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OUTLINE

» “Dissipation” in Plasmas

>

Kinetic Entropy as a Diagnostic of Plasma Dissipation

Implementation and Validation of Kinetic Entropy
into Fully-Kinetic Particle-in-Cell (PIC) Simulations

Decomposition of Kinetic Entropy into Position Space
and Velocity Space Kinetic Entropies

Entropy-Based Non-Maxwellianity Measure and Uses

Towards Comparisons with Observational (MMS) Data

Boltzmann’s gravestone
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DISSIPATION IN (COLLISIONAL) FLUID PLASMAS

» Dissipation is a critical feature of shocks, reconnection, and turbulence

» In the (collisional) fluid description, the dissipation

mechanism is relatively straight-forward: viscosity 2223551235?1//1 aslfﬁtdr;]fl‘asa-go"/
and/or resistivity dissipate energy in boundary layers B 94k 233501 UT
» Turbulence is interesting - boundary layer physics is not Axso
likely straight diffusion; reconnection happens instead :°
(Servidio et al., 2009, 2010, 2011; Donato et al., 2012, 50
Haggerty et al., 2017; Shay et al., 2018) o

-100 ~50 0 50 100
X (arcsecs)

Reconnection: https://aasnova.org/

» Models of this are being developed (Mallet et al., 2017;
Loureiro and Boldyrev, 2017; Cerri et al., 2018)

» | All these dissipation processes are completely irreversible! n
= = = =

2016/05/1 8/reconnection-on-thesun/

Turbulence: Dobbie et al., 2009
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“DISSIPATION™ IN KINETIC THEORY

» Many heliospheric, planetary, and astrophysical systems
are “nearly collisionless” - what takes the place of
viscosity and resistivity in a such systems?

» What does dissipation mean in collisionless systems? Not just an
increase in temperature! Does it have to be irreversible?

https://magnetospheres.sciencesconf.
» A number of collisionless energy conversion/dissipation mechanisms org/resource/page/id/1
have been discussed (e.g., Vaivads et al., 2016):
» Resonant wave-particle interactions (Landau damping, cyclotron damping)

» Non-resonant wave-particle interactions (stochastic heating)

» Coherent structures (direct acceleration, reconnection, magnetic islands)

» Diffusive shock acceleration "
https://www.plasmas.org/

space-astrophys.htm
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KINETIC PHYSICS IN MMS OBSERVATIONS

» Kinetic scale dissipation is now accessible to MMS satellite observations

(a) _ :_ Ifterval 1 Interval 2 ! 4 (d) 10 T
E
W S 40F 4
E 20 3 < 10™
o i " e 1 3 ‘g /
+ @ \
BT

(b) soF A BT C ETTETTS ) >
3 E
w> 0 o
= @0 g 1 1
T ] L B S 10 3111150
05:28:30 2 ; p anti-para  W(eV) paralle

Chen etal., 2018

» Shock (Chen et al., 2018) - Electrons accelerated by electric '
field in whistler, thermalize via current-driven instability

» Reconnection (Burch et al., 2016) - Electrons accelerated
by out-of-plane electric field at dayside magnetopause

» Turbulence (Chen et al., 2019) - Landau damping of
kinetic Alfvén wave turbulence in magnetosheath

130702160 UT  13.07.02190UT 130702220 UT 13:07:02250 UT  13:07:02.280 UT
2015 October 16

Burch et al., 2016

0
V0,6

0

V1/oune

Chen et al., 2019
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WHAT QUANTITIES ARE USED TO IDENTIFY DISSIPATION/ENERGY CONVERSION?

» Recent examples

»

»

Zenitani “dissipation” parameter, D, = J - (E + 7. x B) (Zenitani etal., 2011)

|Pler — Plea|

> Aunai et al. (2013) D
PJ_el + PJ_eZ

Agyrotropy: Scudder and Daughton (2008) A@, = 2

P2 P2 P2
Swisdak (2016) /@ = \/ 11§;+ ;;IP”%

The pressure-strain rate term in energy equation Pi-D, (Yang et al., 2017)
or the negative of it (Sitnov et al., 2018) Pij = pdij + 1, D;; = Si; %&-jv v

Greco et al. (2012) - mean squared deviation between the .
distribution function f and the “Maxwellianized"” distribution function f,,, ﬁ\// d3o(f — fur)?

Servidio et al. (2017) - Expand distribution function in Hermite polynomials, then take mean
square deviation from Maxwellian () = me,,,m(,,) ault] =ﬂe—(u—uw2va, Q) _/ 520, P = 3 [fm())?

2"mly/mvy, m>0
Conversion of electric field energy to particle energy through the relevant term in the Vlasov equatlon

(Klein and Howes, 2016); energy density w, = = v Vw, — qs E. gf-q} (va).%'
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CAN ANY QUANTITY UNIQUELY IDENTIFY DISSIPATION?

» All these quantities can be non-zero for perfectly reversible systems!

» Question - Is there a quantity that uniquely is associated with irreversible dissipation?
» Answer - Maybe! The (kinetic) entropy S = —kp /d37"d3vf In f

» The Boltzmann H-theorem: start with the Boltzmann equation

E+7xB
g—{+ﬁ.Vf+q( T0x5)

» Use it to calculate d.S/dr: % = —kp /d3rd3v0(f) In f

-Vof =C(f) C(f) = collision operator

» Thus, if there are no collisions, entropy is perfectly conserved (for a closed system)
» For a suitably defined collision operator, — > ()
» Entropy is used regularly in gyrokinetics, but is underutilized for fully kinetic (PIC) studies
» Important because weakly collisionless systems can have strongly non-Maxwellian f’s

» Entropy and dissipation only linked in a closed system; real systems are not closed!

“Now, in the second law of thermodynamics . . . "

—_ |
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PHYSICAL INTERPRETATION OF ENTROPY IN KINETIC THEORY

» Follows from Boltzmann'’s description P o P
» “Combinatorial” kinetic entropy &S = kgln() !l o o ®
h b ol S=kpl 8! 4k
where Q = “permutation number” = =———— n_— =~
P I, V! RE
» As in statistical mechanics, Q is the number of ways to
arrange the "microstate” to produce a given “macrostate” Py .. o
» Macrostates with more microstates are more likely; associated with higher entropy C ) ()
» More evenly distributed systems have higher entropy S —knln 8!
—kgln —
! |
» In kinetic theory, permutations are not in position space, they are in phase space 80
v
» Letting Nji = f(r;, vi)dPrdv, massaging and‘ assuming IV;; > 1, and using the : : :
. . . . (. | 3 13 . . k| Ny | Ny Ny
Stirling approximation glves&S = —kp [ d°rd’vfIn f{, the “continuous” kinetic entropy :
< :
» When fis a Maxwellian, the kinetic descrlptlon reproduces the fluid entropy — o In ( Zl) N,| N, s
n P
1 N11 N21 il
Liang et al., submitted 1 2 j
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» Goal - study entropy in closed numerical systems; apply knowledge to real systems
» We implement (Liang et al., submitted) both the “continuous” and “combinatorial” forms of the
non-relativistic kinetic entropy into a particle-in-cell code (P3D, Zeiler et al., 2002) V|
» At each time step, find Nk, the number of macroparticles
in each phase space bin with velocity space grid Ay, k |N, N, Njk
using the algorithm’s shape function and particle weight
» For combinatorial kinetic entropy, one needs to define
2 N12 N22 N'2
number of real particles per macro-particle @; then Njk = CL./\/}]{; !
N11 N21 le
» For the continuous kinetic entropy, this is not necessary at : >
run-time; can take f — a fat the end to convert it to real units L2 J - X

Liang et al., submitted

» Av should be slightly less than the thermal speed, Ax should be sub-Debye scale

» Finally, calculate S = —kp /d3rd3vf Infand S =kp[In['(N+1)] — 3, In[['(N, + 1)]]
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VALIDATION OF ENTROPY DIAGNOSTIC IN PIC SIMULATIONS

8.0

» We initialize a 2.5D collisionless antiparallel reconnection 6.0
simulation with multiply periodic boundary conditions 4.0
and two sech -profile current sheets (Liang et al., submitted) z:z

» Initially plasmas have drifting Maxwellian distributions 15
with uniform temperatures (upstream 8 =0.2)and 7,/ T, =5 1.0
0.5

» Att = 0, the entropy density is exactly solvable 0.0

s(7) = _kB/d?’vf(F, D) In f (7, 7)] = 51 () = %kw(ﬁ ll +in (%)]

when f = fy (e) 8.0

Simulation
Theoretical

» Can use to confirm numerics!

» Att =0, kinetic entropy profile (a) looks similar to density profile (b)

» (c) Plot confirms combinatorial kinetic entropy is calculated properly; 0.0
continuous kinetic entroples also agree in approprlate limit (not shown) v-¥,) /4,

: Liang et al., submitted
3 Important agreementatt =0 does not |mp|y agreement at Iater times!
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CONSERVATION AND CONVERSION OF ENTROPY

» (a) Reconnection rate as a function of time,
showing typical evolution to a steady-state

» (b) Total / kinetic / electromagnetic energy
evolution; total is conserved well, conversion
from magnetic to kinetic occurs during reconnection

» (c) Evolution of combinatorial kinetic entropy S

“ » Total entropy is conserved quite well (~3%)

|
L » Increases slowly due to numerical effects

» Electrons gain higher fraction of entropy

» Not shown - If one uses few particles per grid cell, can
get reasonable reconnection rate but entropy goes bad;
important for studies of heating and acceleration!

—

Rate

—

Energy & Reconnection gy

Density

—
n‘

0)
N!

n

S(t) - S(t

_______

3 Electons
Total

4 lons

T———

10 20 30 40
t (Qci-1)

Liang et al., submitted
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DECOMPOSITION OF ENTROPY INTO POSITION AND VELOCITY SPACE ENTROPIES

» Kinetic entropy can be decomposed into position and velocity space entropies
(Liang et al., submitted; also discussed in Mouhot and Villani, 2011)

» Add and subtract a common term in the combinatorial kinetic entropy

S=kp |InN!'—) InN,!

J

+kp ) llan! — Zlank!]
k

J

» Each bracketed term has the same structure as total kinetic entropy

Sposition = ]CB In N! — Zlan'

J

» As before, can write continuous forms of posmon and veloaty space entropy

o N |
Lsposmon ﬂkB [Nln( Ag ) | / d3rn( 7) In n( f) lj -~ ty(m—k [”Wn( (f‘)) /d%f(F,U)ln f(m)]

ve1001ty Z kB lln N I — Z In Njk ]

Svelocnty /d Tsvelomty('r)
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PHYSICAL INTERPRETATION OF POSITION AND VELOCITY SPACE ENTROPIES

» The physics of the combinatorial position space kinetic entropy Sposition = k5 [In N! — Z In N;!
is due to interchange of particles in space without regard to velocity j

» The physics of the combinatorial velocity space kinetic entropy Syejocity = Z kp lln N;! — Z In Njk,!]
is due to interchanging velocities of particlesin a j k
particular spatial grid, then summing over all space

» Note, the entropy density s(¥) = _kB_[ d3vf(# 9)[Inf(#,7)] and the velocity space kinetic entropy density

A3p

» Physical interpretation - when particles are more evenly distributed, combinatorial kinetic entroov is higher

Svelocity (T") = kB ln(f’) In (n(f‘)) — /d?’vf(F, 7) In f (7, 17)] are not the same!!!

» Position space entropy - compression decreases it, expansion increases it
» Velocity space entropy - heating increases it, cooling decreases it

» E.g., heating due to adiabatic compression - position space entropy decreases
and velocity space entropy increases; sum is conserved for an adiabatic process

»q Can be useful in interpreting kinetic entropy in plasma systems! E
(- ) _ B
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CONSERVATION AND CONVERSION OF POSITION AND VELOCITY SPACE ENTROPIES

» Conversion (d, below) between position and (@l 41
= 0F
velocity entropy is observed for each species 22
(b)y- 4f
(d) 30 "2 Electrons: X 57
= 20 s5s — total i-zz
- 1.0 — velocity -4z
5% 0.0 e 2 Tonosttion (c)g 45
1 x -1.0 - o total —\\g__
S 20 1 o velocity T2/
S30E il 15 O POStion =4k
0 10 20 30 40 _ _ .
t (Qc’_-1) Liang et al., submitted

—_
o
-—

» Snapshots att =417 (a-c) and t = 35 (d-f) shown
to the right

—_—
()
—

» Reveal decrease of position space kinetic entropy
occurs in magnetic islands due to compression,

—_
—
=

(y'yo)/d, (y'yo)/d, (y'yo)/d,
 Abonvda Abona Adbona
TR TTPTTA T (R ITT TITpITTOR PR TR IO

as expected
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ENTROPY-BASED MEASURE OF NON-MAXWELLIANITY

» Find the local continuous kinetic entropy density based on the distribution function f:
(1) = ks [ d*f(77) i f(7, )
» The Maxwellianized fy has the same local density n, bulk flow «,

. . 3 . 2k (7
and temperature T as f; calculate the associated sum(7) = §k3n(r) [1 +1In (#3(%)”

» Dimensional normalized form:{M(m _ sm(r) - S(ﬁ}
, n(r)

» This form was used by Kaufmann and Paterson (2009) in studies of the
plasma sheet and Cerri et al. (2018) in the study of plasma turbulence

i

» Dimensionless normalized form (Liang et al., in prep):{/\?l(f‘) _ su(r) = S(j
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ENTROPY-BASED NON-MAXWELLIANITY IN PIC

» Investigation of non-Maxwellianity M
in PIC simulation using 2D plots
(Liang et al., in prep)

» As can be seen in a vertical cut through the
X-line (c), for both species, Mis non-zero in
the ion diffusion region (IDR) [between the
dotted lines] and become appreciably bigger
in the electron diffusion region (EDR) (c)
[between the dashed lines]

. 4 Electrons
- i :lons

SOOeS

oS
ORNONAD

Liang et al., in prep
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SHOWING NON-MAXWELLIANITY FINDS NON-MAXWELLIAN DISTRIBUTIONS

(a) Inflow Xine
» Cutin inflow direction through X-line: 06ES b ic 'id lelf | xx.=0]1%1°
0.5 :C :e X-Xo=0 0.08
» Dimensionless M.is quite similar to dimensional M, w0.4 : i i 0.06
= g’g : 0.04 X
» (a) and (b) - mostly Maxwellian 0.1 i 0.02
0.0 HiniclUkbRr T -2 -] 0.00
» (c), (d), and (e) - elongated distributions in v '_}‘ a0 3B 4
parallel (x) direction 0y, /4
(b) ¢/a b . c
» Due to trapped electrons (Egedal et al., 2013) 25 @ Q @
>-2
-4
» (f) - at X-line, meandering orbits 6 |y-y,= 4.7 y¥,=-3.7 Y¥,=-2.7
¢|d e f 0.015
» Has the maximum departure from a Maxwellian at this cut > 2 a @ a 0.01
>7-2
= i —— - 7o 0.005
» | Result - Entropy-based non-Maxwellianity successfully -6 |y-y,=-1.7 y-¥=-0.7 Y, 0.0 5
R . : L -6-4-20246 -6-4-20246 -6-4-20246
‘Mdentlfles non-Maxwellian distributions v./V, v./V, V./V,

Liang et al., in prep
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NON-MAXWELLIANITY AND ITS COMPARISON WITH DIFFUSION REGION INDICATORS

Ot =41
Electrons lons
» Dimensional non-Maxwellianity M, (a) g () 4
o 2 5 2f -
. . . . - \;\‘o ":\o..
» Dimensionless non-Maxwellianity M. 3 ,Hi z,
- <f
» Dissipation parameter D (Zenitani et al., 2011) ) - ,‘::
30 3 of
\/— ) 3, > oF
» Nongyrotropy parameter v & (Swisdak, 2016) bl ;

» Pressure-strain rate Pi-D (Yang et al., 2017,
Sitnov et al., 2018)

>lf;’/Réisu'It - As with the other measures, the
entropy-based non-Maxwellianity does a |
reasonable job of indicating diffusion regions

» Entropy can be bigger in the exhaust, where
thermalization takes place (e.g., Drake et al., 2006)

T O °

Liang et al., in prep
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RELATING NON-MAXWELLIANITY TO DISSIPATION AND APPLICATIONS T0 PIC SIMULATIONS

. )
» M is related to dissipation when collisions are present (not if collisions are absent!) § 0.15 ' ' ] E
s g 2
» The Boltzmann equation df/dt = C(f) implies i —kp /d3rd3UC(f) In f £
o
» For weak non-Maxwellianity, a typical assumption is the relaxation-time €
approximation (RTA), C(f) = —veg(f — fo), where Veg is the effective (b)

total

collision frequency and f, is the equilibrium (Maxwellian) distribution N ;
dS % é J electrons
» To second orderinf-f, we get — = et d37“?7_7,(77) ~ ~ions
t 4
— =\ _ W (C) ]
where m(r') = spr () — s(r) = n(r) M (r) i L ota
b This implies Vegg = Ld d>rim () 28 Lions
isimplies Vegg = 2t g =  electrons
» This can easily be calculated in PIC simulations to estimate Veg (d)
» Effective collision frequency Ve is steady during steady reconnection (t > 28) s :f;::,”"s
> {ions

» lons have 0.05, electrons have 0.12, total has 0.07 (in units of 1/Q_)

o == = » S— = - = = = 4 i —— J
»| This result will be useful to determine the level of explicit collisionality 0 10 20 o 30 40

“ . . . .. . . t(Qci )

.jfgequwed to overcome numerical effects in future collisional PIC simulations

~ - Liang et al., in prep
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MMS Observations (Torbert et al., 2018) with

TOWARDS COMPARISONS WITH MMS e o R

¢ 1 B
» Using MMS data to calculate the kinetic entropy @ B ; B 2 E
and using the non-Maxwellianity as a diagnostic z ,?;TWWWWM -~y
is currently being undertaken (Argall et al.) - - *:w:r' : Y .
: Wﬂ‘i o
» Very preliminary results from the 2017 July 11 . "*"’:% — 11 ——
magnetotail event (Torbert et al., 2018) §- R
o u:.ﬁ.m A%

» Observation: electron non-Maxwellianity M,

has maximal value of ~2.0 x 10* eV/K QurPICsimulations: ey =g

0.6 T T T T T T3 0.10

» Simulation: M, peak value at X-line is ~0.5, O:SE
corresponding to ~0.43 x 10~*eV/K

>H Suggesté simulations can be used for direct |
[Lcomparispn of kinetic entropy in MMS data
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CONCLUSIONS

» The use of kinetic entropy to diagnose kinetic dissipation in PIC simulations is explored (Liang et al., submitted)

» Our collisionless PIC simulation demonstrates good conservation of total entropy (approximately 3%)

» Since the code is collisionless, all entropy production is due to numerical effects

» Entropy should be a useful diagnostic to ensure proper numerics in studies of heating and particle acceleration
» The total kinetic entropy can be decomposed into position space and velocity space entropies

» During reconnection, position space entropy decreases because plasma is compressed,
while velocity space entropy increases because particles are heated

» Kinetic entropy can be used to define a non-Maxwellianity parameter (Liang et al., in prep)

» Itis an effective indicator of regions where dissipation is prone to occur, which may be more
in exhausts and islands than in diffusion regions; future collisional simulations are necessary

» Can be used to estimate effective collision frequency in collisionless PIC simulations gmzueﬁhﬁimauﬂm
merc| 2ac euxaplor takkbedankt
Cnacn6o
. . . Lal rim k ih
» Capable of direct comparison with MMS data (Argall et al.) gramasth k OUS I?Igagdo

. . . . . tesekkuredenm' § 5
» Techniques should be useful not just in reconnection - but in turbulence and shocks too! danke”’ kntoskoszonjuk



