/3My698ORIF2Hnfqbo1dyq4CF4JVVCq2Xe+/IHAaUy4xgwp1fPcRAcZkppiRnLbTxVJEB6jIekZ5CgmKsim5+fwxDgDGAlpHtdw6v6eyFCs1CQOTWeM9EjN1wrzv1ov1dFlkFGepJpwPFsUpQxqAYss4IBKgjWbGEBYUnMrxCMkEdYmMduE4M1/eRHaZzXvvFa/q1cb12UcFXAEjsEp8MAFaIBb0AQtgEEGnsEreLOerBfr3fqYtS5Z5cwB+CPr8wdgR5Uf</latexit>w1 = ⇢1

<latexit sha1_base64="x6fB4KBaWnEpdlipuHweMDwIXCg=">AAACHHicbZBNS8MwGMdTX2d9q3r0EhyCII52DvUiDL14nOBeYC0jzdItLGlLkiqj9IN48at48aCIFw+C38Z060E3Hwj58f8/D8nz92NGpbLtb2NhcWl5ZbW0Zq5vbG5tWzu7LRklApMmjlgkOj6ShNGQNBVVjHRiQRD3GWn7o+vcb98TIWkU3qlxTDyOBiENKEZKSz3r1PWD1HzopdXs0g0Ewqk7QJyjrLjhiZPFuXvsimGUg5n1rLJdsScF58EpoAyKavSsT7cf4YSTUGGGpOw6dqy8FAlFMSOZ6SaSxAiP0IB0NYaIE+mlk+UyeKiVPgwioU+o4ET9PZEiLuWY+7qTIzWUs14u/ud1ExVceCkN40SREE8fChIGVQTzpGCfCoIVG2tAWFD9V4iHSEekdJ6mDsGZXXkeWtWKc1ap3dbK9asijhLYBwfgCDjgHNTBDWiAJsDgETyDV/BmPBkvxrvxMW1dMIqZPfCnjK8fbYKhlQ==</latexit>

w2 =
�

� � 1
p2 + ⇢2
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Momentum Flux:

Energy Flux:

Relativistic Shocks

<latexit sha1_base64="fnUvxuHpmQH7OIQqPAzIWg5jG1U="></latexit>

⇢1�
2
1�

2
1 = p2 +

✓
�

� � 1
p2 + ⇢2

◆
�2
2�

2
2

<latexit sha1_base64="PbzToGr0mt5l/QvqnEj58elu6fc="></latexit>

⇢1�1�
2
1 =

✓
�

� � 1
p2 + ⇢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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PAUSE

Why not have a go at find the roots for this relativistic shock case

<latexit sha1_base64="c6EhdYod2hBQaIaBl0B59j1nGeM="></latexit>

1� �2�2

�1�1

1+ �2
2�

2
2

�
��1

=
1� �2�1

�1�1

�2
2�2

�
��1
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<latexit sha1_base64="c6EhdYod2hBQaIaBl0B59j1nGeM="></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+c0tzj6LXB85Bi6Vrxxx3rYJTdqawl4mbkQLKUOta314vwgknocIMpGy7Tqw6KQhFMSNj00skiQEPoU/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+OEBBwNBI0oRtpIPefAD6PM9geIc3TlRxLhrJZnZ7md95yKW3WngIvEK0gFFGj0nC+/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

 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
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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="></latexit>

pth
d =

2

3
⇢u�

2
u�

2
u
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But Does This Describe 
Astrophysical Shocks?
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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="></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>

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

2. η- key parameter which 
again we don’t apriori know, 
but which we may probe 
with observations 
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How Can We Probe εB and η in 
GRB?



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="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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PAUSE

Assuming Q(E) is a power-law, which end of the integral will dominate? (and 
for what values of the power-law slope?

<latexit sha1_base64="hlkrJTOytOxYjUAQPsB8c40Q2D0="></latexit>

nss =
ωcool
E

∫ →

E
Q(E↑)dE↑
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Steady State Electron Spectra
<latexit sha1_base64="NUle/DT5dR78zb9f5VBUgBut884="></latexit>

Q(E→) = Q0

(
E→

E

)↑ω

<latexit sha1_base64="TADa4gX+wlYfQLANc8kxcRI9ElE="></latexit>

nss =
ωcool
E

∫ →

E
Q0

(
E↑

E

)↓ω

dE↑

<latexit sha1_base64="RJJPKUKnerKAKUgtxG3DpGiAttw=">AAACGnicbVDJSsRAEO24G7eoRy/BQVDEkIjbRRj04nEGHBUmIVR6Ok4znXTo7ghDk4/w4q948aBH8SZe/Bt7loPbg4LHe1VU1UsKRqXy/U9rYnJqemZ2bt5eWFxaXnFW164kLwUmLcwZFzcJSMJoTlqKKkZuCkEgSxi5TnrnA//6jghJeX6p+gWJMrjNaUoxKCPFzm6YpNo+DVMBWIcKylhjzlnVjLVfVXo7BFZ0YS/Yqewqdmq+5w/h/iXBmNTQGI3YeQ87HJcZyRVmIGU78AsVaRCKYkYqOywlKQD34Ja0Dc0hIzLSw6cqd8soHTflwlSu3KH6fUJDJmU/S0xnBqorf3sD8T+vXar0JNI0L0pFcjxalJbMVdwdJOR2qCBYsb4hgAU1t7q4CyYfZXK0TQjB75f/knDfC468Qy/wfW+/eVCrn41DmUMbaBNtowAdozq6QA3UQhjdo0f0jF6sB+vJerXeRq0T1nhmHf2A9fEFEyufgg==</latexit>

=
ωcoolQ0

(ε→ 1)



Andrew Taylor 37

Steady State Electron Spectra

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]

<latexit sha1_base64="i8wgXHcQ2u+qq71jZf0heAGGl1E=">AAACC3icbVDLSsNAFJ3UV42vqEs3Q4vgqiRS1GXRjcsW7AOaEibTSTt0MhNmJmIJ2bvxV9y4UMStP+DOv3HaZqGtBy4czrmXe+8JE0aVdt1vq7S2vrG5Vd62d3b39g+cw6OOEqnEpI0FE7IXIkUY5aStqWakl0iC4pCRbji5mfndeyIVFfxOTxMyiNGI04hipI0UOBU/jDKbB5lSuY+SRIoH2IK+RmmQYSFYbueBU3Vr7hxwlXgFqYICzcD58ocCpzHhGjOkVN9zEz3IkNQUM5LbfqpIgvAEjUjfUI5iogbZ/JccnhplCCMhTXEN5+rviQzFSk3j0HTGSI/VsjcT//P6qY6uBhnlSaoJx4tFUcqgFnAWDBxSSbBmU0MQltTcCvEYSYS1ic82IXjLL6+SznnNu6jVW/Vq47qIowxOQAWcAQ9cgga4BU3QBhg8gmfwCt6sJ+vFerc+Fq0lq5g5Bn9gff4AEhWbFA==</latexit>

nss ⇡ Q⌧cool

<latexit sha1_base64="hlkrJTOytOxYjUAQPsB8c40Q2D0="></latexit>

nss =
ωcool
E

∫ →

E
Q(E↑)dE↑
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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+RPARRLMSAXMUI/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!

40

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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Comparison to Observation



•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

No Synchrotron Cutoff of the (2nd) Brightest 
GRB Seen by Fermi-LAT

0.02
0.02

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

tGBM
90 ~ 140 s, tBAT

90~ 160 s
z = 0.34
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dN

dE�
/ E��

�

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



Andrew Taylor

43

No Synchrotron Cutoff of the (2nd) Brightest 
GRB Seen by Fermi-LAT

[Ackermann et al., Science 343 (2014)]

[Kouveliotou et al., ApJL 779 (2013)]
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VHE GRB SED- Lessons Learnt Since 2018

• Observed at a wide range 
of afterglow times (wide 
range of Γ)

• Striking how flat the MWL 
photon spectra are!

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

[Klinger et al. arxiv:2403.13902] 

[MAGIC Coll. Nature 2019]
[HESS Coll. Science 2021] 
[LHAASO Coll., Science 2023] 
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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
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GRB 190829A GRB 221009A
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What Can We Hope From Future 
Observations?



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



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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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] 
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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] 
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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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Origin of Temporal Decay Structure
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Reminder: (Non-Rel.) Shocks

The fastest speed information in plasmas can be transmitted is 
the sound speed. When plasmas travel faster than this, they set 
up a shock- the upstream region is not able to know what is 
coming (a surprise!).

upstreamdownstream
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⇢v2 <latexit sha1_base64="kQGt4mm23BicRfniUTgiGZ94E9c=">AAAB73icbVBNS8NAEJ3Urxq/qh69LBbBU0lE0WPRi8cKthbaUDbbSbt0s4m7G6GE/gkvHhTx6t/x5r9x2+agrQ8GHu/NMDMvTAXXxvO+ndLK6tr6RnnT3dre2d2r7B+0dJIphk2WiES1Q6pRcIlNw43AdqqQxqHAh3B0M/UfnlBpnsh7M04xiOlA8ogzaqzU7oZR7qbupFepejVvBrJM/IJUoUCjV/nq9hOWxSgNE1Trju+lJsipMpwJnLjdTGNK2YgOsGOppDHqIJ/dOyEnVumTKFG2pCEz9fdETmOtx3FoO2NqhnrRm4r/eZ3MRFdBzmWaGZRsvijKBDEJmT5P+lwhM2JsCWWK21sJG1JFmbERuTYEf/HlZdI6q/kXNe/uvFq/LuIowxEcwyn4cAl1uIUGNIGBgGd4hTfn0Xlx3p2PeWvJKWYO4Q+czx84no9u</latexit>p
Andrew Taylor



Collisional Shock- Conservation 
Conditions

upstreamdownstream
<latexit sha1_base64="rEVX4VdM8S2rCyja6FK6SZWBcCw=">AAACAHicbZDLSsNAFIYnXmu8RV24cDNYhApSElF0WXTjsoK9QBPCZDpph05mwsxEKCEbX8WNC0Xc+hjufBsnbRfa+sPAx3/O4cz5o5RRpV3321paXlldW69s2Jtb2zu7zt5+W4lMYtLCggnZjZAijHLS0lQz0k0lQUnESCca3Zb1ziORigr+oMcpCRI04DSmGGljhc6hH8W5XUvD3CvOfDkUJZzaRehU3bo7EVwEbwZVMFMzdL78vsBZQrjGDCnV89xUBzmSmmJGCtvPFEkRHqEB6RnkKCEqyCcHFPDEOH0YC2ke13Di/p7IUaLUOIlMZ4L0UM3XSvO/Wi/T8XWQU55mmnA8XRRnDGoByzRgn0qCNRsbQFhS81eIh0girE1mtgnBmz95Edrnde+y7t5fVBs3szgq4AgcgxrwwBVogDvQBC2AQQGewSt4s56sF+vd+pi2LlmzmQPwR9bnDwoAlWc=</latexit>

(p1, ⇢1)
<latexit sha1_base64="0r7nip1zAvYRVaP383yBKWTSw7w=">AAACAHicbZDLSsNAFIYn9VbjLerChZtgESpISYqiy6IblxXsBZoQJtNJO3QyE2YmQgnZ+CpuXCji1sdw59s4abPQ1h8GPv5zDmfOHyaUSOU430ZlZXVtfaO6aW5t7+zuWfsHXclTgXAHccpFP4QSU8JwRxFFcT8RGMYhxb1wclvUe49YSMLZg5om2I/hiJGIIKi0FVhHXhhlZj0JsmZ+7okxL+DMzAOr5jScmexlcEuogVLtwPryhhylMWYKUSjlwHUS5WdQKIIozk0vlTiBaAJHeKCRwRhLP5sdkNun2hnaERf6MWXP3N8TGYylnMah7oyhGsvFWmH+VxukKrr2M8KSVGGG5ouilNqK20Ua9pAIjBSdaoBIEP1XG42hgEjpzEwdgrt48jJ0mw33suHcX9RaN2UcVXAMTkAduOAKtMAdaIMOQCAHz+AVvBlPxovxbnzMWytGOXMI/sj4/AENGZVp</latexit>

(p2, ⇢2)

<latexit sha1_base64="j7pURxy54m9pOg9Mz7C8yGWlX3o=">AAAB83icbVBNS8NAEJ3Urxq/qh69LBbBU0mKoseiF48V7Ac0oWy2m3bpZhN2N4US8je8eFDEq3/Gm//GbZqDtj4YeLw3w8y8IOFMacf5tiobm1vbO9Vde2//4PCodnzSVXEqCe2QmMeyH2BFORO0o5nmtJ9IiqOA014wvV/4vRmVisXiSc8T6kd4LFjICNZG8rwgzOzZMGvmdj6s1Z2GUwCtE7ckdSjRHta+vFFM0ogKTThWauA6ifYzLDUjnOa2lyqaYDLFYzowVOCIKj8rbs7RhVFGKIylKaFRof6eyHCk1DwKTGeE9UStegvxP2+Q6vDWz5hIUk0FWS4KU450jBYBoBGTlGg+NwQTycytiEywxESbmGwTgrv68jrpNhvudcN5vKq37so4qnAG53AJLtxACx6gDR0gkMAzvMKblVov1rv1sWytWOXMKfyB9fkDNzqRJQ==</latexit>v2
<latexit sha1_base64="lVIQkpXBg+9TtTxHZZ57A0UyPzM=">AAAB83icbVDLSsNAFL2prxpfVZduBovgqiSi6LLoxmUF+4AmlMl00g6dTMI8CiXkN9y4UMStP+POv3HaZqHVAxcO59zLvfdEGWdKe96XU1lb39jcqm67O7t7+we1w6OOSo0ktE1SnspehBXlTNC2ZprTXiYpTiJOu9Hkbu53p1QqlopHPctomOCRYDEjWFspCKI4d6eD3C/cYlCrew1vAfSX+CWpQ4nWoPYZDFNiEio04Vipvu9lOsyx1IxwWriBUTTDZIJHtG+pwAlVYb64uUBnVhmiOJW2hEYL9edEjhOlZklkOxOsx2rVm4v/eX2j45swZyIzmgqyXBQbjnSK5gGgIZOUaD6zBBPJ7K2IjLHERNuYXBuCv/ryX9K5aPhXDe/hst68LeOowgmcwjn4cA1NuIcWtIFABk/wAq+OcZ6dN+d92Vpxyplj+AXn4xs1s5Ek</latexit>v1

Number Flux:

Momentum Flux:

Energy Flux:

⇢1v1 = ⇢2v2

p1 + ⇢1v
2
1 = p2 + ⇢2v

2
2

w1v1 +
1

2
⇢1v

3
1 = w2v2 +

1

2
⇢2v

3
2
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Collisional Shock- Enthalpy

wrel. =
�

� � 1
p+ ⇢

= wnonrel. + ⇢

<latexit sha1_base64="iWcYqdiB3pSXLzqJkgPiv+Do3yU=">AAACDXicbVC7TsMwFHV4lvAKMLJYFCSmKkEgWJAqWBiLRB9SE0WO67RWbSeyHVAV5QdY+BUWBhBiZWfjb3DbDNBypCsdnXOvfe+JUkaVdt1va2FxaXlltbJmr29sbm07O7stlWQSkyZOWCI7EVKEUUGammpGOqkkiEeMtKPh9dhv3xOpaCLu9CglAUd9QWOKkTZS6Bz6UZzbfh9xji79WCKcP4S5SASUhNWKIieFXYRO1a25E8B54pWkCko0QufL7yU440RozJBSXc9NdZAjqSlm5kU/UyRFeIj6pGuoQJyoIJ9cU8Ajo/RgnEhTQsOJ+nsiR1ypEY9MJ0d6oGa9sfif1810fBHkVKSZJgJPP4ozBnUCx9HAHpUEazYyBGFJza4QD5CJRJsAbROCN3vyPGmd1Lyzmnt7Wq1flXFUwD44AMfAA+egDm5AAzQBBo/gGbyCN+vJerHerY9p64JVzuyBP7A+fwCGVJva</latexit>

� =
wnonrel.

e
<latexit sha1_base64="El+xt6+70AZySoDk8I9pcxqBpPo=">AAAB/nicbVDLSgMxFL1TX3V8jYorN8EiCEKZEUU3QtGNywr2AZ2hZNJMG5p5kGSEEgb8FTcuFHHrd7jzb0wfC209cOFwzr3JvSfMOJPKdb+t0tLyyupaed3e2Nza3nF295oyzQWhDZLyVLRDLClnCW0opjhtZ4LiOOS0FQ5vx37rkQrJ0uRBjTIaxLifsIgRrIzUdQ78MNL2tR8JTDQ9zQpNC7voOhW36k6AFok3IxWYod51vvxeSvKYJopwLGXHczMVaCwUI9y86OeSZpgMcZ92DE1wTGWgJ+sX6NgoPRSlwlSi0ET9PaFxLOUoDk1njNVAzntj8T+vk6voKtAsyXJFEzL9KMo5UikaZ4F6TFCi+MgQTAQzuyIywCYJZRKzTQje/MmLpHlW9S6q7v15pXYzi6MMh3AEJ+DBJdTgDurQAAIanuEV3qwn68V6tz6mrSVrNrMPf2B9/gCPnpU7</latexit>

=
e+ p

e

e =
p

� � 1

wnonrel. =
�

� � 1
p

Andrew Taylor



Collisional Shock- Cold Shock 
Case

Momentum Flux:

Energy Flux:

<latexit sha1_base64="hAtLZsLOmUYQF/3mOppxaGZbvdM=">AAACGXicbZBLS8NAEMc3Pmt8RT16WSyCIJQkKHoRil48VrAPaGLYbDft0s2D3U2hhHwNL34VLx4U8agnv42bNAdtHdjhz29mmJ2/nzAqpGl+a0vLK6tr67UNfXNre2fX2NvviDjlmLRxzGLe85EgjEakLalkpJdwgkKfka4/vinq3QnhgsbRvZwmxA3RMKIBxUgq5Bmm4weZ7vBR7GVWPinSQ2bnV4mn8umM2wW3S67nnlE3G2YZcFFYlaiDKlqe8ekMYpyGJJKYISH6lplIN0NcUsxIrjupIAnCYzQkfSUjFBLhZuVlOTxWZACDmKsXSVjS3xMZCoWYhr7qDJEciflaAf+r9VMZXLoZjZJUkgjPFgUpgzKGhU1wQDnBkk2VQJhT9VeIR4gjLJWZujLBmj95UXTshnXeMO/O6s3ryo4aOARH4ARY4AI0wS1ogTbA4BE8g1fwpj1pL9q79jFrXdKqmQPwJ7SvH2MDoIg=</latexit>

⇢1v
2
1 = p2 + ⇢2v

2
2

<latexit sha1_base64="fKloiuAHFUrM/GfyDG8K2GntQUQ="></latexit>

p2

⇢1v2
1

=

✓
1� v2

v1

◆

<latexit sha1_base64="yBIlWyzC7qHLinWIEMEqxTrHxB0="></latexit>

1

2
⇢1v

3
1 =

✓
�

� � 1

◆
p2v2 +

1

2
⇢2v

3
2

<latexit sha1_base64="Sq3hvQLnDNPYzBi9JtKXu2jSB9I="></latexit>

2�

� � 1

p2v2

⇢1v3
1

=

 
1�

✓
v2

v1

◆2
!

=

✓
1� v2

v1

◆✓
1+

v2

v1

◆
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Collisional Shock- Cold Shock 
Case

So what are collisional shocks good for?

<latexit sha1_base64="3r30jFevr1LSK/ppnild1e5DaOg="></latexit>

v2

v1

✓
1� v2

v1

◆
=

✓
� � 1

2�

◆ 
1�

✓
v2

v1

◆2
!

<latexit sha1_base64="W77PM4jqbfrAnMqJ1IRDB+XDfkA="></latexit>✓
v2

v1
� 1

◆✓
v2

v1
�

✓
� � 1

� + 1

◆◆
= 0
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Collisional Shock- Cold Shock 
Case

So what are collisional shocks good for?
Stimulating the unstimulated degrees of freedom in the 
system where momentum/energy can be stored

<latexit sha1_base64="3r30jFevr1LSK/ppnild1e5DaOg="></latexit>

v2

v1

✓
1� v2

v1

◆
=

✓
� � 1

2�

◆ 
1�

✓
v2

v1

◆2
!

<latexit sha1_base64="W77PM4jqbfrAnMqJ1IRDB+XDfkA="></latexit>✓
v2

v1
� 1

◆✓
v2

v1
�

✓
� � 1

� + 1

◆◆
= 0

Andrew Taylor

Eg:
<latexit sha1_base64="IppPqsZX9N8Rws/sgzxH48FVJTg=">AAACAnicbVDLSsNAFJ34rPEVdSVuBovgqiRaHxuh6MZlBfuAJpTJdNIOnZmEmYlQQnDjr7hxoYhbv8Kdf+O0zUJbD1w4nHMv994TJowq7brf1sLi0vLKamnNXt/Y3Np2dnabKk4lJg0cs1i2Q6QIo4I0NNWMtBNJEA8ZaYXDm7HfeiBS0Vjc61FCAo76gkYUI22krrPvh1Fm+33EObryI4lwdpZnp7mdd52yW3EngPPEK0gZFKh3nS+/F+OUE6ExQ0p1PDfRQYakppiR3PZTRRKEh6hPOoYKxIkKsskLOTwySg9GsTQlNJyovycyxJUa8dB0cqQHatYbi/95nVRHl0FGRZJqIvB0UZQyqGM4zgP2qCRYs5EhCEtqboV4gEwO2qRmmxC82ZfnSfOk4p1XqnfVcu26iKMEDsAhOAYeuAA1cAvqoAEweATP4BW8WU/Wi/VufUxbF6xiZg/8gfX5A2Cilso=</latexit>

� =
5

3

<latexit sha1_base64="LbhVi7aFTkIp4dD/o+LZ7q7M6Q4=">AAACF3icbZDLSsNAFIYn9VbjLerSTbAIrkJSiroRim5cVrAXaEKYTCft0MmFmYlQhnkLN76KGxeKuNWdb+O0jaCtBwY+/v8czpw/yinhwnW/jMrK6tr6RnXT3Nre2d2z9g86PCsYwm2U0Yz1IsgxJSluCyIo7uUMwySiuBuNr6d+9x4zTrL0TkxyHCRwmJKYICi0FFqOH8XS9GMGkfQjLGAo60r9oKfU5dzzlGwoU4VWzXXcWdnL4JVQA2W1QuvTH2SoSHAqEIWc9z03F4GETBBEsTL9guMcojEc4r7GFCaYB3J2l7JPtDKw44zplwp7pv6ekDDhfJJEujOBYsQXvan4n9cvRHwRSJLmhcApmi+KC2qLzJ6GZA8Iw0jQiQaIGNF/tdEI6hyEjtLUIXiLJy9Dp+54Z07jtlFrXpVxVMEROAanwAPnoAluQAu0AQIP4Am8gFfj0Xg23oz3eWvFKGcOwZ8yPr4BfoqgIw==</latexit>

�2

�1
=

1

4
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Momentum Flux:

Energy Flux:

Cold Relativistic Shocks
<latexit sha1_base64="d/4AQPvG0Zb8zbicz/m31zmnu4s="></latexit>

⇢1�
2
1�

2
1 = p2 +

✓
�

� � 1
p2 + ⇢2

◆
�2
2�

2
2

<latexit sha1_base64="6TFkVpKLH/HcNO1PI4sTKKVQAaY="></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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Particle Accelerator Limits

tacc = ⌘
Rlar

c�2

[AM Hillas (1984)]

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>

[Lovelace et al. (1976)]

Under the assumption of equipartition 
of energy between kinetic energy and 
magnetic field:

<latexit sha1_base64="k26UNges34y5X+hetyE8xRChyjg=">AAACDHicbVC9TsMwGHT4LeGvwMhiUSExVUlVBAtSVRYGhoJIW6kJleM6rVXHiWwHqYryACy8CgsDCLHyAGy8DU6bAVpOsnW6u0/2d37MqFSW9W0sLa+srq2XNszNre2d3fLefltGicDEwRGLRNdHkjDKiaOoYqQbC4JCn5GOP77M/c4DEZJG/E5NYuKFaMhpQDFSWuqXK64fpOZ1P21mF05+192Ywtv7tJa5PlEIYjPTKatqTQEXiV2QCijQ6pe/3EGEk5BwhRmSsmdbsfJSJBTFjGSmm0gSIzxGQ9LTlKOQSC+dLpPBY60MYBAJfbiCU/X3RIpCKSehr5MhUiM57+Xif14vUcG5l1IeJ4pwPHsoSBhUEcybgQMqCFZsognCguq/QjxCAmGl+zN1Cfb8youkXavap1Xrpl5pNIs6SuAQHIETYIMz0ABXoAUcgMEjeAav4M14Ml6Md+NjFl0yipkD8AfG5w/FsZor</latexit>

LB = UB4⇡R
2�c

<latexit sha1_base64="TeK2b4BrUh2Dg/4TN6w5NfQexz4="></latexit>

Emax . Z

⌘
(�LKE↵~)1/2 ⇡ 10

Z

⌘

✓
�LKE

3⇥ 1043 erg s�1

◆1/2

EeV

<latexit sha1_base64="Au7iwBMauLXY/NVY9DlELwEVk8w=">AAACAnicbVDLSsNAFJ3UV42vqCtxM1gEVyURRTdCqQguq9gHtKVMpjft0MkkzEzEEoIbf8WNC0Xc+hXu/Bunj4W2HrhwOOde7r3HjzlT2nW/rdzC4tLySn7VXlvf2NxytndqKkokhSqNeCQbPlHAmYCqZppDI5ZAQp9D3R9cjvz6PUjFInGnhzG0Q9ITLGCUaCN1nL2WH6T2VScNyUN20fJBEwxlfGtnHafgFt0x8DzxpqSApqh0nK9WN6JJCEJTTpRqem6s2ymRmlEOmd1KFMSEDkgPmoYKEoJqp+MXMnxolC4OImlKaDxWf0+kJFRqGPqmMyS6r2a9kfif10x0cN5OmYgTDYJOFgUJxzrCozxwl0mgmg8NIVQycyumfSIJ1SY124Tgzb48T2rHRe+06N6cFErlaRx5tI8O0BHy0BkqoWtUQVVE0SN6Rq/ozXqyXqx362PSmrOmM7voD6zPH3DVlik=</latexit>

Emax = �eBR



Cosmic Ray Sources Have to be Local
(logarithmic scale)

Andrew Taylor 63

dGZK ⇠ 100 Mpc

[A. Taylor et al., Phys Rev D (2011)]

L0 ⇡ 4⇥ 1044 erg Mpc�3 yr�1

[E. Waxman, Astrophys. J. 452 (1995)]

L0 ⇡ L0n0 n0 ⇠ 10�5 Mpc�3

Only AGN and GRB appears to satisfy these requirements as the sources 
of extragalactic cosmic rays

⇡ E0ṅ0 ṅ0 ⇠ 10�6 Mpc�3 yr�1

[R. Lang and A. Taylor in prep.]



GRB Outflows as a Cosmic Ray Source

● 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 64
[X. Rodrigues, A. Taylor, et al., ApJ 2019] 
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Hydro Turbulence

Image from University of Sydney

Richardson, 1922
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Hydrodynamics

A brief comment-

<latexit sha1_base64="iR343pTn53Xi9TfsfC2DpQCKn3w=">AAACJ3icbVDLSgMxFM34rOOr6tJNsAiCUGZE1I1SdOOygq1CZyh3Mpk2mEmGJCOUYf7Gjb/iRlARXfonpg/weSBwOOdebs6JMs608bx3Z2p6ZnZuvrLgLi4tr6xW19bbWuaK0BaRXKrrCDTlTNCWYYbT60xRSCNOr6Kbs6F/dUuVZlJcmkFGwxR6giWMgLFSt3oSREnhBokCUgQZKMOA40D1Jb4tvwRT7gYCIg4BiaXBzePRRM8tu9WaV/dGwH+JPyE1NEGzW30KYknylApDOGjd8b3MhMXwDuG0dINc0wzIDfRox1IBKdVhMcpZ4m2rxDiRyj5h8Ej9vlFAqvUgjexkCqavf3tD8T+vk5vkKCyYyHJDBRkfSnKbW+JhaThmihLDB5YAUcz+FZM+2M6Mrda1Jfi/I/8l7b26f1Dfv9ivNU4ndVTQJtpCO8hHh6iBzlETtRBBd+gBPaMX5955dF6dt/HolDPZ2UA/4Hx8AjGSph0=</latexit>

@⇢v

@t
+r ·P = ⇢g

<latexit sha1_base64="Ba0W5pRc/vy5FOKI35sPWqoHgvE=">AAAB/XicbVDLSsNAFJ3UV42v+Ni5GSyCIJREiroRim50V8E+oAllMp20QyczYWZSqKH4K25cKOLW/3Dn3zhts9DWAxcO59zLvfeECaNKu+63VVhaXlldK67bG5tb2zvO7l5DiVRiUseCCdkKkSKMclLXVDPSSiRBcchIMxzcTPzmkEhFBX/Qo4QEMepxGlGMtJE6zoEfRpldu0ruTn3ZF3AIh/a445TcsjsFXCReTkogR63jfPldgdOYcI0ZUqrtuYkOMiQ1xYyMbT9VJEF4gHqkbShHMVFBNr1+DI+N0oWRkKa4hlP190SGYqVGcWg6Y6T7at6biP957VRHl0FGeZJqwvFsUZQyqAWcRAG7VBKs2cgQhCU1t0LcRxJhbQKzTQje/MuLpHFW9s7LlftKqXqdx1EEh+AInAAPXIAquAU1UAcYPIJn8ArerCfrxXq3PmatBSuf2Qd/YH3+AG2+k+4=</latexit>

P = pI+ ⇢vv

Momentum flux 
conservation 

Spatial part of stress energy 
tensor

<latexit sha1_base64="NQaBRY5XN4CfLMji8PnpIIsSy2g="></latexit>

⇢
@v

@t
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Magneto-Hydrodynamics

A brief comment-
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Galactic Magneto-Hydro Turbulence
One of the key drivers is thought to be Supernova explosions
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Charged Particles in Magnetic Fields
Note- a lot of what you may have studied about charged particle propagation in 
magnetic fields likely assumed magnetic field variation was on much longer length 
scales than particle Larmor radius.
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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] 
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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
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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
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• 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)]
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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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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] 
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Steady state No losses Delta injection

Hadronic Particle Acceleration in Sources
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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
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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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Evolution of Key Energies with Time


