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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)



Energetics of the Plasma Universe

“Understanding the Energetics of the Plasma Universe”, 
Plasma: At the Frontier of Scientific Discovery 

DOE Report 2015

Under the weakly collisional conditions 
of most space and astrophysical plasmas, 
kinetic theory is essential to understand 
these processes.

Understanding the flow of energy 
in astrophysical plasmas is a key 
overarching theme:

-Turbulence
-Instabilities

-Magnetic Dynamo

-Magnetic Reconnection
-Collisionless Shocks
-Particle Acceleration



Developing a Predictive Capability
We need to understand which processes are responsible for particle energization

But . . . even if we know the general process, what is the specific mechanism?

Example:   What heats the Solar Corona to                   ? T > 106 K
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- Other mechanisms? (velocity filtration, etc.) (Scudder, 1992)

- Magnetic Reconnection (nanoflares, loop opening, etc.) (Parker, 1991; Fisk et al. 1999)

Example:   Turbulence

- What processes govern the dissipation of turbulence and resulting plasma 
      heating?

- Dissipation of Plasma Turbulence (Hollweg, 1986; Cranmer et al. 2003, 2005, 2007)



Proposed Dissipation Mechanisms in Turbulence
Weakly Collisional Plasma Turbulence

(1) Resonant Wave-Particle Interactions (Landau damping, transit-time damping, cyclotron damping)
(Barnes 1966; Coleman 1968; Denskat et al., 1983; Isenberg & Hollweg 1983; Goldstein et al. 1994; Quataert 1998; Leamon et 
al., 1998, 1999, 2000; Gary 1999; Quateart & Gruzinov, 1999; Isenberg et al. 2001; Hollweg & Isenberg 2002; Howes et al. 2008; 
Schekochihin et al. 2009; TenBarge & Howes 2013; Howes 2015; Li, Howes, Klein, & TenBarge 2016)

(2) Nonresonant Wave-Particle Interactions (stochastic ion heating, magnetic pumping)
(Berger, 1958; Johnson & Cheng, 2001; Chen et al. 2001; White et al., 2002; Voitenko & Goosens, 2004; Bourouaine et al., 2008; 
Chandran et al. 2010; Chandran 2010, Chandran et al. 2011; Bourouaine & Chandran 2013,Lichko:2017)

(3) Dissipation in Current Sheets (collisionless magnetic reconnection)
(Dmitruk et al. 2004; Markovskii & Vasquez 2011; Matthaeus & Velli 2011; Osman et al. 2011; Servidio 2011; Osman et al. 
2012a,b; Wan  et al. 2012; Karimabadi  et al.2013; Zhdankin  et al. 2013; Osman et al. 2014a,b; Zhdankin et al. 2015a,b; Loureiro & 
Boldyrev, 2017a,b; Boldyrev & Loureiro 2017; Walker, Boldyrev, & Loureiro 2018)

We can use information about the flow of energy in velocity space 
to distinguish between different mechanisms.
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Maxwell-Boltzmann Equations of Kinetic Plasma Theory
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Lorentz Term responsible for 
interactions between fields and particles

0

fs(r,v, t)
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Distribution Function:
3D-3V phase space

Electromagnetic 
Fields

E(r, t),B(r, t)
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Particle Energization
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Conserved Vlasov-Maxwell Energy 

EM Field Energy
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We want to measure the 
change in particle energy . . .

. . . using measurements of the 
change in the distribution function.
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Vlasov Equation 
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But this is integrated over velocity and space. . . 

Not observationally accessible!

Rate of Change of Particle Energy
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Particle Energization



How Does Energy Flow in Phase Space?
Maximize use of 3V phase-space information to characterize energization 

Define:  Phase-space energy density ws(r,v, t) =
msv2

2
fs(r,v, t)
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Pressure forces 
in fluid theory

Responsible for 
net change in 
particle energy

Advection of 
particle energy

Work done by 
magnetic field

Integrates over 
velocity space 
to zero

Work done by 
electric field



How Does Energy Flow in Phase Space?
@ws(r,v, t)

@t
= �v ·rws � qs

v2

2
E · @fs

@v
� qs

c

v2

2
(v ⇥B) · @fs

@v
<latexit sha1_base64="3lV5ddFG848vZ9c1ICioiN0USio="></latexit><latexit sha1_base64="XuWrs/IQIuLOfwKArbi+SIdHcOA="></latexit><latexit sha1_base64="XuWrs/IQIuLOfwKArbi+SIdHcOA="></latexit>

e.g., Bulk flow kinetic energy to thermal kinetic energy

1) Advective (pressure) and magnetic terms can convert particle energy

Note:

2) Electric field term is the only one that changes the net particle energy

Therefore we focus here on the work on particles done by E(r, t)

<latexit sha1_base64="HafZSwdwiJ2yWxn7Kj0b7hvZPTQ=">AAACAXicdVDLSsNAFJ3UV62vqBvBzWARKkhJYmjrriCCCxcV7APaUCbTSTt08mBmIpQQN/6KGxeKuPUv3Pk3TvoAFT1w4XDOvdx7jxsxKqRhfGq5peWV1bX8emFjc2t7R9/da4kw5pg0cchC3nGRIIwGpCmpZKQTcYJ8l5G2O77I/PYd4YKGwa2cRMTx0TCgHsVIKqmvH/R8JEeul1ympQXl6ak86etFo3xeq1h2BRplw6ialpkRq2qf2dBUSoYimKPR1z96gxDHPgkkZkiIrmlE0kkQlxQzkhZ6sSARwmM0JF1FA+QT4STTD1J4rJQB9EKuKpBwqn6fSJAvxMR3VWd2pPjtZeJfXjeWXs1JaBDFkgR4tsiLGZQhzOKAA8oJlmyiCMKcqlshHiGOsFShFVQIi0/h/6RllU27bN/Yxfr1PI48OARHoARMUAV1cAUaoAkwuAeP4Bm8aA/ak/aqvc1ac9p8Zh/8gPb+BcETlyI=</latexit>

Other applications may require analyzing the other terms!



How Do We Exploit Velocity-Space Information?

Example:   
Ion Landau Damping of a 
single Kinetic Alfven Wave

@ws(r,v, t)

@t
= �v ·rws � qs

v2

2
E · @fs

@v
� qs

c

v2

2
(v ⇥B) · @fs

@v
<latexit sha1_base64="3lV5ddFG848vZ9c1ICioiN0USio="></latexit><latexit sha1_base64="XuWrs/IQIuLOfwKArbi+SIdHcOA="></latexit><latexit sha1_base64="XuWrs/IQIuLOfwKArbi+SIdHcOA="></latexit>

Two parts of signal:

CEk(vk, t) = �qi
v2

2

@fi
@vk

Ek

<latexit sha1_base64="w+GNQ5oiTxdH4C743oE+QPPZpNc="></latexit>

1) Conservative 
oscillatory energy transfer 
of undamped wave motion
2) Secular energy transfer 
of collisionless damping



wi =
1

2
mv2fi(vk, t)

<latexit sha1_base64="OukWIL9Xcro29C5VV15qWnsuxis="></latexit>

Timestack Plot

To eliminate oscillatory energy 
transfer, take a time average 
over a correlation interval ⌧

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

Loss of energy below

Resonant phase velocity

Gain of energy
above

Bipolar 
signature

Quasilinear flattening 

How Do We Exploit Velocity-Space Information?



Gyrotropic Velocity-Space Signatures
Velocity-space signatures in gyrotropic velocity space 

Velocity-space signature 
of ion Landau damping

Velocity-space signature 
of electron Landau damping

�i = 1
<latexit sha1_base64="LvHqKqnrwo5pr+343Ov6q7wcyJA=">AAAB73icbVA9SwNBEJ2LXzF+RS1tFoNiFe5s1EII2FhYRPCSSHKEvc0kWbK3d+zuieHIr7CxULH1X/gb7Pw3bj4KTXww8Hhvhpl5YSK4Nq777eSWlldW1/LrhY3Nre2d4u5eTcepYuizWMSqEVKNgkv0DTcCG4lCGoUC6+HgauzXH1BpHss7M0wwiGhP8i5n1FjpvhWioW1+6bWLJbfsTkAWiTcjpcpx7fETAKrt4lerE7M0QmmYoFo3PTcxQUaV4UzgqNBKNSaUDWgPm5ZKGqEOssnBI3JklQ7pxsqWNGSi/p7IaKT1MAptZ0RNX897Y/E/r5ma7nmQcZmkBiWbLuqmgpiYjL8nHa6QGTG0hDLF7a2E9amizNiMCjYEb/7lReKfli/K7q0N4wamyMMBHMIJeHAGFbiGKvjAIIIneIFXRznPzpvzPm3NObOZffgD5+MHRVuRzw==</latexit><latexit sha1_base64="HP5Bz9aCeAKd8qd10fEMtkxxajc=">AAAB73icbVA9SwNBEJ1TozF+RS1tFoNiY7izUQslYGNhEcFLIskR9jZ7yZLdvWN3TwxHfoWNhYqt/8LfYOe/cfNRaOKDgcd7M8zMCxPOtHHdb2dhcSm3vJJfLaytb2xuFbd3ajpOFaE+iXmsGiHWlDNJfcMMp41EUSxCTuth/2rk1x+o0iyWd2aQ0EDgrmQRI9hY6b4VUoPb7MJrF0tu2R0DzRNvSkqVw9rjZ+7yuNoufrU6MUkFlYZwrHXTcxMTZFgZRjgdFlqppgkmfdylTUslFlQH2fjgITqwSgdFsbIlDRqrvycyLLQeiNB2Cmx6etYbif95zdREZ0HGZJIaKslkUZRyZGI0+h51mKLE8IElmChmb0WkhxUmxmZUsCF4sy/PE/+kfF52b20YNzBBHvZgH47Ag1OowDVUwQcCAp7gBV4d5Tw7b877pHXBmc7swh84Hz/aY5I/</latexit><latexit sha1_base64="HP5Bz9aCeAKd8qd10fEMtkxxajc=">AAAB73icbVA9SwNBEJ1TozF+RS1tFoNiY7izUQslYGNhEcFLIskR9jZ7yZLdvWN3TwxHfoWNhYqt/8LfYOe/cfNRaOKDgcd7M8zMCxPOtHHdb2dhcSm3vJJfLaytb2xuFbd3ajpOFaE+iXmsGiHWlDNJfcMMp41EUSxCTuth/2rk1x+o0iyWd2aQ0EDgrmQRI9hY6b4VUoPb7MJrF0tu2R0DzRNvSkqVw9rjZ+7yuNoufrU6MUkFlYZwrHXTcxMTZFgZRjgdFlqppgkmfdylTUslFlQH2fjgITqwSgdFsbIlDRqrvycyLLQeiNB2Cmx6etYbif95zdREZ0HGZJIaKslkUZRyZGI0+h51mKLE8IElmChmb0WkhxUmxmZUsCF4sy/PE/+kfF52b20YNzBBHvZgH47Ag1OowDVUwQcCAp7gBV4d5Tw7b877pHXBmc7swh84Hz/aY5I/</latexit>

Ti/Te = 1
<latexit sha1_base64="ces1J8W0O7POiP1I3FcKIpi43X8=">AAAB73icbVC7SgNBFL0bXzG+opY2g0GwkLhroxZCwMbCIkLWRJJ1mZ1MkiEzs8vMrBCWfIOFjYWKrX/hN9j5N04ehSYeuHA4517uvSdKONPGdb+d3MLi0vJKfrWwtr6xuVXc3rnVcaoI9UnMY9WIsKacSeobZjhtJIpiEXFaj/qXI7/+QJVmsayZQUIDgbuSdRjBxkp3tZAd10J64YXFklt2x0DzxJuSUuXo8f4TAKph8avVjkkqqDSEY62bnpuYIMPKMMLpsNBKNU0w6eMubVoqsaA6yMYHD9GBVdqoEytb0qCx+nsiw0LrgYhsp8Cmp2e9kfif10xN5yzImExSQyWZLOqkHJkYjb5HbaYoMXxgCSaK2VsR6WGFibEZFWwI3uzL88Q/KZ+X3RsbxjVMkIc92IdD8OAUKnAFVfCBgIAneIFXRznPzpvzPmnNOdOZXfgD5+MH6OCRlw==</latexit><latexit sha1_base64="xXUBkdjx89sLYh5BzrkX80A7mZk=">AAAB73icbVA9SwNBEN2LXzFGjVraLAbBQuKdjVoIARsLiwg5E0nOY28zlyzZvTt294Rw5DdY2Fio2Ar+EGs7/42bj0ITHww83pthZl6QcKa0bX9buYXFpeWV/Gphrbi+sVna2r5RcSopuDTmsWwGRAFnEbiaaQ7NRAIRAYdG0L8Y+Y17kIrFUV0PEvAE6UYsZJRoI93WfXZU9+Hc8Utlu2KPgeeJMyXl6uHD3WdRfdT80le7E9NUQKQpJ0q1HDvRXkakZpTDsNBOFSSE9kkXWoZGRIDysvHBQ7xvlA4OY2kq0nis/p7IiFBqIALTKYjuqVlvJP7ntVIdnnoZi5JUQ0Qni8KUYx3j0fe4wyRQzQeGECqZuRXTHpGEapNRwYTgzL48T9zjylnFvjZhXKEJ8mgX7aED5KATVEWXqIZcRJFAj+gZvVjSerJerbdJa86azuygP7DefwCBXZLK</latexit><latexit sha1_base64="xXUBkdjx89sLYh5BzrkX80A7mZk=">AAAB73icbVA9SwNBEN2LXzFGjVraLAbBQuKdjVoIARsLiwg5E0nOY28zlyzZvTt294Rw5DdY2Fio2Ar+EGs7/42bj0ITHww83pthZl6QcKa0bX9buYXFpeWV/Gphrbi+sVna2r5RcSopuDTmsWwGRAFnEbiaaQ7NRAIRAYdG0L8Y+Y17kIrFUV0PEvAE6UYsZJRoI93WfXZU9+Hc8Utlu2KPgeeJMyXl6uHD3WdRfdT80le7E9NUQKQpJ0q1HDvRXkakZpTDsNBOFSSE9kkXWoZGRIDysvHBQ7xvlA4OY2kq0nis/p7IiFBqIALTKYjuqVlvJP7ntVIdnnoZi5JUQ0Qni8KUYx3j0fe4wyRQzQeGECqZuRXTHpGEapNRwYTgzL48T9zjylnFvjZhXKEJ8mgX7aED5KATVEWXqIZcRJFAj+gZvVjSerJerbdJa86azuygP7DefwCBXZLK</latexit>

Single KAW with: k?⇢i = 1.3
<latexit sha1_base64="QZ4mPoYKY0oUnv43trisvwHQ174=">AAAB+3icbVC7TsNAEFyHVwgvQ0qaExGIKrKhAAqkSDQUFEHCSaTYss6Xc3LK+aG7M8Kywq/QUACipecb6PgbLo8CEkZaaTSzq92dIOVMKsv6NkpLyyura+X1ysbm1vaOubvXkkkmCHVIwhPRCbCknMXUUUxx2kkFxVHAaTsYXo399j0VkiXxncpT6kW4H7OQEay05JvVoe+mVKTIFYPEZ+jSrp/6Zs2qWxOgRWLPSK1x1Hr4BICmb365vYRkEY0V4VjKrm2lyiuwUIxwOqq4maQpJkPcp11NYxxR6RWT40foUCs9FCZCV6zQRP09UeBIyjwKdGeE1UDOe2PxP6+bqfDcK1icZorGZLoozDhSCRongXpMUKJ4rgkmgulbERlggYnSeVV0CPb8y4vEOalf1K1bHcYNTFGGfTiAY7DhDBpwDU1wgEAOT/ACr8aj8Wy8Ge/T1pIxm6nCHxgfPyvVlY8=</latexit><latexit sha1_base64="sXog8T76z4qz1wljJKg19YePXas=">AAAB+3icbVA9T8MwEHWAQilfgY4sFhWIhSiBARhAlVgYGIpE2kpNFDmu01p1Est2EFFU/goLAyBWdn4DG/8G92OAlied9PTene7uhZxRqWz721hYXCotr5RXK2vrG5tb5vZOU6aZwMTFKUtFO0SSMJoQV1HFSJsLguKQkVY4uBr5rXsiJE2TO5Vz4seol9CIYqS0FJjVQeBxIjj0RD8NKLxwrJPArNmWPQacJ86U1OoHzYfP0uVRIzC/vG6Ks5gkCjMkZcexufILJBTFjAwrXiYJR3iAeqSjaYJiIv1ifPwQ7mulC6NU6EoUHKu/JwoUS5nHoe6MkerLWW8k/ud1MhWd+QVNeKZIgieLooxBlcJRErBLBcGK5ZogLKi+FeI+EggrnVdFh+DMvjxP3GPr3LJvdRg3YIIy2AV74BA44BTUwTVoABdgkIMn8AJejUfj2Xgz3ietC8Z0pgr+wPj4AcDdlf8=</latexit><latexit sha1_base64="sXog8T76z4qz1wljJKg19YePXas=">AAAB+3icbVA9T8MwEHWAQilfgY4sFhWIhSiBARhAlVgYGIpE2kpNFDmu01p1Est2EFFU/goLAyBWdn4DG/8G92OAlied9PTene7uhZxRqWz721hYXCotr5RXK2vrG5tb5vZOU6aZwMTFKUtFO0SSMJoQV1HFSJsLguKQkVY4uBr5rXsiJE2TO5Vz4seol9CIYqS0FJjVQeBxIjj0RD8NKLxwrJPArNmWPQacJ86U1OoHzYfP0uVRIzC/vG6Ks5gkCjMkZcexufILJBTFjAwrXiYJR3iAeqSjaYJiIv1ifPwQ7mulC6NU6EoUHKu/JwoUS5nHoe6MkerLWW8k/ud1MhWd+QVNeKZIgieLooxBlcJRErBLBcGK5ZogLKi+FeI+EggrnVdFh+DMvjxP3GPr3LJvdRg3YIIy2AV74BA44BTUwTVoABdgkIMn8AJejUfj2Xgz3ietC8Z0pgr+wPj4AcDdlf8=</latexit>

(Howes, PoP, 2017)(vk, v?)

<latexit sha1_base64="B1r6uT4PCzDNBxMW03Vx3DjRdhk=">AAAB/3icbVDLSsNAFJ34rPUVFdy4GSxCBSmJFHRZcOPCRQX7gDaEyfSmHTpJhplJocQu/BU3LhRx62+482+ctF1o64ELZ865l7n3BIIzpR3n21pZXVvf2CxsFbd3dvf27YPDpkpSSaFBE57IdkAUcBZDQzPNoS0kkCjg0AqGN7nfGoFULIkf9FiAF5F+zEJGiTaSbx+XR35XEEk4B36B8wdIce7bJafiTIGXiTsnJTRH3be/ur2EphHEmnKiVMd1hPYyIjWjHCbFbqpAEDokfegYGpMIlJdN95/gM6P0cJhIU7HGU/X3REYipcZRYDojogdq0cvF/7xOqsNrL2OxSDXEdPZRmHKsE5yHgXtMAtV8bAihkpldMR2YMKg2kRVNCO7iycukeVlxq5XqfbVUu5vHUUAn6BSVkYuuUA3dojpqIIoe0TN6RW/Wk/VivVsfs9YVaz5zhP7A+vwBMK6Vmw==</latexit>



Field-Particle Correlation Technique
 Phase-space energy density ws(r,v, t) =

msv2

2
fs(r,v, t)

<latexit sha1_base64="5/j+WQhuAWTVWJ+5mU3hKukClOg=">AAACOnicfVDLSsNAFJ34rPUVdelmsAgVSkmKoC6EghsXLqoYW2hjmEwn7dDJg5lJpYT8lxt/wp0bNy5U3PoBTtog2ooHBg7n3MPce9yIUSEN40mbm19YXFourBRX19Y3NvWt7RsRxhwTC4cs5C0XCcJoQCxJJSOtiBPku4w03cFZ5jeHhAsaBtdyFBHbR72AehQjqSRHv7pzRBl2fCT7rpfwtPLNh2lFHhThacfjCCe+I+DwtpYmtRR6/0ccvWRUjTHgLDFzUgI5Go7+2OmGOPZJIDFDQrRNI5J2grikmJG02IkFiRAeoB5pKxognwg7Gd+ewn2ldKEXcvUCCcfqz0SCfCFGvqsmsy3FtJeJf3ntWHrHdkKDKJYkwJOPvJhBGcKsSNilnGDJRoogzKnaFeI+Ul1JVXdWgjl98iyxatWTqnF5WKpf5G0UwC7YA2VggiNQB+egASyAwT14Bq/gTXvQXrR37WMyOqflmR3wC9rnF7YHrO8=</latexit><latexit sha1_base64="5/j+WQhuAWTVWJ+5mU3hKukClOg=">AAACOnicfVDLSsNAFJ34rPUVdelmsAgVSkmKoC6EghsXLqoYW2hjmEwn7dDJg5lJpYT8lxt/wp0bNy5U3PoBTtog2ooHBg7n3MPce9yIUSEN40mbm19YXFourBRX19Y3NvWt7RsRxhwTC4cs5C0XCcJoQCxJJSOtiBPku4w03cFZ5jeHhAsaBtdyFBHbR72AehQjqSRHv7pzRBl2fCT7rpfwtPLNh2lFHhThacfjCCe+I+DwtpYmtRR6/0ccvWRUjTHgLDFzUgI5Go7+2OmGOPZJIDFDQrRNI5J2grikmJG02IkFiRAeoB5pKxognwg7Gd+ewn2ldKEXcvUCCcfqz0SCfCFGvqsmsy3FtJeJf3ntWHrHdkKDKJYkwJOPvJhBGcKsSNilnGDJRoogzKnaFeI+Ul1JVXdWgjl98iyxatWTqnF5WKpf5G0UwC7YA2VggiNQB+egASyAwT14Bq/gTXvQXrR37WMyOqflmR3wC9rnF7YHrO8=</latexit><latexit sha1_base64="5/j+WQhuAWTVWJ+5mU3hKukClOg=">AAACOnicfVDLSsNAFJ34rPUVdelmsAgVSkmKoC6EghsXLqoYW2hjmEwn7dDJg5lJpYT8lxt/wp0bNy5U3PoBTtog2ooHBg7n3MPce9yIUSEN40mbm19YXFourBRX19Y3NvWt7RsRxhwTC4cs5C0XCcJoQCxJJSOtiBPku4w03cFZ5jeHhAsaBtdyFBHbR72AehQjqSRHv7pzRBl2fCT7rpfwtPLNh2lFHhThacfjCCe+I+DwtpYmtRR6/0ccvWRUjTHgLDFzUgI5Go7+2OmGOPZJIDFDQrRNI5J2grikmJG02IkFiRAeoB5pKxognwg7Gd+ewn2ldKEXcvUCCcfqz0SCfCFGvqsmsy3FtJeJf3ntWHrHdkKDKJYkwJOPvJhBGcKsSNilnGDJRoogzKnaFeI+Ul1JVXdWgjl98iyxatWTqnF5WKpf5G0UwC7YA2VggiNQB+egASyAwT14Bq/gTXvQXrR37WMyOqflmR3wC9rnF7YHrO8=</latexit>

@ws(r,v, t)

@t
= �v ·rws � qs

v2

2
E · @fs

@v
� qs

c

v2

2
(v ⇥B) · @fs

@v
<latexit sha1_base64="3lV5ddFG848vZ9c1ICioiN0USio="></latexit><latexit sha1_base64="XuWrs/IQIuLOfwKArbi+SIdHcOA="></latexit><latexit sha1_base64="XuWrs/IQIuLOfwKArbi+SIdHcOA="></latexit>

(Klein & Howes, 2016; Howes, Klein, & Li, 2017; 
Klein, Howes, & TenBarge, 2017)

CEk(v, t, ⌧) = C

 
�qs

v2k
2

@fs(r0,v, t)

@vk
, Ek(r0, t)

!

<latexit sha1_base64="XiKsm2WZNTv4tukvKfeUEM0MCIg="></latexit><latexit sha1_base64="Nt6ZOtOTaAdusrAfiZBUI5pXd3Q="></latexit><latexit sha1_base64="Nt6ZOtOTaAdusrAfiZBUI5pXd3Q="></latexit>

Field-particle correlationAt a single-point     , 
compute correlation of field      
and particle          measurements
over correlation interval

E
<latexit sha1_base64="I4bII5NNID6C7lc+NP2jeUQNAek=">AAAB8HicdVBNS8NAEJ34WetX1aOXxSJ4CptarJ4URPDgoYLRYhvKZrvRpZtN2N0IJfToP/DiQcWr/0Zv/gb/hBuroKIPBh7vzTBvJkwF1wbjV2dsfGJyaro0U56dm19YrCwtn+okU5T5NBGJaoVEM8El8w03grVSxUgcCnYW9vcL/+yKKc0TeWIGKQticiF5xCkxVjrvxMRchlF+MOxWqtjd2d6q1bcQdjFueDWvILVGfbOOPKsUqO4+v10jAGh2Ky+dXkKzmElDBdG67eHUBDlRhlPBhuVOpllKaJ9csLalksRMB/lH4iFat0oPRYmyJQ36UL9P5CTWehCHtrNIqH97hfiX185MtB3kXKaZYZKOFkWZQCZBxfmoxxWjRgwsIVRxmxXRS6IINfZJZfuEr0vR/8SvuTsuPsbVvSMYoQSrsAYb4EED9uAQmuADBQk3cAf3jnZunQfncdQ65nzOrMAPOE/vBieTpA==</latexit><latexit sha1_base64="kgPyheTeJ4d3H1QSU+5g+CDfuCo=">AAAB8HicdVDLSgMxFM34rPVVdSlIsAiuSqaWPlYWRHDhogXHFttSMmmmDc1khiQjlKFL/8CNCxW3foG/oTu/QT/CTKugogcuHM65l3vudUPOlEbo1ZqZnZtfWEwtpZdXVtfWMxub5yqIJKEOCXggmy5WlDNBHc00p81QUuy7nDbc4VHiNy6pVCwQZ3oU0o6P+4J5jGBtpIu2j/XA9eLjcTeTRblKuZgvFCHKIVSy83ZC8qXCQQHaRkmQPXx+u9p5qr/XupmXdi8gkU+FJhwr1bJRqDsxlpoRTsfpdqRoiMkQ92nLUIF9qjrxJPEY7hmlB71AmhIaTtTvEzH2lRr5rulMEqrfXiL+5bUi7ZU7MRNhpKkg00VexKEOYHI+7DFJieYjQzCRzGSFZIAlJto8KW2e8HUp/J84+Vwlh+ooWz0FU6TANtgF+8AGJVAFJ6AGHECAANfgFtxZyrqx7q2HaeuM9TmzBX7AevwAnryVlw==</latexit><latexit sha1_base64="kgPyheTeJ4d3H1QSU+5g+CDfuCo=">AAAB8HicdVDLSgMxFM34rPVVdSlIsAiuSqaWPlYWRHDhogXHFttSMmmmDc1khiQjlKFL/8CNCxW3foG/oTu/QT/CTKugogcuHM65l3vudUPOlEbo1ZqZnZtfWEwtpZdXVtfWMxub5yqIJKEOCXggmy5WlDNBHc00p81QUuy7nDbc4VHiNy6pVCwQZ3oU0o6P+4J5jGBtpIu2j/XA9eLjcTeTRblKuZgvFCHKIVSy83ZC8qXCQQHaRkmQPXx+u9p5qr/XupmXdi8gkU+FJhwr1bJRqDsxlpoRTsfpdqRoiMkQ92nLUIF9qjrxJPEY7hmlB71AmhIaTtTvEzH2lRr5rulMEqrfXiL+5bUi7ZU7MRNhpKkg00VexKEOYHI+7DFJieYjQzCRzGSFZIAlJto8KW2e8HUp/J84+Vwlh+ooWz0FU6TANtgF+8AGJVAFJ6AGHECAANfgFtxZyrqx7q2HaeuM9TmzBX7AevwAnryVlw==</latexit>

fs(v)
<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>



Scientific Insight from Field-Particle Correlations

1) Distinguish and identify kinetic 
energization mechanisms through 
unique velocity-space signature

2) Determine rate of change of
                 spatial energy density Ws(r, t) ⌘

Z
d3v

1

2
msv

2fs(r,v, t)

<latexit sha1_base64="zmrP0JgBKYHrlEUUmmeXJsDPy6M="></latexit>

@Ws

@t
=

Z
d3v CEk(v, t) = �

Z
d3v qs

v2k
2

@fs
@vk

Ek =

Z
d3v qsvkEkfs = jk,sEk

<latexit sha1_base64="oDAdLMwPmg9LJHpEob49B9vLXcY="></latexit>

Integrate correlation
over velocity space 

Rate of work done on species
by

s

<latexit sha1_base64="GJfYPYLGVs2I1Cka48uzW6slfIg=">AAAB6HicdVDLSsNAFL2pr1pfVZduBovgKiQxtHVXcOPCRQv2AW0ok+mkHTt5MDMRSugXuHGhiFs/yZ1/46StoKIHLhzOuZd77/ETzqSyrA+jsLa+sblV3C7t7O7tH5QPjzoyTgWhbRLzWPR8LClnEW0rpjjtJYLi0Oe060+vcr97T4VkcXSrZgn1QjyOWMAIVlpqyWG5YpmX9arjVpFlWlbNduycODX3wkW2VnJUYIXmsPw+GMUkDWmkCMdS9m0rUV6GhWKE03lpkEqaYDLFY9rXNMIhlV62OHSOzrQyQkEsdEUKLdTvExkOpZyFvu4MsZrI314u/uX1UxXUvYxFSapoRJaLgpQjFaP8azRighLFZ5pgIpi+FZEJFpgonU1Jh/D1KfqfdBzTdk235VYaN6s4inACp3AONtSgAdfQhDYQoPAAT/Bs3BmPxovxumwtGKuZY/gB4+0TRAuNSg==</latexit>

Ek

<latexit sha1_base64="Br0gy05uXsoYuZZQBX7q5LXDd98=">AAAB8nicdVDLSsNAFJ34rPVVdelmsAiuQhJDW3cFEVy4qGAfkIYymU7aoZOZMDMRSuhnuHGhiFu/xp1/46StoKIHLhzOuZd774lSRpV2nA9rZXVtfWOztFXe3tnd268cHHaUyCQmbSyYkL0IKcIoJ21NNSO9VBKURIx0o8ll4XfviVRU8Ds9TUmYoBGnMcVIGym4GvRTJBFjhA0qVce+aNQ8vwYd23HqrucWxKv75z50jVKgCpZoDSrv/aHAWUK4xgwpFbhOqsMcSU0xI7NyP1MkRXiCRiQwlKOEqDCfnzyDp0YZwlhIU1zDufp9IkeJUtMkMp0J0mP12yvEv7wg03EjzClPM004XiyKMwa1gMX/cEglwZpNDUFYUnMrxGMTAdYmpbIJ4etT+D/peLbr2/6tX23eLOMogWNwAs6AC+qgCa5BC7QBBgI8gCfwbGnr0XqxXhetK9Zy5gj8gPX2CaCckYg=</latexit>

Bipolar signature 
of Landau damping
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Strong Plasma Turbulence
Driven nonlinear gyrokinetic simulation of solar wind turbulence

�i = 1
<latexit sha1_base64="LvHqKqnrwo5pr+343Ov6q7wcyJA=">AAAB73icbVA9SwNBEJ2LXzF+RS1tFoNiFe5s1EII2FhYRPCSSHKEvc0kWbK3d+zuieHIr7CxULH1X/gb7Pw3bj4KTXww8Hhvhpl5YSK4Nq777eSWlldW1/LrhY3Nre2d4u5eTcepYuizWMSqEVKNgkv0DTcCG4lCGoUC6+HgauzXH1BpHss7M0wwiGhP8i5n1FjpvhWioW1+6bWLJbfsTkAWiTcjpcpx7fETAKrt4lerE7M0QmmYoFo3PTcxQUaV4UzgqNBKNSaUDWgPm5ZKGqEOssnBI3JklQ7pxsqWNGSi/p7IaKT1MAptZ0RNX897Y/E/r5ma7nmQcZmkBiWbLuqmgpiYjL8nHa6QGTG0hDLF7a2E9amizNiMCjYEb/7lReKfli/K7q0N4wamyMMBHMIJeHAGFbiGKvjAIIIneIFXRznPzpvzPm3NObOZffgD5+MHRVuRzw==</latexit><latexit sha1_base64="HP5Bz9aCeAKd8qd10fEMtkxxajc=">AAAB73icbVA9SwNBEJ1TozF+RS1tFoNiY7izUQslYGNhEcFLIskR9jZ7yZLdvWN3TwxHfoWNhYqt/8LfYOe/cfNRaOKDgcd7M8zMCxPOtHHdb2dhcSm3vJJfLaytb2xuFbd3ajpOFaE+iXmsGiHWlDNJfcMMp41EUSxCTuth/2rk1x+o0iyWd2aQ0EDgrmQRI9hY6b4VUoPb7MJrF0tu2R0DzRNvSkqVw9rjZ+7yuNoufrU6MUkFlYZwrHXTcxMTZFgZRjgdFlqppgkmfdylTUslFlQH2fjgITqwSgdFsbIlDRqrvycyLLQeiNB2Cmx6etYbif95zdREZ0HGZJIaKslkUZRyZGI0+h51mKLE8IElmChmb0WkhxUmxmZUsCF4sy/PE/+kfF52b20YNzBBHvZgH47Ag1OowDVUwQcCAp7gBV4d5Tw7b877pHXBmc7swh84Hz/aY5I/</latexit><latexit sha1_base64="HP5Bz9aCeAKd8qd10fEMtkxxajc=">AAAB73icbVA9SwNBEJ1TozF+RS1tFoNiY7izUQslYGNhEcFLIskR9jZ7yZLdvWN3TwxHfoWNhYqt/8LfYOe/cfNRaOKDgcd7M8zMCxPOtHHdb2dhcSm3vJJfLaytb2xuFbd3ajpOFaE+iXmsGiHWlDNJfcMMp41EUSxCTuth/2rk1x+o0iyWd2aQ0EDgrmQRI9hY6b4VUoPb7MJrF0tu2R0DzRNvSkqVw9rjZ+7yuNoufrU6MUkFlYZwrHXTcxMTZFgZRjgdFlqppgkmfdylTUslFlQH2fjgITqwSgdFsbIlDRqrvycyLLQeiNB2Cmx6etYbif95zdREZ0HGZJIaKslkUZRyZGI0+h51mKLE8IElmChmb0WkhxUmxmZUsCF4sy/PE/+kfF52b20YNzBBHvZgH47Ag1OowDVUwQcCAp7gBV4d5Tw7b877pHXBmc7swh84Hz/aY5I/</latexit>

Ti/Te = 1
<latexit sha1_base64="ces1J8W0O7POiP1I3FcKIpi43X8=">AAAB73icbVC7SgNBFL0bXzG+opY2g0GwkLhroxZCwMbCIkLWRJJ1mZ1MkiEzs8vMrBCWfIOFjYWKrX/hN9j5N04ehSYeuHA4517uvSdKONPGdb+d3MLi0vJKfrWwtr6xuVXc3rnVcaoI9UnMY9WIsKacSeobZjhtJIpiEXFaj/qXI7/+QJVmsayZQUIDgbuSdRjBxkp3tZAd10J64YXFklt2x0DzxJuSUuXo8f4TAKph8avVjkkqqDSEY62bnpuYIMPKMMLpsNBKNU0w6eMubVoqsaA6yMYHD9GBVdqoEytb0qCx+nsiw0LrgYhsp8Cmp2e9kfif10xN5yzImExSQyWZLOqkHJkYjb5HbaYoMXxgCSaK2VsR6WGFibEZFWwI3uzL88Q/KZ+X3RsbxjVMkIc92IdD8OAUKnAFVfCBgIAneIFXRznPzpvzPmnNOdOZXfgD5+MH6OCRlw==</latexit><latexit sha1_base64="xXUBkdjx89sLYh5BzrkX80A7mZk=">AAAB73icbVA9SwNBEN2LXzFGjVraLAbBQuKdjVoIARsLiwg5E0nOY28zlyzZvTt294Rw5DdY2Fio2Ar+EGs7/42bj0ITHww83pthZl6QcKa0bX9buYXFpeWV/Gphrbi+sVna2r5RcSopuDTmsWwGRAFnEbiaaQ7NRAIRAYdG0L8Y+Y17kIrFUV0PEvAE6UYsZJRoI93WfXZU9+Hc8Utlu2KPgeeJMyXl6uHD3WdRfdT80le7E9NUQKQpJ0q1HDvRXkakZpTDsNBOFSSE9kkXWoZGRIDysvHBQ7xvlA4OY2kq0nis/p7IiFBqIALTKYjuqVlvJP7ntVIdnnoZi5JUQ0Qni8KUYx3j0fe4wyRQzQeGECqZuRXTHpGEapNRwYTgzL48T9zjylnFvjZhXKEJ8mgX7aED5KATVEWXqIZcRJFAj+gZvVjSerJerbdJa86azuygP7DefwCBXZLK</latexit><latexit sha1_base64="xXUBkdjx89sLYh5BzrkX80A7mZk=">AAAB73icbVA9SwNBEN2LXzFGjVraLAbBQuKdjVoIARsLiwg5E0nOY28zlyzZvTt294Rw5DdY2Fio2Ar+EGs7/42bj0ITHww83pthZl6QcKa0bX9buYXFpeWV/Gphrbi+sVna2r5RcSopuDTmsWwGRAFnEbiaaQ7NRAIRAYdG0L8Y+Y17kIrFUV0PEvAE6UYsZJRoI93WfXZU9+Hc8Utlu2KPgeeJMyXl6uHD3WdRfdT80le7E9NUQKQpJ0q1HDvRXkakZpTDsNBOFSSE9kkXWoZGRIDysvHBQ7xvlA4OY2kq0nis/p7IiFBqIALTKYjuqVlvJP7ntVIdnnoZi5JUQ0Qni8KUYx3j0fe4wyRQzQeGECqZuRXTHpGEapNRwYTgzL48T9zjylnFvjZhXKEJ8mgX7aED5KATVEWXqIZcRJFAj+gZvVjSerJerbdJa86azuygP7DefwCBXZLK</latexit>

Plasma parameters: Turbulence parameters:

Evidence of Landau Damping 
in strong plasma turbulence

(Klein, Howes, & Tenbarge, 2017)

� ⇠ 1
<latexit sha1_base64="PMsiL8lmsdg0arnt5s6xwSc973w=">AAAB8XicbVC7TsNAEFyHVwivACXNiQhEFdk0QBeJhoIiSDiJZFvR+XJOTrk7W3dnRGTlM2goANHyE3wDHX/D5VFAwkgrjWZ2tbsTZ5xp47rfTmlldW19o7xZ2dre2d2r7h+0dJorQn2S8lR1YqwpZ5L6hhlOO5miWMSctuPh9cRvP1ClWSrvzSijkcB9yRJGsLFSEJIBQ6FmAnndas2tu1OgZeLNSa1x2nr8BIBmt/oV9lKSCyoN4VjrwHMzExVYGUY4HVfCXNMMkyHu08BSiQXVUTE9eYxOrNJDSapsSYOm6u+JAgutRyK2nQKbgV70JuJ/XpCb5DIqmMxyQyWZLUpyjkyKJv+jHlOUGD6yBBPF7K2IDLDCxNiUKjYEb/HlZeKf16/q7p0N4xZmKMMRHMMZeHABDbiBJvhAIIUneIFXxzjPzpvzPmstOfOZQ/gD5+MHSpmSWw==</latexit><latexit sha1_base64="ntDtsDBT4u7TkCMz12ko/uJau90=">AAAB8XicbVA9SwNBEN1TozF+RS1tFoNiY7izURsJ2FhYRPCSQO4Ie5u9ZMnu3rE7J4YjP8PGQsXWP+FvsPPfuPkoNPHBwOO9GWbmRangBlz321laXimsrhXXSxubW9s75d29hkkyTZlPE5HoVkQME1wxHzgI1ko1IzISrBkNrsd+84FpwxN1D8OUhZL0FI85JWCldkD7HAeGS+x1yhW36k6AF4k3I5XacePxs3B1Wu+Uv4JuQjPJFFBBjGl7bgphTjRwKtioFGSGpYQOSI+1LVVEMhPmk5NH+MgqXRwn2pYCPFF/T+REGjOUke2UBPpm3huL/3ntDOKLMOcqzYApOl0UZwJDgsf/4y7XjIIYWkKo5vZWTPtEEwo2pZINwZt/eZH4Z9XLqntnw7hFUxTRATpEJ8hD56iGblAd+YiiBD2hF/TqgPPsvDnv09YlZzazj/7A+fgB36GSyw==</latexit><latexit sha1_base64="ntDtsDBT4u7TkCMz12ko/uJau90=">AAAB8XicbVA9SwNBEN1TozF+RS1tFoNiY7izURsJ2FhYRPCSQO4Ie5u9ZMnu3rE7J4YjP8PGQsXWP+FvsPPfuPkoNPHBwOO9GWbmRangBlz321laXimsrhXXSxubW9s75d29hkkyTZlPE5HoVkQME1wxHzgI1ko1IzISrBkNrsd+84FpwxN1D8OUhZL0FI85JWCldkD7HAeGS+x1yhW36k6AF4k3I5XacePxs3B1Wu+Uv4JuQjPJFFBBjGl7bgphTjRwKtioFGSGpYQOSI+1LVVEMhPmk5NH+MgqXRwn2pYCPFF/T+REGjOUke2UBPpm3huL/3ntDOKLMOcqzYApOl0UZwJDgsf/4y7XjIIYWkKo5vZWTPtEEwo2pZINwZt/eZH4Z9XLqntnw7hFUxTRATpEJ8hD56iGblAd+YiiBD2hF/TqgPPsvDnv09YlZzazj/7A+fgB36GSyw==</latexit>

(Critical balance)
k? � kk
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(Anisotropic)



Proposed Dissipation Mechanisms in Turbulence
Weakly Collisional Kinetic Turbulence

(1) Resonant Wave-Particle Interactions (Landau damping, transit-time damping, cyclotron damping)
(Barnes 1966; Coleman 1968; Denskat et al., 1983; Isenberg & Hollweg 1983; Goldstein et al. 1994; Quataert 1998; Leamon et 
al., 1998, 1999, 2000; Gary 1999; Quateart & Gruzinov, 1999; Isenberg et al. 2001; Hollweg & Isenberg 2002; Howes et al. 2008; 
Schekochihin et al. 2009; TenBarge & Howes 2013; Howes 2015; Li, Howes, Klein, & TenBarge 2016)

(2) Nonresonant Wave-Particle Interactions (stochastic ion heating, magnetic pumping)
(Berger, 1958; Johnson & Cheng, 2001; Chen et al. 2001; White et al., 2002; Voitenko & Goosens, 2004; Bourouaine et al., 2008; 
Chandran et al. 2010; Chandran 2010, Chandran et al. 2011; Bourouaine & Chandran 2013,Lichko:2017)

(3) Dissipation in Current Sheets (collisionless magnetic reconnection)
(Dmitruk et al. 2004; Markovskii & Vasquez 2011; Matthaeus & Velli 2011; Osman et al. 2011; Servidio 2011; Osman et al. 
2012a,b; Wan  et al. 2012; Karimabadi  et al.2013; Zhdankin  et al. 2013; Osman et al. 2014a,b; Zhdankin et al. 2015a,b; Loureiro & 
Boldyrev, 2017a,b; Boldyrev & Loureiro 2017; Walker, Boldyrev, & Loureiro 2018)

The velocity-space signature obtained from field-particle correlations 
has the potential to distinguish between different mechanisms.



Distinguishing Energization Mechanisms
AstroGK Simulation
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HVM Simulation
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MMS Observation
Electron Landau

Pegasus Simulation
Stochastic Ion, Cyclotron, TTD Magnetic Pumping

Analytical Model
CEk
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Identifying Mechanisms by Velocity-Space Signatures
Pegasus hybrid simulations of anisotropic turbulence

Stochastic 
Ion Heating

Ion Cyclotron
Heating

Transit Time
Damping

Landau
Damping



Determining Rate of Particle Energization

(Chen, Klein, & Howes, Nature Comm., 10:740, 2019)

Twenty 
magnetosheath 
intervals 

(Afshari et al., GRL, submitted 2020)

Observations of electron energization in Earth’s magnetosheath using MMS



Determining Rate of Particle Energization

(Afshari et al., GRL, submitted 2020)

Twenty magnetosheath intervals 

• 19 of 20 intervals show 
velocity-space signatures of 
electron Landau damping

• Nearly half of intervals have 
electron Landau damping rates  
comparable to the estimated 
turbulent cascade rate

Two Major Findings:



Outline
• Plasma Heating and Particle Acceleration in the Heliosphere 

• Kinetic Theory of Particle Energization
-Field-Particle Correlation Technique

• Conclusions

-Plasma Heating by Dissipation of Plasma Turbulence
-Ion Energization in Collisionless Shocks
-Electron Fermi Acceleration in Collisionless Magnetic Reconnection

• Constructing a “Rosetta Stone” for particle energization

• Three Applications of the Field-Particle Correlation Technique



(Juno et al.,  in prep, 2020)

Simulation of Perpendicular Collisionless Shock
Gkeyll Simulation

• 1D-2V simulation

•
• �i = 1.3
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• Exactly Perpendicular

•  Supercritical
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Distribution Function and Velocity-Space Signatures

•

Reflected
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Model of Perpendicular Collisionless Shock
Single-Particle-Motion Model

Ion 
Energization
by Ey
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Comparison of Simulation and Model
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Collisionless Magnetic Reconnection
Gkeyll Simulation

• Zero Guide-Field 
  Magnetic Reconnection
• 2D, GEM initial conditions

• 
• 

• 

�i = 5/6
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How are electrons 
energized in the exhaust?

(TenBarge et al.,  in prep, 2020)

Dahlin, Drake, & Swisdak have 
demonstrated Fermi acceleration of 
electrons by the curvature drift
(Dahlin, Drake, & Swisdak, 2014, 2015, 2016, 2017)

What is the velocity-space signature 
of this curvature drift acceleration?



Collisionless Magnetic Reconnection
Field-Aligned Coordinate System 

• Curvature drift is 
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CE?1(v?2, vk)

<latexit sha1_base64="6zR/RACwJNDX4h4rB6RlwlKPIFU="></latexit>

CE?1(v?1, vk)

<latexit sha1_base64="hArtWOugis/FysBY4ImFiRLXhvU="></latexit>

CE?1(v?1, v?2)

<latexit sha1_base64="G6cvMAimQzzYESzTIfY5xVcWOOU=">AAACEXicdZDLSgMxFIYzXmu9jbp0EyxCBSmTUmy7KxTBhYsK9gLtMGTStA3NXEgyhTLMK7jxVdy4UMStO3e+jZm2XtEDgS//fw7J+d2QM6ks681YWl5ZXVvPbGQ3t7Z3ds29/ZYMIkFokwQ8EB0XS8qZT5uKKU47oaDYczltu+N66rcnVEgW+NdqGlLbw0OfDRjBSkuOma878bkT90IqQoiSJD/5upx+cjE5ccycVbAsCyEEU0DlM0tDtVopogpEqaUrBxbVcMzXXj8gkUd9RTiWsousUNkxFooRTpNsL5I0xGSMh7Sr0ccelXY82yiBx1rpw0Eg9PEVnKnfJ2LsSTn1XN3pYTWSv71U/MvrRmpQsWPmh5GiPpk/NIg4VAFM44F9JihRfKoBE8H0XyEZYYGJ0iFmdQgfm8L/oVUsoFKhdFXK1S4XcWTAITgCeYBAGdTABWiAJiDgBtyBB/Bo3Br3xpPxPG9dMhYzB+BHGS/vtKic/A==</latexit>

vc =
mv2k
qB2

Rc ⇥B

R2
c

<latexit sha1_base64="gjoCMiIDkyFxkK43cjuE1cid7wg="></latexit>



Velocity-Space Signature of Curvature Drift Acceleration
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Non-zero      needed for 
significant curvature drift 
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Accelerated electrons have 
2 . v?1/vte . 4
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Tail of the distribution 
Electron acceleration!

Velocity-space signature of Fermi Acceleration by the Curvature Drift
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Conclusions
• Turbulence, reconnection, and shocks govern energy flow in the heliosphere

- Understanding the mechanisms of particle energization in these proceesses is 
essential to develop a predictive understanding of the heliospheric evolution

• Full velocity-space information of 3D-3V phase space is often under-utilized
• The field-particle correlation method fully exploits velocity-space (single-point)

-  Velocity-space signature can be used to identify mechanisms of energization
- Quantify the rate of particle energization

A Rosetta Stone 
for Particle Energization 
in Heliospheric Plasmas

v ⊥
/v

t
p

v∥/vtp

v ⊥
/v

t
p

v∥/vtp

v ⊥
/v

t
p

v∥/vtp

-3 -2 -1 0 1 2 3
0

1

2

3

-6

-4

-2

0

2

4

6
10-32

v /vte||

v 
/v

te

C’E||

-2.0

0.0

2.0
⇥10�4

-1.0

0.0

1.0

⇥10�4



The End



Alternative Lagrangian Formulation

@ws(r,v, t)

@t
= �v ·rws � qs

v2

2
E · @fs

@v
� qs

c

v2

2
(v ⇥B) · @fs

@v
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Along particle trajectory in phase space . . . 

dws(r,v, t)

dt
=

@ws

@t
+ v ·rws + qs

✓
E+

1

c
v ⇥B

◆
· @ws

@v
= qsv ·Efs
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rate of change of phase-space 
energy density                   is 
force times velocity

ws(r,v, t)

<latexit sha1_base64="n5Jh+0DG51yEMoIqAfEpXo3qq3k=">AAACBXicdVDLSsNAFJ3UV62vqEtdDBahQilJDG3dFdy4cFHBPqANZTKdtEMnD2YmlRK6ceOvuHGhiFv/wZ1/46QPUNEDFw7n3Mu997gRo0IaxqeWWVldW9/Ibua2tnd29/T9g6YIY45JA4cs5G0XCcJoQBqSSkbaESfIdxlpuaPL1G+NCRc0DG7lJCKOjwYB9ShGUkk9/fiuJwpdH8mh6yV8WlzS8bQoz3p63ihdVMuWXYZGyTAqpmWmxKrY5zY0lZIiDxao9/SPbj/EsU8CiRkSomMakXQSxCXFjExz3ViQCOERGpCOogHyiXCS2RdTeKqUPvRCriqQcKZ+n0iQL8TEd1VneqT47aXiX14nll7VSWgQxZIEeL7IixmUIUwjgX3KCZZsogjCnKpbIR4ijrBUweVUCMtP4f+kaZVMu2Tf2Pna9SKOLDgCJ6AATFABNXAF6qABMLgHj+AZvGgP2pP2qr3NWzPaYuYQ/ID2/gX9vZjw</latexit>

dW

dt
= F · v = (qE) · v

<latexit sha1_base64="WQDNz1JIevm96wMDLJSmRC2TxHU=">AAACNnicbVDLSgMxFM34rPVVdekmWIS6KTNS0E2hIIoLhQr2AZ1SMplMG5p5mNwplGG+yo3f4a4bF4q49RNMHxRtPRA4nHMuufc4keAKTHNkrKyurW9sZray2zu7e/u5g8O6CmNJWY2GIpRNhygmeMBqwEGwZiQZ8R3BGk7/auw3BkwqHgaPMIxY2yfdgHucEtBSJ3dve5LQxG2kiQtpGds+gZ7jJTcptqkbwlwYpLiMC/hpLlynZ0uRTi5vFs0J8DKxZiSPZqh2cq+2G9LYZwFQQZRqWWYE7YRI4FSwNGvHikWE9kmXtTQNiM9UO5mcneJTrbjYC6V+AeCJ+nsiIb5SQ9/RyfGGatEbi/95rRi8y3bCgygGFtDpR14sMIR43CF2uWQUxFATQiXXu2LaI7pH0E1ndQnW4snLpH5etErF0kMpX7mb1ZFBx+gEFZCFLlAF3aIqqiGKntEIvaMP48V4Mz6Nr2l0xZjNHKE/ML5/ACH6rDA=</latexit>

Compare to Eulerian Form



Analysis of Magnetosheath Turbulence with MMS
MMS Observations of Magnetosheath Turbulence (Chen, Klein, & Howes, 

Nature Comm., 10:740, 2019)Plasma parameters: �i = 0.80
<latexit sha1_base64="sKqBJYqHHCB5DacxXA5u541CxK8=">AAAB8nicbVC7SgNBFL0bXzG+opY2g0GxWiY2xkII2FhYRHCTQHYJs5PZZMjs7DIzK4Ylv2FjoWLrR/gNdv6Nk0ehiQcuHM65l3vvCVPBtcH42ymsrK6tbxQ3S1vbO7t75f2Dpk4yRZlHE5Godkg0E1wyz3AjWDtVjMShYK1weD3xWw9MaZ7IezNKWRCTvuQRp8RYyfdDZkiXX2G3hrvlCnbxFGiZVOekUj9tPn4CQKNb/vJ7Cc1iJg0VROtOFacmyIkynAo2LvmZZimhQ9JnHUsliZkO8unNY3RilR6KEmVLGjRVf0/kJNZ6FIe2MyZmoBe9ifif18lMVAtyLtPMMElni6JMIJOgSQCoxxWjRowsIVRxeyuiA6IINTamkg2huvjyMvHO3UsX39kwbmGGIhzBMZxBFS6gDjfQAA8opPAEL/DqZM6z8+a8z1oLznzmEP7A+fgBn6OSgg==</latexit><latexit sha1_base64="+DBYwWSTnT5g8AJwdtBEejRsoVk=">AAAB8nicbVBNS8NAEN2o1Vq/qh69BIvixbDxYj0oBS8ePFQwbaEJZbOdtEs3m7C7EUvo3/DiQcWrP8Lf4M1/4/bjoK0PBh7vzTAzL0w5Uxrjb2tpeaWwulZcL21sbm3vlHf3GirJJAWPJjyRrZAo4EyAp5nm0EolkDjk0AwH12O/+QBSsUTc62EKQUx6gkWMEm0k3w9Bkw67xE4Vd8oV7OAJ7EXizkildtx4/CxcndY75S+/m9AsBqEpJ0q1XZzqICdSM8phVPIzBSmhA9KDtqGCxKCCfHLzyD4ySteOEmlKaHui/p7ISazUMA5NZ0x0X817Y/E/r53pqBrkTKSZBkGni6KM2zqxxwHYXSaBaj40hFDJzK027RNJqDYxlUwI7vzLi8Q7cy4cfGfCuEVTFNEBOkQnyEXnqIZuUB15iKIUPaEX9Gpl1rP1Zr1PW5es2cw++gPr4wc0upLy</latexit><latexit sha1_base64="+DBYwWSTnT5g8AJwdtBEejRsoVk=">AAAB8nicbVBNS8NAEN2o1Vq/qh69BIvixbDxYj0oBS8ePFQwbaEJZbOdtEs3m7C7EUvo3/DiQcWrP8Lf4M1/4/bjoK0PBh7vzTAzL0w5Uxrjb2tpeaWwulZcL21sbm3vlHf3GirJJAWPJjyRrZAo4EyAp5nm0EolkDjk0AwH12O/+QBSsUTc62EKQUx6gkWMEm0k3w9Bkw67xE4Vd8oV7OAJ7EXizkildtx4/CxcndY75S+/m9AsBqEpJ0q1XZzqICdSM8phVPIzBSmhA9KDtqGCxKCCfHLzyD4ySteOEmlKaHui/p7ISazUMA5NZ0x0X817Y/E/r53pqBrkTKSZBkGni6KM2zqxxwHYXSaBaj40hFDJzK027RNJqDYxlUwI7vzLi8Q7cy4cfGfCuEVTFNEBOkQnyEXnqIZuUB15iKIUPaEX9Gpl1rP1Zr1PW5es2cw++gPr4wc0upLy</latexit>

Ti/Te = 10
<latexit sha1_base64="S+NgmjjieHmA3wyeT3hpJc4H+wg=">AAAB8HicbVA9SwNBEJ2LXzF+RS1tDoNgIfHORi2EgI2FRYScCSbnsbeZJEv29o7dPSEc+Q02NhYqtv4Kf4Od/8bNR6GJDwYe780wMy9MOFPacb6t3MLi0vJKfrWwtr6xuVXc3rlVcSopejTmsWyERCFnAj3NNMdGIpFEIcd62L8c+fUHlIrFoqYHCfoR6QrWYZRoI93VAnZcC/DCdYJiySk7Y9jzxJ2SUuXo8f4TAKpB8avVjmkaodCUE6WarpNoPyNSM8pxWGilChNC+6SLTUMFiVD52fjioX1glLbdiaUpoe2x+nsiI5FSgyg0nRHRPTXrjcT/vGaqO2d+xkSSahR0sqiTclvH9uh9u80kUs0HhhAqmbnVpj0iCdUmpIIJwZ19eZ54J+XzsnNjwriGCfKwB/twCC6cQgWuoAoeUBDwBC/wainr2Xqz3ietOWs6swt/YH38AFlDkdE=</latexit><latexit sha1_base64="17pbj2MKryy4UrKKPaBs3HpeQfU=">AAAB8HicbVA9SwNBEN2LXzFGjVraLAbBQuKdjVoIARsLiwg5E0zOY28zlyzZ2zt294Rw5DfY2Fio2Io/xNrOf+Pmo9DEBwOP92aYmRcknClt299WbmFxaXklv1pYK65vbJa2tm9UnEoKLo15LJsBUcCZAFczzaGZSCBRwKER9C9GfuMepGKxqOtBAl5EuoKFjBJtpNu6z47qPpw7tl8q2xV7DDxPnCkpVw8f7j6L6qPml77anZimEQhNOVGq5diJ9jIiNaMchoV2qiAhtE+60DJUkAiUl40vHuJ9o3RwGEtTQuOx+nsiI5FSgygwnRHRPTXrjcT/vFaqw1MvYyJJNQg6WRSmHOsYj97HHSaBaj4whFDJzK2Y9ogkVJuQCiYEZ/bleeIeV84q9rUJ4wpNkEe7aA8dIAedoCq6RDXkIooEekTP6MVS1pP1ar1NWnPWdGYH/YH1/gPxsZME</latexit><latexit sha1_base64="17pbj2MKryy4UrKKPaBs3HpeQfU=">AAAB8HicbVA9SwNBEN2LXzFGjVraLAbBQuKdjVoIARsLiwg5E0zOY28zlyzZ2zt294Rw5DfY2Fio2Io/xNrOf+Pmo9DEBwOP92aYmRcknClt299WbmFxaXklv1pYK65vbJa2tm9UnEoKLo15LJsBUcCZAFczzaGZSCBRwKER9C9GfuMepGKxqOtBAl5EuoKFjBJtpNu6z47qPpw7tl8q2xV7DDxPnCkpVw8f7j6L6qPml77anZimEQhNOVGq5diJ9jIiNaMchoV2qiAhtE+60DJUkAiUl40vHuJ9o3RwGEtTQuOx+nsiI5FSgygwnRHRPTXrjcT/vFaqw1MvYyJJNQg6WRSmHOsYj97HHSaBaj4whFDJzK2Y9ogkVJuQCiYEZ/bleeIeV84q9rUJ4wpNkEe7aA8dIAedoCq6RDXkIooEekTP6MVS1pP1ar1NWnPWdGYH/YH1/gPxsZME</latexit>

Field-particle correlation 
for electrons

70 s interval First definitive evidence of 
electron Landau damping in space!


