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Abstract
Collisionless shocks play an important role in the conversion of supersonic flow energy to thermal 
energy at important boundaries in the heliosphere, such as at planetary bow shocks, the termination 
shock in the outer heliosphere, and interplanetary shocks propagating through the solar wind. In 
addition, collisionless shocks can lead to the acceleration of a small fraction of particles to high energy.  
Many of these energization mechanisms remain poorly understood, but kinetic simulations and 
spacecraft observations present valuable opportunities to improve our understanding of the 
fundamental kinetic physics.   The recently developed field-particle correlation technique was devised 
to identify and characterize the mechanisms that energize particles in the six-dimensional (3D-3V) 
phase space of kinetic plasmas---such mechanisms underlie the fundamental plasma processes of 
kinetic turbulence, collisionless magnetic reconnection, collisionless shocks, and kinetic instabilities.  
Here we present an overview of how the field-particle correlation method can be applied to gain 
deeper insight into the kinetic plasma processes that govern how particles are energized at 
collisionless shocks.  Requiring only single-point measurements in space, the technique can be used to 
identify well-known acceleration mechanisms, such as shock drift acceleration and shock surfing 
acceleration.  In addition, it shows promise to be able to separate the energization mediated by micro-
instabilities arising in the shock transition from that due to the macroscopic shock fields.



Fundamental Plasma Physics Processes

Plasma Turbulence

Magnetic Reconnection

Collisionless Shocks & 
Particle Acceleration

(Connecting Micro and Macro Scales: Acceleration, Reconnection, and Dissipation in Astrophysical Plasmas,
Kavli Institute for Theoretical Physics, UCSB 2019)



Maxwell-Boltzmann Equations of Kinetic Plasma Theory
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Particle Energization
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Conserved Vlasov-Maxwell Energy 

EM Field Energy

@Ws

@t
=

Z
d3r

Z
d3v

1

2
msv

2 @fs
@t

<latexit sha1_base64="ZxbHAKdYbTkZpbv7CznulPBf6Io="></latexit><latexit sha1_base64="ZxbHAKdYbTkZpbv7CznulPBf6Io="></latexit><latexit sha1_base64="ZxbHAKdYbTkZpbv7CznulPBf6Io="></latexit>

Particle Energy Ws =

Z
d3r

Z
d3v

1

2
msv

2fs
<latexit sha1_base64="bu7IOk/VdsjiCx1cCRnJ771roxI="></latexit><latexit sha1_base64="bu7IOk/VdsjiCx1cCRnJ771roxI="></latexit><latexit sha1_base64="bu7IOk/VdsjiCx1cCRnJ771roxI="></latexit>

Ws =

Z
d3r

Z
d3v

1

2
msv

2fs
<latexit sha1_base64="/S9nB4ceGuvEfmShNCHyBGatXRY="></latexit><latexit sha1_base64="/S9nB4ceGuvEfmShNCHyBGatXRY="></latexit><latexit sha1_base64="/S9nB4ceGuvEfmShNCHyBGatXRY="></latexit>

We want to measure the 
change in particle energy . . .

. . . using measurements of the 
change in the distribution function.
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Vlasov Equation 



Field-Particle Correlation Technique
 Phase-space energy density ws(r,v, t) =
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<latexit sha1_base64="0CPM/pcFLwWKELscfzHKQPiLkpk=">AAAB93icdVDLSgMxFL1TX7U+WnXpJliEClJmxtLHruDGhYsK1hbaWjJppg3NPEgyhTr0G/wANy5U3PoHfoM7/8ZMq6CiBwKHc+7lnhwn5Ewq03w3UkvLK6tr6fXMxubWdja3s3slg0gQ2iQBD0TbwZJy5tOmYorTdigo9hxOW874NPFbEyokC/xLNQ1pz8NDn7mMYKWlfi7r9mWh62E1ctx4Mjvq5/JmsVYt26UyMoumWbFsKyF2pXRSQpZWEuTrx7fXrwDQ6OfeuoOARB71FeFYyo5lhqoXY6EY4XSW6UaShpiM8ZB2NPWxR2UvngefoUOtDJAbCP18hebq940Ye1JOPUdPJhHlby8R//I6kXKrvZj5YaSoTxaH3IgjFaCkBTRgghLFp5pgIpjOisgIC0yU7iqjS/j6KfqfNO1irWhe6DLOYYE07MMBFMCCCtThDBrQBAIR3MEDPBo3xr3xZDwvRlPG584e/IDx8gExOpU6</latexit><latexit sha1_base64="U4fpbqAJridDSmSegA2AZQPEn40=">AAAB93icdVDLSgMxFM3UV63Vjrp0EyxCBSkzY+ljV3DjwkUFxxbasWTSTBuaeZBkCnXoN/gBblyouHDjX7h259+YaRVU9EDgcM693JPjRowKaRjvWmZpeWV1Lbue28hvbhX07Z1LEcYcExuHLOQdFwnCaEBsSSUjnYgT5LuMtN3xSeq3J4QLGgYXchoRx0fDgHoUI6mkvl7w+qLU85EcuV4ymR329aJRbtSrVqUKjbJh1EzLTIlVqxxXoKmUFMXm0c3Va148t/r6W28Q4tgngcQMCdE1jUg6CeKSYkZmuV4sSITwGA1JV9EA+UQ4yTz4DB4oZQC9kKsXSDhXv28kyBdi6rtqMo0ofnup+JfXjaVXdxIaRLEkAV4c8mIGZQjTFuCAcoIlmyqCMKcqK8QjxBGWqqucKuHrp/B/YlvlRtk4V2WcgQWyYA/sgxIwQQ00wSloARtgEINbcA8etGvtTnvUnhajGe1zZxf8gPbyAcmolm0=</latexit><latexit sha1_base64="U4fpbqAJridDSmSegA2AZQPEn40=">AAAB93icdVDLSgMxFM3UV63Vjrp0EyxCBSkzY+ljV3DjwkUFxxbasWTSTBuaeZBkCnXoN/gBblyouHDjX7h259+YaRVU9EDgcM693JPjRowKaRjvWmZpeWV1Lbue28hvbhX07Z1LEcYcExuHLOQdFwnCaEBsSSUjnYgT5LuMtN3xSeq3J4QLGgYXchoRx0fDgHoUI6mkvl7w+qLU85EcuV4ymR329aJRbtSrVqUKjbJh1EzLTIlVqxxXoKmUFMXm0c3Va148t/r6W28Q4tgngcQMCdE1jUg6CeKSYkZmuV4sSITwGA1JV9EA+UQ4yTz4DB4oZQC9kKsXSDhXv28kyBdi6rtqMo0ofnup+JfXjaVXdxIaRLEkAV4c8mIGZQjTFuCAcoIlmyqCMKcqK8QjxBGWqqucKuHrp/B/YlvlRtk4V2WcgQWyYA/sgxIwQQ00wSloARtgEINbcA8etGvtTnvUnhajGe1zZxf8gPbyAcmolm0=</latexit>

r0

<latexit sha1_base64="w5P7prU1Rt8EREo2iSeFaEFiiRE=">AAAB83icbVDLSsNAFL2pr1pfVZduBovgqiRS0GXBjQsXFewDmlIm00k7dDIJMzdCCf0NNy4UcevPuPNvnLRZaOuBgcM593LPnCCRwqDrfjuljc2t7Z3ybmVv/+DwqHp80jFxqhlvs1jGuhdQw6VQvI0CJe8lmtMokLwbTG9zv/vEtRGxesRZwgcRHSsRCkbRSr4fUZwEYabnQ3dYrbl1dwGyTryC1KBAa1j98kcxSyOukElqTN9zExxkVKNgks8rfmp4QtmUjnnfUkUjbgbZIvOcXFhlRMJY26eQLNTfGxmNjJlFgZ3MM5pVLxf/8/ophjeDTKgkRa7Y8lCYSoIxyQsgI6E5QzmzhDItbFbCJlRThramii3BW/3yOulc1b1GvfHQqDXvizrKcAbncAkeXEMT7qAFbWCQwDO8wpuTOi/Ou/OxHC05xc4p/IHz+QMk+pHK</latexit>

⌧

<latexit sha1_base64="o2OHRnd/TAULr15TlcU5G+fjRYU=">AAAB63icdVBNSwMxEJ2tX7V+VT16CRbBU9mUYttbwYvHCvYD2qVk02wbmmSXJCuU0r/gxYMiXv1D3vw3ZtsKKvpg4PHeDDPzwkRwY33/w8ttbG5t7+R3C3v7B4dHxeOTjolTTVmbxiLWvZAYJrhibcutYL1EMyJDwbrh9Drzu/dMGx6rOztLWCDJWPGIU2IzaWBJOiyW/LLv+xhjlBFcu/IdaTTqFVxHOLMcSrBGa1h8H4ximkqmLBXEmD72ExvMibacCrYoDFLDEkKnZMz6jioimQnmy1sX6MIpIxTF2pWyaKl+n5gTacxMhq5TEjsxv71M/MvrpzaqB3OuktQyRVeLolQgG6PscTTimlErZo4Qqrm7FdEJ0YRaF0/BhfD1KfqfdCplXC1Xb6ulZmsdRx7O4BwuAUMNmnADLWgDhQk8wBM8e9J79F6811VrzlvPnMIPeG+fdJ+Okw==</latexit>

Depending on the problem, one can alternatively, can compute correlations 
with         or with E?

<latexit sha1_base64="wXuM1+QS06xh4Mb8myBTAGR/4xI=">AAAB7nicdVDLSgMxFM3UV62vqks3wSK4Kkkptt0VRHDhooJ9QDuUTJppQzOZkGSEMvQj3LhQxK3f486/MdNWUNEDFw7n3Mu99wRKcGMR+vBya+sbm1v57cLO7t7+QfHwqGPiRFPWprGIdS8ghgkuWdtyK1hPaUaiQLBuML3M/O4904bH8s7OFPMjMpY85JRYJ3WvhgPFtBoWS6iMEMIYw4zg2gVypNGoV3Ad4sxyKIEVWsPi+2AU0yRi0lJBjOljpKyfEm05FWxeGCSGKUKnZMz6jkoSMeOni3Pn8MwpIxjG2pW0cKF+n0hJZMwsClxnROzE/PYy8S+vn9iw7qdcqsQySZeLwkRAG8PsdzjimlErZo4Qqrm7FdIJ0YRal1DBhfD1KfyfdCplXC1Xb6ul5s0qjjw4AafgHGBQA01wDVqgDSiYggfwBJ495T16L97rsjXnrWaOwQ94b5+FKY++</latexit>

(Ex, Ey, Ez)

<latexit sha1_base64="aE7RuBPNVJG2hXpSC/JnR6St2LY=">AAAB+HicdVDLSgMxFM3UV62Pjrp0EyxCBSmTUmy7K0jBhYsK9gHtMGTSTBuaeZBkxGnpl7hxoYhbP8Wdf2OmraCiB+7lcM695Oa4EWdSWdaHkVlb39jcym7ndnb39vPmwWFHhrEgtE1CHoqeiyXlLKBtxRSnvUhQ7Lucdt3JZep376iQLAxuVRJR28ejgHmMYKUlx8wXm879OWw6SdqmZ45ZsEqWZSGEYEpQ9cLSpF6vlVENotTSKIAVWo75PhiGJPZpoAjHUvaRFSl7hoVihNN5bhBLGmEywSPa1zTAPpX2bHH4HJ5qZQi9UOgKFFyo3zdm2Jcy8V096WM1lr+9VPzL68fKq9kzFkSxogFZPuTFHKoQpinAIROUKJ5ogolg+lZIxlhgonRWOR3C10/h/6RTLqFKqXJTKTSuV3FkwTE4AUWAQBU0wBVogTYgIAYP4Ak8G1Pj0XgxXpejGWO1cwR+wHj7BI4gkcg=</latexit>



Field-Particle Correlations for Shocks
Separate energization by different components of the electric field

<latexit sha1_base64="E9thg8wwQXjsEwRpQcDFsNlOrr4="></latexit>

CEx(r0,v, t) = �qs
v2x
2

@fs(r0,v, t)

@vx
Ex(r0, t)

<latexit sha1_base64="GAY0/ZE7Ox7jZ/xKTtbD1Qpa4gA="></latexit>

CEy (r0,v, t) = �qs
v2y
2

@fs(r0,v, t)

@vy
Ey(r0, t)

<latexit sha1_base64="jvmpsfNpIWkTopFfidNqj49anRQ="></latexit>

CEz (r0,v, t) = �qs
v2z
2

@fs(r0,v, t)

@vz
Ez(r0, t)

For turbulent particle energization, time average over a correlation interval

For shock energization, just compute this value instantaneously

- If instabilities play a role, then a short time average may be necessary



(Juno et al.,  J. Plasma Phys., 87:905870316, 2021)

Simulation of Perpendicular Collisionless Shock
Gkeyll Simulation

• 1D-2V simulation

•
• �i = 1.3

<latexit sha1_base64="/MUCjIKcuTkmryxczLnTPqdXvkM=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0i0oBeh4MWDhwr2A9JQNttNu3SzG3YnQgn9GV48KOLVX+PNf+O2zUFbHww83pthZl6UCm7A876d0tr6xuZWebuys7u3f1A9PGoblWnKWlQJpbsRMUxwyVrAQbBuqhlJIsE60fh25neemDZcyUeYpCxMyFDymFMCVgp6EQPS5ze+e9mv1jzXmwOvEr8gNVSg2a9+9QaKZgmTQAUxJvC9FMKcaOBUsGmllxmWEjomQxZYKknCTJjPT57iM6sMcKy0LQl4rv6eyElizCSJbGdCYGSWvZn4nxdkEF+HOZdpBkzSxaI4ExgUnv2PB1wzCmJiCaGa21sxHRFNKNiUKjYEf/nlVdK+cP26W3+o1xr3RRxldIJO0Tny0RVqoDvURC1EkULP6BW9OeC8OO/Ox6K15BQzx+gPnM8fIHKQiA==</latexit>

�e = 0.7

<latexit sha1_base64="xnLwPfeioy3Nn/D85wTt/x0HKO0=">AAAB8nicbVBNS8NAEN3Ur1q/qh69BIvgKSRSqBeh4MWDhwr2A9JQNttJu3SzCbsToYT+DC8eFPHqr/Hmv3Hb5qCtDwYe780wMy9MBdfout9WaWNza3unvFvZ2z84PKoen3R0kikGbZaIRPVCqkFwCW3kKKCXKqBxKKAbTm7nfvcJlOaJfMRpCkFMR5JHnFE0kt8PAekAblynMajWXMddwF4nXkFqpEBrUP3qDxOWxSCRCaq177kpBjlVyJmAWaWfaUgpm9AR+IZKGoMO8sXJM/vCKEM7SpQpifZC/T2R01jraRyazpjiWK96c/E/z88wug5yLtMMQbLloigTNib2/H97yBUwFFNDKFPc3GqzMVWUoUmpYkLwVl9eJ50rx6s79Yd6rXlfxFEmZ+ScXBKPNEiT3JEWaRNGEvJMXsmbhdaL9W59LFtLVjFzSv7A+vwBHtyQhw==</latexit>

• mi/me = 100

<latexit sha1_base64="MIP3QqzGRoi15EmtCBkbBIbA1uw=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU02koBeh4MWDhwr2A9IQNttJu3Q3G3Y3Qgn9GV48KOLVX+PNf+O2zUFbHww83pthZl6UcqaN6347pbX1jc2t8nZlZ3dv/6B6eNTRMlMU2lRyqXoR0cBZAm3DDIdeqoCIiEM3Gt/O/O4TKM1k8mgmKQSCDBMWM0qMlXwRsgsRwo3numG15tbdOfAq8QpSQwVaYfWrP5A0E5AYyonWvuemJsiJMoxymFb6mYaU0DEZgm9pQgToIJ+fPMVnVhngWCpbicFz9fdEToTWExHZTkHMSC97M/E/z89MfB3kLEkzAwldLIozjo3Es//xgCmghk8sIVQxeyumI6IINTalig3BW355lXQu616j3nho1Jr3RRxldIJO0Tny0BVqojvUQm1EkUTP6BW9OcZ5cd6dj0VrySlmjtEfOJ8/3LmQXA==</latexit>

•  Supercritical

MA ' 5
<latexit sha1_base64="H/DjNM2zXYNmfesCMMAyrZofLSw=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0lEUW8VLx4UKhhbaELZbCft0t1N3N0IJfRvePGg4tVf481/47bNQasPBh7vzTAzL0o508Z1v5zSwuLS8kp5tbK2vrG5Vd3euddJpij4NOGJakdEA2cSfMMMh3aqgIiIQysaXk781iMozRJ5Z0YphIL0JYsZJcZKwU33AgeaCXjAJ91qza27U+C/xCtIDRVodqufQS+hmQBpKCdadzw3NWFOlGGUw7gSZBpSQoekDx1LJRGgw3x68xgfWKWH40TZkgZP1Z8TORFaj0RkOwUxAz3vTcT/vE5m4rMwZzLNDEg6WxRnHJsETwLAPaaAGj6yhFDF7K2YDogi1NiYKjYEb/7lv8Q/qp/X3dvjWuO6SKOM9tA+OkQeOkUNdIWayEcUpegJvaBXJ3OenTfnfdZacoqZXfQLzsc3JQyQrA==</latexit><latexit sha1_base64="H/DjNM2zXYNmfesCMMAyrZofLSw=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0lEUW8VLx4UKhhbaELZbCft0t1N3N0IJfRvePGg4tVf481/47bNQasPBh7vzTAzL0o508Z1v5zSwuLS8kp5tbK2vrG5Vd3euddJpij4NOGJakdEA2cSfMMMh3aqgIiIQysaXk781iMozRJ5Z0YphIL0JYsZJcZKwU33AgeaCXjAJ91qza27U+C/xCtIDRVodqufQS+hmQBpKCdadzw3NWFOlGGUw7gSZBpSQoekDx1LJRGgw3x68xgfWKWH40TZkgZP1Z8TORFaj0RkOwUxAz3vTcT/vE5m4rMwZzLNDEg6WxRnHJsETwLAPaaAGj6yhFDF7K2YDogi1NiYKjYEb/7lv8Q/qp/X3dvjWuO6SKOM9tA+OkQeOkUNdIWayEcUpegJvaBXJ3OenTfnfdZacoqZXfQLzsc3JQyQrA==</latexit><latexit sha1_base64="H/DjNM2zXYNmfesCMMAyrZofLSw=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0lEUW8VLx4UKhhbaELZbCft0t1N3N0IJfRvePGg4tVf481/47bNQasPBh7vzTAzL0o508Z1v5zSwuLS8kp5tbK2vrG5Vd3euddJpij4NOGJakdEA2cSfMMMh3aqgIiIQysaXk781iMozRJ5Z0YphIL0JYsZJcZKwU33AgeaCXjAJ91qza27U+C/xCtIDRVodqufQS+hmQBpKCdadzw3NWFOlGGUw7gSZBpSQoekDx1LJRGgw3x68xgfWKWH40TZkgZP1Z8TORFaj0RkOwUxAz3vTcT/vE5m4rMwZzLNDEg6WxRnHJsETwLAPaaAGj6yhFDF7K2YDogi1NiYKjYEb/7lv8Q/qp/X3dvjWuO6SKOM9tA+OkQeOkUNdIWayEcUpegJvaBXJ3OenTfnfdZacoqZXfQLzsc3JQyQrA==</latexit>

Mf ' 3

<latexit sha1_base64="r/q0K1vMELg79oybzvE18j8gzP4=">AAAB8nicbVDLSgNBEOz1GeMr6tHLYBA8hV0N6DHgxYNCBPOAZAmzk9lkyDzWmVkhLPkMLx4U8erXePNvnCR70MSChqKqm+6uKOHMWN//9lZW19Y3Ngtbxe2d3b390sFh06hUE9ogiivdjrChnEnasMxy2k40xSLitBWNrqd+64lqw5R8sOOEhgIPJIsZwdZJnbte3DVM0Ed00SuV/Yo/A1omQU7KkKPeK311+4qkgkpLODamE/iJDTOsLSOcTord1NAEkxEe0I6jEgtqwmx28gSdOqWPYqVdSYtm6u+JDAtjxiJynQLboVn0puJ/Xie18VWYMZmklkoyXxSnHFmFpv+jPtOUWD52BBPN3K2IDLHGxLqUii6EYPHlZdI8rwTVSvW+Wq7d5nEU4BhO4AwCuIQa3EAdGkBAwTO8wptnvRfv3fuYt654+cwR/IH3+QObfZDZ</latexit>

Cross-Shock Electric 
Field

Motional Electric Field

Magnetic Field

Reflected
IonsIons

Electrons

Foot
Ramp
Overshoot

• Exactly Perpendicular
<latexit sha1_base64="aN/BxWyjg2+9Dwwza4eTf/SmT4w=">AAAB/XicbVDLSsNAFJ34rPUVHzs3g0VwVRIRHwuh6EZwU8E+oIlhMp22QyeTMHMj1FD8FTcuFHHrf7jzb5y2WWjrgQuHc+7l3nvCRHANjvNtzc0vLC4tF1aKq2vrG5v21nZdx6mirEZjEatmSDQTXLIacBCsmShGolCwRti/GvmNB6Y0j+UdDBLmR6QreYdTAkYK7F0PegxIkF3K4cW5c+9Rrmhgl5yyMwaeJW5OSihHNbC/vHZM04hJoIJo3XKdBPyMKOBUsGHRSzVLCO2TLmsZKknEtJ+Nrx/iA6O0cSdWpiTgsfp7IiOR1oMoNJ0RgZ6e9kbif14rhc6Zn3GZpMAknSzqpAJDjEdR4DZXjIIYGEKo4uZWTHtEEQomsKIJwZ1+eZbUj8ruSdm5PS5VbvI4CmgP7aND5KJTVEHXqIpqiKJH9Ixe0Zv1ZL1Y79bHpHXOymd20B9Ynz8JxZT7</latexit>

✓Bn = 90�



Distribution Function and Velocity-Space Signatures

•

Reflected
Ions

Shock Drift 
Acceleration
by motional
electric field

Ey

<latexit sha1_base64="dlXI2ScrKriu7yxxPXM9z4DBHQ4=">AAAB6nicdVDLSsNAFL2pr1pfVZduBovgKiQ1tHVXEMGFi4r2AW0ok+mkHTp5MDMRQugnuHGhiFu/yJ1/46StoKIHLhzOuZd77/FizqSyrA+jsLK6tr5R3Cxtbe/s7pX3DzoySgShbRLxSPQ8LClnIW0rpjjtxYLiwOO0600vcr97T4VkUXin0pi6AR6HzGcEKy3dXg7TYblimeeNWtWpIcu0rLpdtXNSrTtnDrK1kqMCS7SG5ffBKCJJQENFOJayb1uxcjMsFCOczkqDRNIYkyke076mIQ6odLP5qTN0opUR8iOhK1Rorn6fyHAgZRp4ujPAaiJ/e7n4l9dPlN9wMxbGiaIhWSzyE45UhPK/0YgJShRPNcFEMH0rIhMsMFE6nZIO4etT9D/pVE3bMZ0bp9K8XsZRhCM4hlOwoQ5NuIIWtIHAGB7gCZ4NbjwaL8brorVgLGcO4QeMt0+QdY4I</latexit>



Model of Perpendicular Collisionless Shock
Idealized Perpendicular Shock Model 

Trajectory

Phase Space• Discontinuity in B
<latexit sha1_base64="xH1UxmkPCDXxTRqtBves/BSTzvA=">AAAB8HicbVA9SwNBEJ3zM8avqKXNYhCs4l0IaiOE2FhYRDAfkhzH3mYvWbK7d+zuCSHkV9hYKGLrz7Hz37hJrtDEBwOP92aYmRcmnGnjut/Oyura+sZmbiu/vbO7t184OGzqOFWENkjMY9UOsaacSdowzHDaThTFIuS0FQ5vpn7riSrNYvlgRgn1Be5LFjGCjZUea0H5vBZ415WgUHRL7gxomXgZKUKGelD46vZikgoqDeFY647nJsYfY2UY4XSS76aaJpgMcZ92LJVYUO2PZwdP0KlVeiiKlS1p0Ez9PTHGQuuRCG2nwGagF72p+J/XSU105Y+ZTFJDJZkvilKOTIym36MeU5QYPrIEE8XsrYgMsMLE2IzyNgRv8eVl0iyXvIuSe18pVu+yOHJwDCdwBh5cQhVuoQ4NICDgGV7hzVHOi/PufMxbV5xs5gj+wPn8Adatjyg=</latexit>

B2/B1 = 4
<latexit sha1_base64="9X90jiewZ8t9jBhYPj6Mewm5QgY=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1ItQEMGDhwqmLbShbLabdulmE3YnYin9DV48KOLVH+TNf+O2zUGrDwYe780wMy9MpTDoul9OYWl5ZXWtuF7a2Nza3inv7jVMkmnGfZbIRLdCargUivsoUPJWqjmNQ8mb4fBq6jcfuDYiUfc4SnkQ074SkWAUreRfdx8v3W654lbdGchf4uWkAjnq3fJnp5ewLOYKmaTGtD03xWBMNQom+aTUyQxPKRvSPm9bqmjMTTCeHTshR1bpkSjRthSSmfpzYkxjY0ZxaDtjigOz6E3F/7x2htFFMBYqzZArNl8UZZJgQqafk57QnKEcWUKZFvZWwgZUU4Y2n5INwVt8+S9pnFS9s6p7d1qp3eZxFOEADuEYPDiHGtxAHXxgIOAJXuDVUc6z8+a8z1sLTj6zD7/gfHwDH8yORA==</latexit>

Ex = 0• No Cross-shock E



Model of Perpendicular Collisionless Shock
Single-Particle-Motion Model

Ion 
Energization
by Ey

<latexit sha1_base64="dlXI2ScrKriu7yxxPXM9z4DBHQ4=">AAAB6nicdVDLSsNAFL2pr1pfVZduBovgKiQ1tHVXEMGFi4r2AW0ok+mkHTp5MDMRQugnuHGhiFu/yJ1/46StoKIHLhzOuZd77/FizqSyrA+jsLK6tr5R3Cxtbe/s7pX3DzoySgShbRLxSPQ8LClnIW0rpjjtxYLiwOO0600vcr97T4VkUXin0pi6AR6HzGcEKy3dXg7TYblimeeNWtWpIcu0rLpdtXNSrTtnDrK1kqMCS7SG5ffBKCJJQENFOJayb1uxcjMsFCOczkqDRNIYkyke076mIQ6odLP5qTN0opUR8iOhK1Rorn6fyHAgZRp4ujPAaiJ/e7n4l9dPlN9wMxbGiaIhWSzyE45UhPK/0YgJShRPNcFEMH0rIhMsMFE6nZIO4etT9D/pVE3bMZ0bp9K8XsZRhCM4hlOwoQ5NuIIWtIHAGB7gCZ4NbjwaL8brorVgLGcO4QeMt0+QdY4I</latexit>

Shock Drift 
Acceleration

Velocity-space
signature of 



Quasiperpendicular Shock
Gkeyll Simulation

• 1D-3V simulation
•  Supercritical

<latexit sha1_base64="DwfBVPTfMTgJZPubGsi+hduKlSw=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5CRbBVUmkPjZC0Y3gpoJ9QBPDZDpph04mYeZGqKH4K25cKOLW/3Dn3zhts9DWAxcO59zLvfcECWcKbPvbKCwsLi2vFFdLa+sbm1vm9k5TxakktEFiHst2gBXlTNAGMOC0nUiKo4DTVjC4GvutByoVi8UdDBPqRbgnWMgIBi355p4LfQrYzy7F6KJ6cu8SJolvlu2KPYE1T5yclFGOum9+ud2YpBEVQDhWquPYCXgZlsAIp6OSmyqaYDLAPdrRVOCIKi+bXD+yDrXStcJY6hJgTdTfExmOlBpGge6MMPTVrDcW//M6KYTnXsZEkgIVZLooTLkFsTWOwuoySQnwoSaYSKZvtUgfS0xAB1bSITizL8+T5nHFOa3Yt9Vy7SaPo4j20QE6Qg46QzV0jeqogQh6RM/oFb0ZT8aL8W58TFsLRj6zi/7A+PwBCcCU+w==</latexit>

✓Bn = 45�

<latexit sha1_base64="ELagUVqaaKB6zLMbQBoDf/ieiqw=">AAAB/XicbVDLSsNAFJ34rPUVHzs3wSK4KonUx0YounFZwbSFJobJdNIOnUzCzI1QQ/FX3LhQxK3/4c6/cdpmoa0HLhzOuZd77wlTzhTY9rexsLi0vLJaWiuvb2xubZs7u02VZJJQlyQ8ke0QK8qZoC4w4LSdSorjkNNWOLge+60HKhVLxB0MU+rHuCdYxAgGLQXmvgd9CjjIr8TosnZ67xEmSWBW7Ko9gTVPnIJUUIFGYH553YRkMRVAOFaq49gp+DmWwAino7KXKZpiMsA92tFU4JgqP59cP7KOtNK1okTqEmBN1N8TOY6VGsah7owx9NWsNxb/8zoZRBd+zkSaARVkuijKuAWJNY7C6jJJCfChJphIpm+1SB9LTEAHVtYhOLMvz5PmSdU5q9q3tUrdLeIooQN0iI6Rg85RHd2gBnIRQY/oGb2iN+PJeDHejY9p64JRzOyhPzA+fwAMwpUF</latexit>

✓Bn = 45�

<latexit sha1_base64="1+IjtpW3rt7J0a1+MS3FwyajvKA=">AAAB9XicbVDLSgNBEJyNrxhfUY9eBoPgadlV0RwjXgQRIpgHJGuYnfQmQ2Zm15lZJSz5Dy8eFPHqv3jzb5w8DhotaCiquunuChPOtPG8Lye3sLi0vJJfLaytb2xuFbd36jpOFYUajXmsmiHRwJmEmmGGQzNRQETIoREOLsZ+4wGUZrG8NcMEAkF6kkWMEmOlu+vOOW5rJuAel93jTrHkud4E+C/xZ6SEZqh2ip/tbkxTAdJQTrRu+V5igowowyiHUaGdakgIHZAetCyVRIAOssnVI3xglS6OYmVLGjxRf05kRGg9FKHtFMT09bw3Fv/zWqmJykHGZJIakHS6KEo5NjEeR4C7TAE1fGgJoYrZWzHtE0WosUEVbAj+/Mt/Sf3I9U9d7+akVLmaxZFHe2gfHSIfnaEKukRVVEMUKfSEXtCr8+g8O2/O+7Q158xmdtEvOB/fpUSRVQ==</latexit>

MA ' 8.3

<latexit sha1_base64="31ZykNc/Sq1YSleJHmMWBDhNp4Q=">AAAB83icbVDLSgNBEOyNrxhfUY9eBoPgadlVUS9CwIvgJYJ5QHYJs5PeZMjsg5lZISz5DS8eFPHqz3jzb5wke9DEgoaiqpvuriAVXGnH+bZKK6tr6xvlzcrW9s7uXnX/oKWSTDJsskQkshNQhYLH2NRcC+ykEmkUCGwHo9up335CqXgSP+pxin5EBzEPOaPaSJ4XoKY9fkNc+7xXrTm2MwNZJm5BalCg0at+ef2EZRHGmgmqVNd1Uu3nVGrOBE4qXqYwpWxEB9g1NKYRKj+f3TwhJ0bpkzCRpmJNZurviZxGSo2jwHRGVA/VojcV//O6mQ6v/ZzHaaYxZvNFYSaITsg0ANLnEpkWY0Mok9zcStiQSsq0ialiQnAXX14mrTPbvbSdh4ta/b6IowxHcAyn4MIV1OEOGtAEBik8wyu8WZn1Yr1bH/PWklXMHMIfWJ8/eFqQrw==</latexit>

�i = 1.3
<latexit sha1_base64="N7dIu9qfASFNNGFv4cIIvBMG6E0=">AAAB83icbVDLSgNBEOyNrxhfUY9eBoPgadkVMV6EgBfBSwTzgOwSZie9yZDZBzOzQljyG148KOLVn/Hm3zhJ9qCJBQ1FVTfdXUEquNKO822V1tY3NrfK25Wd3b39g+rhUVslmWTYYolIZDegCgWPsaW5FthNJdIoENgJxrczv/OEUvEkftSTFP2IDmMecka1kTwvQE37eEMcu96v1hzbmYOsErcgNSjQ7Fe/vEHCsghjzQRVquc6qfZzKjVnAqcVL1OYUjamQ+wZGtMIlZ/Pb56SM6MMSJhIU7Emc/X3RE4jpSZRYDojqkdq2ZuJ/3m9TIfXfs7jNNMYs8WiMBNEJ2QWABlwiUyLiSGUSW5uJWxEJWXaxFQxIbjLL6+S9oXtXtnOw2WtcV/EUYYTOIVzcKEODbiDJrSAQQrP8ApvVma9WO/Wx6K1ZBUzx/AH1ucPdsCQrg==</latexit>

�e = 0.7



Multiple Reflections
<latexit sha1_base64="ELagUVqaaKB6zLMbQBoDf/ieiqw=">AAAB/XicbVDLSsNAFJ34rPUVHzs3wSK4KonUx0YounFZwbSFJobJdNIOnUzCzI1QQ/FX3LhQxK3/4c6/cdpmoa0HLhzOuZd77wlTzhTY9rexsLi0vLJaWiuvb2xubZs7u02VZJJQlyQ8ke0QK8qZoC4w4LSdSorjkNNWOLge+60HKhVLxB0MU+rHuCdYxAgGLQXmvgd9CjjIr8TosnZ67xEmSWBW7Ko9gTVPnIJUUIFGYH553YRkMRVAOFaq49gp+DmWwAino7KXKZpiMsA92tFU4JgqP59cP7KOtNK1okTqEmBN1N8TOY6VGsah7owx9NWsNxb/8zoZRBd+zkSaARVkuijKuAWJNY7C6jJJCfChJphIpm+1SB9LTEAHVtYhOLMvz5PmSdU5q9q3tUrdLeIooQN0iI6Rg85RHd2gBnIRQY/oGb2iN+PJeDHejY9p64JRzOyhPzA+fwAMwpUF</latexit>

✓Bn = 45�

Shock-Drift 
Acceleration

Second 
Reflection

Three populations

Incoming Beam

First Reflection

Second Reflection



Multiple Reflections
<latexit sha1_base64="ELagUVqaaKB6zLMbQBoDf/ieiqw=">AAAB/XicbVDLSsNAFJ34rPUVHzs3wSK4KonUx0YounFZwbSFJobJdNIOnUzCzI1QQ/FX3LhQxK3/4c6/cdpmoa0HLhzOuZd77wlTzhTY9rexsLi0vLJaWiuvb2xubZs7u02VZJJQlyQ8ke0QK8qZoC4w4LSdSorjkNNWOLge+60HKhVLxB0MU+rHuCdYxAgGLQXmvgd9CjjIr8TosnZ67xEmSWBW7Ko9gTVPnIJUUIFGYH553YRkMRVAOFaq49gp+DmWwAino7KXKZpiMsA92tFU4JgqP59cP7KOtNK1okTqEmBN1N8TOY6VGsah7owx9NWsNxb/8zoZRBd+zkSaARVkuijKuAWJNY7C6jJJCfChJphIpm+1SB9LTEAHVtYhOLMvz5PmSdU5q9q3tUrdLeIooQN0iI6Rg85RHd2gBnIRQY/oGb2iN+PJeDHejY9p64JRzOyhPzA+fwAMwpUF</latexit>

✓Bn = 45�

Spatial Trajectory Velocity Trajectory



Multiple Reflections
<latexit sha1_base64="ELagUVqaaKB6zLMbQBoDf/ieiqw=">AAAB/XicbVDLSsNAFJ34rPUVHzs3wSK4KonUx0YounFZwbSFJobJdNIOnUzCzI1QQ/FX3LhQxK3/4c6/cdpmoa0HLhzOuZd77wlTzhTY9rexsLi0vLJaWiuvb2xubZs7u02VZJJQlyQ8ke0QK8qZoC4w4LSdSorjkNNWOLge+60HKhVLxB0MU+rHuCdYxAgGLQXmvgd9CjjIr8TosnZ67xEmSWBW7Ko9gTVPnIJUUIFGYH553YRkMRVAOFaq49gp+DmWwAino7KXKZpiMsA92tFU4JgqP59cP7KOtNK1okTqEmBN1N8TOY6VGsah7owx9NWsNxb/8zoZRBd+zkSaARVkuijKuAWJNY7C6jJJCfChJphIpm+1SB9LTEAHVtYhOLMvz5PmSdU5q9q3tUrdLeIooQN0iI6Rg85RHd2gBnIRQY/oGb2iN+PJeDHejY9p64JRzOyhPzA+fwAMwpUF</latexit>

✓Bn = 45�

Single Particle
Motion Model



3D Simulation: Quasiperpendicular Shocks
dHybridR Simulation

• 3D-3V simulation
•  Supercritical

<latexit sha1_base64="DwfBVPTfMTgJZPubGsi+hduKlSw=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5CRbBVUmkPjZC0Y3gpoJ9QBPDZDpph04mYeZGqKH4K25cKOLW/3Dn3zhts9DWAxcO59zLvfcECWcKbPvbKCwsLi2vFFdLa+sbm1vm9k5TxakktEFiHst2gBXlTNAGMOC0nUiKo4DTVjC4GvutByoVi8UdDBPqRbgnWMgIBi355p4LfQrYzy7F6KJ6cu8SJolvlu2KPYE1T5yclFGOum9+ud2YpBEVQDhWquPYCXgZlsAIp6OSmyqaYDLAPdrRVOCIKi+bXD+yDrXStcJY6hJgTdTfExmOlBpGge6MMPTVrDcW//M6KYTnXsZEkgIVZLooTLkFsTWOwuoySQnwoSaYSKZvtUgfS0xAB1bSITizL8+T5nHFOa3Yt9Vy7SaPo4j20QE6Qg46QzV0jeqogQh6RM/oFb0ZT8aL8W58TFsLRj6zi/7A+PwBCcCU+w==</latexit>

✓Bn = 45�

<latexit sha1_base64="4NJu18N2F+yCAiEfio2N690MjZM=">AAAB9HicbVDLSgNBEJyNrxhfUY9eBoPgadkVHzlGvAgiRDAPSJYwO+lNhszMbmZmAyHkO7x4UMSrH+PNv3GS7EGjBQ1FVTfdXWHCmTae9+XkVlbX1jfym4Wt7Z3dveL+QV3HqaJQozGPVTMkGjiTUDPMcGgmCogIOTTCwc3Mb4xAaRbLRzNOIBCkJ1nEKDFWCu47123NBAxx2b3oFEue682B/xI/IyWUodopfra7MU0FSEM50brle4kJJkQZRjlMC+1UQ0LogPSgZakkAnQwmR89xSdW6eIoVrakwXP158SECK3HIrSdgpi+XvZm4n9eKzVROZgwmaQGJF0silKOTYxnCeAuU0ANH1tCqGL2Vkz7RBFqbE4FG4K//PJfUj9z/UvXezgvVe6yOPLoCB2jU+SjK1RBt6iKaoiiIXpCL+jVGTnPzpvzvmjNOdnMIfoF5+MbUKORLQ==</latexit>

MA ' 8.5

<latexit sha1_base64="/+BXoa5Sskfp3dBbXJyOeVz3FJ0=">AAAB8HicbVBNS8NAEN3Ur1q/qh69BIvgqSQi6kUoeBG8VLAf0oay2U7apbubsDsRSuiv8OJBEa/+HG/+G7dtDtr6YODx3gwz88JEcIOe9+0UVlbX1jeKm6Wt7Z3dvfL+QdPEqWbQYLGIdTukBgRX0ECOAtqJBipDAa1wdDP1W0+gDY/VA44TCCQdKB5xRtFKj90QkPb4td8rV7yqN4O7TPycVEiOeq/81e3HLJWgkAlqTMf3EgwyqpEzAZNSNzWQUDaiA+hYqqgEE2SzgyfuiVX6bhRrWwrdmfp7IqPSmLEMbaekODSL3lT8z+ukGF0FGVdJiqDYfFGUChdjd/q92+caGIqxJZRpbm912ZBqytBmVLIh+IsvL5PmWdW/qHr355XaXR5HkRyRY3JKfHJJauSW1EmDMCLJM3klb452Xpx352PeWnDymUPyB87nDzv+kBA=</latexit>

�i = 1
<latexit sha1_base64="g89zrrVihq0tE6IRA+ZwBK4k6/I=">AAAB8HicbVBNS8NAEN3Ur1q/qh69BIvgqSQi6kUoeBG8VLAf0oay2U7apbubsDsRSuiv8OJBEa/+HG/+G7dtDtr6YODx3gwz88JEcIOe9+0UVlbX1jeKm6Wt7Z3dvfL+QdPEqWbQYLGIdTukBgRX0ECOAtqJBipDAa1wdDP1W0+gDY/VA44TCCQdKB5xRtFKj90QkPbg2u+VK17Vm8FdJn5OKiRHvVf+6vZjlkpQyAQ1puN7CQYZ1ciZgEmpmxpIKBvRAXQsVVSCCbLZwRP3xCp9N4q1LYXuTP09kVFpzFiGtlNSHJpFbyr+53VSjK6CjKskRVBsvihKhYuxO/3e7XMNDMXYEso0t7e6bEg1ZWgzKtkQ/MWXl0nzrOpfVL3780rtLo+jSI7IMTklPrkkNXJL6qRBGJHkmbySN0c7L8678zFvLTj5zCH5A+fzBzXmkAw=</latexit>

�e = 1



Quasiperpendicular Shocks: Multiple Reflections



Quasiperpendicular Shocks: Multiple Reflections

<latexit sha1_base64="aSAhY6Of9EtQJBX6119OzgfFhP0=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBahgpRERD0WvAheKpi20Iay2W7apZtN2N2IIfQ3ePGgiFd/kDf/jZs2B219MPB4b4aZeX7MmdK2/W2VVlbX1jfKm5Wt7Z3dver+QVtFiSTUJRGPZNfHinImqKuZ5rQbS4pDn9OOP7nJ/c4jlYpF4kGnMfVCPBIsYARrI7n1p7P0dFCt2Q17BrRMnILUoEBrUP3qDyOShFRowrFSPceOtZdhqRnhdFrpJ4rGmEzwiPYMFTikystmx07RiVGGKIikKaHRTP09keFQqTT0TWeI9Vgtern4n9dLdHDtZUzEiaaCzBcFCUc6QvnnaMgkJZqnhmAimbkVkTGWmGiTT8WE4Cy+vEza5w3nsmHfX9Sad0UcZTiCY6iDA1fQhFtogQsEGDzDK7xZwnqx3q2PeWvJKmYO4Q+szx/1/44o</latexit>

(x, y)

<latexit sha1_base64="r+TU6xuvicaOfo1ZQ1YP1QqK5dk=">AAAB7HicbVBNSwMxEJ34WetX1aOXYBEqSNkVUY8FL4KXCm5baJeSTbNtaDa7JFmxLv0NXjwo4tUf5M1/Y9ruQVsfDDzem2FmXpAIro3jfKOl5ZXVtfXCRnFza3tnt7S339BxqijzaCxi1QqIZoJL5hluBGslipEoEKwZDK8nfvOBKc1jeW9GCfMj0pc85JQYK3mVx9Onk26p7FSdKfAicXNShhz1bumr04tpGjFpqCBat10nMX5GlOFUsHGxk2qWEDokfda2VJKIaT+bHjvGx1bp4TBWtqTBU/X3REYirUdRYDsjYgZ63puI/3nt1IRXfsZlkhom6WxRmApsYjz5HPe4YtSIkSWEKm5vxXRAFKHG5lO0IbjzLy+SxlnVvag6d+fl2m0eRwEO4Qgq4MIl1OAG6uABBQ7P8ApvSKIX9I4+Zq1LKJ85gD9Anz/3hI4p</latexit>

(x, z)
<latexit sha1_base64="dMxQTAqtIiTNgkW7CUOeB6M2sFw=">AAAB8HicbVBNSwMxEJ31s9avqkcvwSJUkLIroh4LXgQvFeyHtEvJptk2NMkuSbZYl/4KLx4U8erP8ea/MW33oK0PBh7vzTAzL4g508Z1v52l5ZXVtfXcRn5za3tnt7C3X9dRogitkYhHqhlgTTmTtGaY4bQZK4pFwGkjGFxP/MaQKs0ieW9GMfUF7kkWMoKNlR5Kw87j6bDzdNIpFN2yOwVaJF5GipCh2il8tbsRSQSVhnCsdctzY+OnWBlGOB3n24mmMSYD3KMtSyUWVPvp9OAxOrZKF4WRsiUNmqq/J1IstB6JwHYKbPp63puI/3mtxIRXfspknBgqyWxRmHBkIjT5HnWZosTwkSWYKGZvRaSPFSbGZpS3IXjzLy+S+lnZuyi7d+fFym0WRw4O4QhK4MElVOAGqlADAgKe4RXeHOW8OO/Ox6x1yclmDuAPnM8fGqCP+w==</latexit>

(vx, vz)

<latexit sha1_base64="C1Eub4T15UFvzOuGdB7SkXFJ9Jo=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBahgpRERD0WvAheKtgPaUPYbDft0s0m7G6KIfRXePGgiFd/jjf/jds2B219MPB4b4aZeX7MmdK2/W0VVlbX1jeKm6Wt7Z3dvfL+QUtFiSS0SSIeyY6PFeVM0KZmmtNOLCkOfU7b/uhm6rfHVCoWiQedxtQN8UCwgBGsjfRYHXtPZ2MvPfXKFbtmz4CWiZOTCuRoeOWvXj8iSUiFJhwr1XXsWLsZlpoRTielXqJojMkID2jXUIFDqtxsdvAEnRilj4JImhIazdTfExkOlUpD33SGWA/VojcV//O6iQ6u3YyJONFUkPmiIOFIR2j6PeozSYnmqSGYSGZuRWSIJSbaZFQyITiLLy+T1nnNuazZ9xeV+l0eRxGO4Biq4MAV1OEWGtAEAiE8wyu8WdJ6sd6tj3lrwcpnDuEPrM8fGRuP+g==</latexit>

(vx, vy)



Quasiperpendicular Shocks: Multiple Reflections



Conclusions

• Additional application (see Collin Brown’s poster) to Energization by Instabilities 
     may identify the instabilities at play

• Application to a Perpendicular Shock shows the energization by shock drift 
     acceleration

• The Field-Particle Correlation Technique is an approach to quantify the 
   energization of particles and identify the physical mechanism responsible

• Application to a Quasiperpendicular Shock can separate energization of 
     populations that experience different numbers of reflections


