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The LTE “Fluid” Approach

+ Fluid in local thermodynamic equilibrium (LTE) <
there is a well-defined local temperature

- In LTE, energy conversion is adiabatic (p/p? = constant)

* Near LTE, departure from LTE is small

A * Viscosity and resistivity cause irreversible conversion

into internal energy, conduction transports energy

1. Uses of LTE/near-LTE fluid models:

* Plasma/MHD waves, MHD instabilities,
Shocks (Rankine-Hugoniot), Reconnection
(Sweet-Parker), turbulence (Kolmogorov), ...

www.youtube.com/watch?v=a-_iuXROFCU
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Energy Conversion in near-LTE Fluid Model, |,

Lt Ep = (1/2)mengu? ot

- = = Internal energy density O int
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D, is pressure, m is constituent mass, g, is charge, v, is ratio of specific heats):

Electromagnetic energy density O e
Egm = E°/8m + B* /87 ot tves=-J.B
Bulk flow energy density 0k

+ V- (gak:ua) — —Ug - VPU + qoNoUs - E + RU,COH

'gain o) — —Po * Uy 'aco
ga,int:pa/(’}/g—1> Ot +V ( ; tu) | p V-u '+Q, 11

The first law of | dWU_dQU
thermodynamics! At T dt
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What Does LTE Mean? ]
m 1D Phase Spdﬁp fi\
pp AT i
- Phase space density f_(r, v, f) = number density 1 _
In phase space, i.e., position r, velocity v space i v v
N AIAEEAR
e, gk Av | : :
0 W Te, f (r],Vk;) j . . 5 .
r, # 3 3
lrelne L[Ny Ny| e | N ||
AR : -. InLTE , =1, B @ Maxwell-Boltzmann distribution 1 2 - j e X
H::_-::: m 3/2 ,
RTINS — L Mo (v—uo)®/2kpTs o
. t::“‘“ti‘ fO'aMB n (27TkBTo') € i fJ,MB
"« Temperature T is related to internal S
energy per particle E_ ;.. = (3/2)kgT, :
1 .
o,int — T /dgv (§ma vV = ud) ) fa,MB "'".'.'ﬂ:f' p !
Mohazzabi and QS}fmankZi JAMP, 2018



What Does non-LTE Mean?

Earth’s Magnetopause (MMS)

Electron Outflow
(parallel crescent)

Out-of-Plane Current
{perpendicular crescent)
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Why are Plasmas not in LTE?

Collisionless Magnetic Reconnection

NASA's Scientific Visualization Studio and Yi-Hsin Liu .

. Collisionless Shock
Collisions

weak or absent (high temperature, low density)
act differently on different species (low temperature)

Anisotropies, particle trapping, finite-Larmor radius
effects, non-thermal heating, ...

(Howes, PoP, 2017; Matthaeus, ApJ, 2020; Alvarez
Laguna et al., PoP, 2022)

NASA's Scientific Visualization Studio 9



Overview

* Non-LTE plasmas - description using kinetic theory

* Review of three approaches to understanding evolution
of non-LTE systems

* Pressure-strain interaction:
bulk flow energy <> internal energy
(e.g., Yang et al., Phys. Plasmas, 24, 072306, 2017)

* Field-particle interaction:
electromagnetic field energy <> particle energy
(Klein and Howes, Astrophys. J. Lett., 826, L30, 2016)

* Entropic approach: all non-LTE evolution
(Cassak et al., Phys. Rev. Lett., 130, 085201, 2023)

* Open questions

Bow shock in:
fluid simulation

' u wwsusry 19
LE:1L:

https://www.bu.edu/tech/support/research/whats-
happening/highlights/spaceweather/

... and kinetic simulation

Goodrlch et aI Front Astron. Space Sci, 2023 10
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Kinetic Theory - How does f_ Evolve’?

A statistical theory of plasmas

Use velocities v and forces F  with
Newton’s 2nd law to find where the
particles N, ; move in a small time dt,

and therefore how f_ changes in time

The Boltzmann equation (1872)
fs F, _
8t TV vfa m., ‘vvfa_c[f}

C[f] is an operator describing collisions
Here, we leave C[ f] unspecified

kIN |N. | - ]\[jk

1k 2k

2 |N,| N, - | N

2
1 Nn N21 Nj1
1 2 ] - X

Liang et al., PoP, 2019

Weitere Studien dber das Wirmegleichgewicht unter Gas-
molekiilen.

Von Lundwig Boltzmann in Graz.

(Mit ¥ Hoizschoitten.)

Norgelegt in der Sitzung am 10, October 1872.)
of W O Y,
9?4_"'6},-'"}_43;"*- Py +YB£ —|—YBT‘ | JBC—!— 14)
[ dw, Thddh [ doV(ff,—~["f1)=0
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Velocity moments of fo_ give the bulk properties V

N, |N N
Oth moment: P . 1| Vo I
Number density na(r, ) _ Ufo-(r,v, ) 0 N - :
1st moment: 1 3 2N |N, | .. |N

: u,(r,t) = /d v fo(r,v,t) 12]""2

Bulk flow velocity ng(r, t) AEACASE
2nd moment: 3 :
Pressure tensor, Py ik = /d VMg (Uj — ugj)(vk — Uk ) fo 1 2
Pa,jk = nakBTa,jk Liang et al., PoP, 2019
3rd moment: 3
Tensor heat flux Qo jki = /d it (Uj — uaj)(vk — Uok) (V1 — Uql) fo

Note, it can take an infinite number of fluid

moments to describe the shape of f |

Fluid Description From Kinetic Theory

|

7 .

12
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Temperature in Kinetic Theory?!? =7/
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- Temperature TG is not well-defined for a system not in LTE,
but internal energy per particle E_ ;. is! I

= -+ Can then define the “effective temperature” > according to

+H 3

ngiagifen Ea,int — ikB’]’a

o - Itis temperature if f, were changed to be in LTE with the same E_;

- “Maxwellianized” distribution f_,, (Grad, J. Soc. Indust. Appl. Math.,1965):




Energy Conversion via Fluid Moments

2nd moments of Boltzmann equation for species o gives kinetic theory generalizations
of the fluid energy equations (e.g., Braginskii, Rev. Plasma Phys., 1965)

o0& L
ko N v (5k:aua +P,-u,) = (P, - v) ‘U, +J, - E4+ R Bulk }(lnetlc energy
ot density equation
8ga,int . Internal energy
ot +V- (ngU,int> — _(PU ’ v) Uy — V- qo + naQU,coll,inter density equation

where J, =g n,u,

Also have Poynting’s theorem:

OEEMm
ot
V - terms & energy transport

coll terms < energy conversion/transport via collisions
J, - E © rate of energy density conversion between species ¢ and the electromagnetic field

+V-S=-J-E

14
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Energy Conversion via Fluid Moments., "/,
Y
2nd moments of Boltzmann equation for species ¢ gives kinetic theory generalizations
of the fluid energy equations (e.g., Braginskii, Rev. Plasma Phys., 1965)
o0& o
ko N v (&wua +P,-u,) = (P, - v) Uy +J, - E+ R Bulk }(lnetlc energy
ot density equation
8ga,int . Internal energy
ot +V- (11050 1nt) (P v) U, — V- qo + naQU,coll,inter density equation
— (P, - V) - u, = “pressure-strain interaction” = energy density conversion rate between bulk
kinetic energy and internal energy (Del Sarto et al., PRE, 2016; Yang et al., PRE/PoP, 2017)
It is collisionless; collisions bring in viscosity, resistivity, conductivity, etc.
Commonly decomposed into compressible and incompressible parts (pressure dilatation, “Pi-D”)
—(Ps V) -u, = =Po(V-us) — s jk Do jk
In magnetized plasma (fusion), Pi-D is “gyro-viscosity” (e.g., Hazeltine et al., PoP, 2013)
In a closed collisionless system, the pressure-strain interaction
PoP, 2017) 15

describes the net internal energy change (Yang et al.,



Physics of Pressure-Strain Interaction, /.

* Fluid interpretation (Del Sarto and Pegoraro, MNRAS, 2018; Cassak and Barbhuiya, PoP, 2022)

Pi—D, =Pi— Dcr,normal + Pi— Da,shear
ou ou ou
P. - Da normal — — Ha’ aco:ﬂ Ha —Y Hcr zzﬂ

: Qg | Oug
Pi— Da,shear = - lPa,wy ( ay7 + ax’y>

ou ou ou ou
Pa " o,x 0,z o o,y o,z
o, < 0z * Ox )+P’y < 0z * Oy )]

- Kinetic interpretation (Cassak and Barbhuiya, PoP, 2022): example of =P, (V - us), Pi — D, normal

_PU(V . ua_) Fi — Dyormal Pi— Dyhear

16



Pressure-Strain in Observatlons/S|muIat|oris,

Magnetosheath Turbulence
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Magnetosheath Reconnection

30 || i) e

& 0 .piel ple “—_ Compressive
E 10} [l heating dominant
=

)

Electron

ol o — gl —.na'll:rg? .
05:32:31 05:32:32 05:32:33
2017-01-28 UTC
Bandyopadhyay et al., PoP, 2021

Pressure-strain interaction can be > 0 or < 0 (unlike viscosity);
we can identify fluid physics causing the energy conversion
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non-LTE Energy Conversion and
the First Law of Thermodynamics .

Pressure dilatation “Pi-D” He(?itlgggeiigsﬂy Interspecies
ive heating/ | ressible ’ iSi
Compressive heating/ Incompressib TR A i coII_|S|onaI
heating rate

expansive cooling Deformation -
non-Maxwellianity
A A
\ [ 1

| A
I ||

dE, ” ‘
it _PO'(V . ua) _ HJ,jkDJ,jk -V qo + ngQa,coll,inter

7 dt \ //

dW, dQ, .
j I A1 — Ccft IQJ,Coll,inter

This is the non-LTE generalization of the first law of thermodynamics!
18




Advantages/Disadvantages s

* Advantages
* Fluid moments are easier to interpret
 Readily calculable with kinetic simulations: particle-in-cell, Vlasov/Boltzmann, and hybrid

re, 2 - Now measurable with state-of-the-art spacecraft: NASA’s
AL Magnetospheric MultiScale (MMS) mission (Burch et al., SSR, 2016)

. - Disadvantages

| ~ * “Closure problem”: fluid moment equations

et do not close without assumptions

. * Interpretation of the physical cause for the

energy conversion is ambiguous

- Multiple mechanisms can produce J - Eor—(P_- V) - u,
* It is often important to distinguish between energy conversion mechanisms —

we have to understand energy conversion as a function of f,!

19



Energy Conversion in Kinetic Theory

Field-particle interaction approach (Klein and Howes, ApJL, 2016)
Particle energy per unit phase space volume w_ is
1

We = §m0'/02f0'

w, evolves according to

2

ow,, 1, 4oV vxB I
It + V- (ﬁma?} Vfa'> + 9 <E+ - ) vvfa - 2mdv C[f]

\ J \ ) | J
1 Y I

Energy flux Field-particle interaction Collisions

Velocity space integral of field-particle interaction termis J . - E

The field-particle interaction term describes energy conversion rate
between fields and particles of species ¢ per phase space volume

20



Field-Particle Interaction

Can identify not just the location of energy conversion but where in velocity space it occurs!
Crucial to identify the kinetic mechanism of the energy conversion
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Example - Landau damping

Energy conversion causing the damping is by particles near the phase speed of
the wave resonantly gaining energy from the effectively DC electric field

Plasma Wave Physics

+ — = 4 + — —+— +

+— — — + —p — —
— - —  —p —— 4
+ — — 4 + P — — +

https://www.jeol.com/words/
emterms/20121023.060058.php#gsc.tab=0

3
Landau Damping Physics x10 )

Perera et al., Poster BP11.00084

Field-Particle Interaction

(c) ’s

SRR EER PR MR A P mta
N N R EEEEEESET] .I::E;:i.:..‘.‘..-' ED
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Klein and Howes, ApJL, 2016 21



Field-Particle in Observatlons/S|muIat
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Going Beyond Energy?
Energy evolution is described by the second moment of f
The fundamental quantity in kinetic theory is f

When not in LTE, there can be
infinitely many moments of f !
Burch et al., Science, 2016

Any moment can change as f, evolves!

Is there a reason we care
about the 2nd moment ...
but not the 47th?!1?

b

We argue a complete description of the
dynamics requires all moments of f
Goldman et al., JGR, 2020
23




An Entropic Approach

* Potential approaches

- Direct study of f, using Vlasov/Boltzmann equation - hard!

» Study of fluid equations of all moments - closure problem!

* Perturbative approach, such as Chapman-Enskog, Onsager relations,

Grad 13-moment model/Extended Irreversible Thermodynamics

(EIT), gyrokinetics - only formally valid for weakly non-LTE systems

* Entropic approach

- Entropy S, in kinetic theory is related to the number W

of microstates equivalent to a given macrostate, S, = kzln W

- Boltzmann derived kinetic entropy density s for a system with
fixed number of particles NV, (e.g., Bellan’s plasma textbook):

S, = /sad?"r,

sa:—kB/faln<

fA3r, A3,

No

) d>v

Photo taken by author

le N2k Njk
le sz sz
N11 N21 le N
1 2 Jo X

Liang et al., PoP, 2019
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“Relative Entropy” and Higher Order Momen
( Y

Entropy contains information about all the “internal” moments of f_ (moments of powers of

Consider the “relative entropy’

\J

o
*--;

x”x

AR
\\lff

fu

SA3r A3,
sU:—kB/fU n(f N, )d?’u
Grad, J. Soc. Indust. Appl. Math., 1965)

Sa,rel (

So,rel — _kB /fa In <f_0) d3/U
foM
Related to “Kullback-Leibler divergence” (Kullback and Leibler, Ann. Math. Statist., 1951)
' ' oM

in information theory
Measures statistical separation between distribution f, and a reference distribution f,
1 < O0'if not (Grad, J. Soc. Indust. Appl. Math., 1965)

= 0if f, is Maxwellian and s, .

So.rel =
It is a measure of non-Maxwellianity of f_

There are other non-Maxwellianity measures (Kaufmann and Paterson, JGR, 2009
PRL, 2017; Liang et al., JPP, 2020)

PRE, 2012; Servidio et al.,
25

Greco et al.,



Example - Landau Damping

* Entropy conversion in a 1D traveling

plasma wave with charge neutralizing ions

+ Conservation of energy gives final
temperature (known since 1960s)

+ Conservation of entropy gives the final
position space, velocity space, and

relative entropies (Perera et al., in prep)

 Validated as a function of density
perturbation in 1D-1V PIC simulations

« See also Celebre et al., PoP, 2023
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Perera et al., in prep
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- Time derivative of s, .| quantifies the rate at which
the shape of f, changes (Cassak et al., PRL, 2023)

d(85,re1/No) <0 Evolving towards LTE
dt (thermalizing)

d(So rel/No) <0 Evolving away from LTE
dt (more non-thermal)

* We defined “Higher ORder Non-Equilibrium Terms” (HORNET)

P, yorngT With dimensions of power density (Barbhuiya et al.,

PRE, submitted)

d So,rel
Pa — oo, ’
JHORNET N dt( )

Ng

- Ifinitial . is in LTE and final £ is not in LTE,

P, yorngT Quantifies how non-adiabatic the process is

+ Can make direct comparison with power densities,
such as J, - E and pressure-strain interaction

f - I,
- -'-:,.:} I\
Time Evolution of Relative Entropy %0

" (k)
5 5

AP photo by Quinlyn Baine / Washington State Departm&n}
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Examples - Reconnection & Turbulence m

'|‘||'l-‘

'l||_|.“

*
i'.lll.l

2D collisionless particle-in-cell
simulations of magnetic
reconnection and decaying
plasma turbulence

(Barbhuiya et al., submitted)

Results:

In reconnection, HORNET
has the sign expected from
knowledge of evolution of f

* HORNET can be locally
important, but the net is
small when integrated over
the electron diffusion region

In turbulence simulation,
system average can be up
to 67% of power densities!

* Non-LTE effects can be
dynamically significant!
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Kinetic Entropy Evolution

Evolution equations for s, (e.g., Eyink, PRX, 2018) and s,/n, (Eu, JCP, 1995; Cassak et al., PRL, 2023):

0S4 d (s V- '
th Sa,coll

+V- =5 — | + =
8t jo o,coll dt Ty no
sea,, A trick: decompose s, into 2 terms, s_p and s, (Mouhot & V|IIan|, Acta Math, 2011; Liang et al., PoP, 2019):
S - : ”4‘ 3
LIRS M 5717 Asy
Sop = —kpngIn (T) S,y :—k:B/fgln<fU o\ Bu
‘ll‘_*‘-' ".‘p - : g no'
A - %7 and decompose s,,/n, into two terms:
: :"“;*-4: ': : : S Ag’l) S

"] . 1,"" '\.* ;r : UV7€ = _kB fa (faM U) d3’U <k rel = / fU ( ) dSU

na® ‘i‘ “‘..‘ nO‘ nO’ nO’ fO'M

" et After suitable decomposition of J -and S4.coll» top right equation becomes
dW, dQ, dQ
o,rel
—|— —|— dt — dt —|— d —|_ QO‘ coll, 1nter—|_QU coll,rel

The entropy equation contains the non-LTE generalization of the first law of thermodynamics (and more!) 59
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- Interpretation 1: In the gyrokinetic limit (Schekochihin et al., ApJS, 2009), s, . is proportional e ——
to the “free energy” (Cassak et al., PRL, 2023, Celebre et al., PoP, 2023)
- Interpretation 2: Subtract out the non-LTE generalization of the first law of thermodynamics: o et

dEO- rel dQO‘ rel dEO’ rel

? pu— —l— ) B d(SGV rel /nU Changing the effective temperatu,
o =+ Qo coll el —odl 7, Sy e s s,

* First law of thermodynamics describes energy conversion; this equation supplements
the first law for non-LTE systems, describing the time evolution the shape of £

Changing the higher order momentg ‘
Interpretation 3: Combine the “relative” terms with their non-LTE thermodynamic counterparts, o (
and an,gen =dQ,+dQ,

(1) First Law of Thermodynamics (b} First Law of Kinetic Theory
AW, | dEpiwm _ dQs Wy | 4, g _ 1Qosen 5
dWO. dQU gen _r!:"'l ) .."”.:u'.:. —i:rf' (5_:;? ralize :!d-" sat dQ, " C sions
dt —|— QO’ coll l :
* Interpret the first law of thermodynamics in LTE as linking the evolution of all the / \

internal moments necessary to describe the system (n, <> dW,, T, < dE,;);

then this expression generalizes the first law of thermodynamics for non-LTE - -

systems that can in principle have an infinite number of internal moments Thermodynamic Work Goneralzedwor

|I moment ¢

- We call it “the first law of kinetic theory” (Cassak et al., PRL, 2023) Cassak et al. PR'— 2023

- First principles, only assumption is that V, is conserved, valid arbitrarily far from LTE, avoids the “closure problem”

30
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Putting It All Together: PS, FPI, & HORNET
1
PUTRIN L g Y !
'Uz t=0 f 'Uz ll'.':-“'U ‘~w~‘;~ Asymmetry infg
parallel to E =

net positive energy
conversion from
EM to bulk kinetic

—(P,-V)-u,> 0= flow

" r . s "'_'
AT vl t=0 v, e

« = " " mom f f f .
PRSI e : convergence broadens f,
"'.:-.‘ Soa s Tmeeeees ‘r' - Vg ---. seses Py = '. Feeeneees ) internal energy increases

. % u = i

TR ~ .
"t *‘ uy >0 ty = () uy <0 - P, norner < 0= f; evolving
- <0 = >0 towards Maxwellianity

We’re developing the ability to understand energy conversion and
phase space density evolution at the phase space density-level
31
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Open Questions
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Can the absolute and relative energy conversion metrics and HORNET
be predicted/understood for different ambient plasma parameters and
for different physical phenomena? (e.g., Conley et al., JPP, 2023)

How do the microphysical non-LTE effects described here fit in
to meso-scale and macro-scale dynamics? Can non-LTE effects
be captured as fluid closures, such as through machine learning?

What are the role of body forces in changing internal energy?

How does one relax the assumption about the number of particles being
conserved? Seems necessary for applications to low temperature plasmas!

Are the metrics accessible to observational or experimental scrutiny?

* MMS has been used to measure field-particle correlation (Chen et al.,
Nat. Comm., 2019) and pressure-strain interaction (numerous studies)

* Pressure-strain at ion/MHD scales will be measured by NASA’s HelioSwarm

* MMS has sufficient spatio-temporal resolution to directly measure
kinetic entropy reasonably well (Argall et al., PoP, 2022; Lindberg et al.,
Entropy, 2022; Agapitov et al., arXiv, 2023)

* These observations did not include relative entropy
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Open Questions
£
Figg
How can non-LTE approaches describe power-law distributions from Many body simul

'|‘||'l-‘

L]

*
*'ll|l-".

particle acceleration? It was recently addressed using entropic approach by

fi‘* : 5
Zhdankin (PRX, 2022; J Phys A 2023) ‘

How do collisions modify non-LTE energy conversion and produce
irreversible dissipation (e.g., Pezzi et al., PoP, 2019; Matthaeus et al.,
ApJ, 2020; Pezzi et al., MNRAS, 2021; Celebre et al., PoP, 2023)?

: /z’;ﬁm 52, LRI ,‘ T A “L\-
How does entropic approach work for systems for which LTE distributions fps://philippos.inte/nbody/
are not the best reference distributions (e.g., Lynden-Bell, MNRAS, 1967;

Eu, JCP, 1995; Livadiotis, Europhys. Lett., 2018)?

lement

Quantum Entan

Can the entropic approach be applied outside
of plasma physics that employ kinetic theory?

+ Jeans equation for stellar dynamics in galaxies, many body simulations
of astrophysical systems, molecular dynamics simulations of micro-

and nano-fluids for chemical and biological systems Mark Garlick/Science Photo Library/Getty Images

Thank you!33

* There is an analogous result for quantum statistical mechanics with
applications to entanglement (Floerchinger and Haas, PRE, 2020)



