
KINETIC ENTROPY AS A DIAGNOSTIC  
IN PARTICLE-IN-CELL SIMULATIONS  
OF THE VLASOV EQUATION

HAOMING LIANG (1), PAUL CASSAK (1), SERGIO SERVIDIO (2),  
MICHAEL SHAY (3), JAMES DRAKE (4), MARC SWISDAK (4), MATTHEW ARGALL (5), 
JOHN DORELLI (6), EARL SCIME (1), WILLIAM MATTHAEUS (3),  
VADIM ROYTERSHTEYN (7) AND GIAN LUCA DELZANNO (8)

 

(1) WEST VIRGINIA UNIVERSITY, (2) UNIVERSITÁ DELLA CALABRIA,  
(3) UNIVERSITY OF DELAWARE, (4) UNIVERSITY OF MARYLAND,  
(5) UNIVERSITY OF NEW HAMPSHIRE, (6) NASA-GODDARD SPACE FLIGHT CENTER,  
(7) SPACE SCIENCE INSTITUTE, (8) LOS ALAMOS NATIONAL LABORATORY 
 

VLASOVIA 2019: SIXTH INTERNATIONAL WORKSHOP ON  
THE THEORY AND APPLICATIONS OF THE VLASOV EQUATION 
STRASBOURG, FRANCE, JULY 22, 2019



VLASOVIA 2019

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
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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  
and/or resistivity dissipate energy in boundary layers 

▸ Turbulence is interesting - boundary layer physics is not 
likely straight diffusion; reconnection happens instead  
(Servidio et al., 2009, 2010, 2011; Donato et al., 2012,  
Haggerty et al., 2017; Shay et al., 2018) 

▸ 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!
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Shock: https://apod.nasa.gov/  
apod/ap031115.html

Reconnection: https://aasnova.org/ 
2016/05/18/reconnection-on-the-sun/

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?  

▸ A number of collisionless energy conversion/dissipation mechanisms  
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
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https://magnetospheres.sciencesconf. 
org/resource/page/id/1

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 

▸ 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

First release: 12 May 2016  www.sciencemag.org  (Page numbers not final at time of first release) 15 
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It is well-established that turbulence pervades space and
astrophysical plasmas, transferring energy from the large
scales at which it is injected down to the plasma microscales

where it can be dissipated. The resulting plasma heating is
thought to be dynamically important in a number of systems, e.g.,
the solar corona and solar wind1, the interstellar medium2, and
galaxy clusters3, although it is not yet known which physical
dissipation mechanisms are responsible. It is therefore a major
open question as to how turbulent plasma heating occurs,
although due to the weakly collisional nature of these plasmas, it
is inevitably through a series of different microphysical plasma
processes. In this paper, we apply a field-particle correlation
technique to in situ spacecraft data to investigate the first step in
the thermalisation process: the mechanism by which energy is
transferred from the turbulent electromagnetic field to the plasma
particles.

The solar wind provides an ideal opportunity to study turbu-
lent heating, due to the high-resolution in situ measurements
available, and several different mechanisms have been proposed.
Early suggestions4 invoked cyclotron damping to enable per-
pendicular ion energisation5–7. The realisation that the turbulence
could have a substantial k⊥ component led also to suggestions of
Landau damping8,9 and later work predicted that this would be
dominant over cyclotron damping10–12 due to the anisotropic
nature of the turbulent cascade13–15. Many models now incor-
porate the effect of both ion and electron Landau damping16–20,
although recent work has raised interesting questions about how
effective this is in turbulent systems21–24. Non-resonant
mechanisms have also been proposed, most notably stochastic
heating25–27, which leads to the broadening of particle distribu-
tions in a stochastic field. It has also been suggested that dis-
sipation is localised at structures, such as reconnecting current
sheets28,29, vortices30,31, and double layers32, although the ques-
tion remains which dissipation processes would occur within
such structures33–38.

Various observational evidence has been presented for the
above mechanisms, although to date this has been somewhat
indirect. For example, evidence for cyclotron damping has been
based on the wavenumber of the ion-scale break in the turbulence
spectrum4,39–43, the shape of contours in the ion distributions44,45,
or correlations between species temperatures and drifts46–48.
Similarly, evidence for stochastic heating has been based on
relationships between measured temperatures and turbulence
amplitudes49–51. Localised enhancements in temperature28,52,53
and work done on the particles28,29,53 have also been cited as
evidence for dissipation at structures.

In this paper, we present a direct measurement of the secular
transfer of energy from the turbulent electromagnetic field at
kinetic scales to the electrons as a function of the electron velo-
city. This velocity-space signature allows the different heating
mechanisms to be identified, and here is found to be consistent
with electron Landau damping.

Results
Data set. Data from the Magnetospheric Multiscale (MMS)
mission54 were used, when the spacecraft were in the Earth’s
magnetosheath on 16 October 2015 09:24:11–09:25:21. The
mean plasma parameters at this time were: magnetic field
strength B ≈ 39 nT, number density ni ≈ ne ≈ 14 cm−3, bulk
velocity ui ≈ ue ≈ 180 km s−1, and temperatures Tjji ! 150 eV,
T⊥i ≈ 240 eV, Tjje ! 22 eV, T⊥e ≈ 23 eV. These correspond to
average plasma betas βi ≈ 0.80 and βe ≈ 0.088 (where βs=
2μ0nskBTs/B2). Magnetic field data were measured by FGM55

and SCM56, electric field data by SDP57 and ADP58, and par-
ticle data by FPI59. All data in this paper are from MMS3 and

the turbulence measured during this time period was previously
characterised60.

Here, we focus on the energy transfer to the electrons, which
were measured at 30 ms resolution, resulting in a total of 2333
three-dimensional velocity distributions. The average of these,
f0e= 〈fe〉, is shown in Fig. 1a, in the frame in which the mean
electron bulk flow is zero and in a coordinate system in which v||
is parallel to the global mean field B0= 〈B〉, v? ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v2?1 þ v2?2

p
,

and vth;e ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2kBTe=me

p
is the isotropic electron thermal speed.

In the conversion from measured energy bin to particle velocity,
the mean spacecraft potential (relative to the plasma) of +4.2 V
was subtracted to compensate for the energy gain of the electrons
arriving at the positively charged spacecraft. Note that data are
unavailable for the central part of the distribution with v≲0:5vth;e.

Measuring secular energy transfer. The energy transfer was
measured by calculating C′

Ejj;e
ðvÞ ¼ hqevjjEjjfei (see Equation (5)

of the Methods section) at each point of the measured electron
distributions, with the average taken over the whole interval. For
the parallel electric field E||, the time series of electric field vectors
(measured at ≈0.12 ms resolution) was first Lorentz transformed
to the zero mean bulk velocity frame61, averaged down to 30 ms
resolution, then the component parallel to B0 taken. The E||
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Fig. 1 Measured average electron distribution and field-particle energy
transfer rates. a Average electron distribution f0e. b Alternative energy
transfer rate C′

Ejj ;e
ðvÞ using fe and unfiltered E||. c Alternative energy transfer

rate using δfe and high-pass-filtered (at 1 Hz) E||
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when the reflected ions are first observed [the population
above 3–4 keV at around 052834 UT in Fig. 1(e)].
Figure 2 demonstrates the bulk acceleration and thermal-

ization of the incident solar wind electrons during the first
En spike [high-resolution measurements are displayed in
Fig. 2(a)]. The sequence A − F of electron distributions
[Fig. 2(c)] in vk − v⊥1 shows that (i) solar wind electrons
are accelerated along B toward the shock (distributions
A − C); (ii) in distribution C, the acceleration results in
a high parallel speed of the electron population peak,
leading to a relative drift with respect to the bulk ion
parallel speed (∼200 km=s) at ∼2900 km=s, larger than the
electron parallel thermal speed of ∼1600 km=s (estimated
by

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2T=me

p
based on a Maxwellian temperature fit to the

1D cut of the distribution along B), a condition with high
parallel current density and potentially subject to the
Buneman instability [37]; (iii) transport of the phase-space
density from parallel to antiparallel along an arc (flanked by
a purple dashed curve in distribution D), suggesting
electron trapping by fast growing waves [38–40]; (iv) coun-
terstreaming populations with unequal jvkj in both the dHT
and spacecraft frames are formed (distribution E), similar to
those predicted by a shock microinstability simulation [41];
(v) a thermalized distribution (F) contains a beam as a
remnant of the accelerated solar wind electrons, analogous
to the beam on a 1D flat-topped distribution observed [6]
and modeled [42] previously. The electron temperature Te
(defined as one-third of the trace of the electron pressure
tensor divided by the density) increases from 33 eV for
distribution A to 54 eV for distribution F. Note that all the
reported features are at velocities above the instrument
cutoff velocity (after subtracting the spacecraft potential for
the photoelectron correction) of 1600 km=s, corresponding
to the lowest energy of 7.2 eV in Fig. 2(d). On the other
hand, the low-velocity population centered at the origin in

distributions D-F and H-L may be due to instrumental
effects.
The inflation from distributions A to C occurs only for the

part of the phase space with vk > 0. Comparing the 1D cuts
of the distributions in the energy space shows a 20 eVenergy
shift (in the spacecraft frame; a 45 eV shift in the dHT frame)
in the direction parallel to B [Fig. 2(d)]. No corresponding
energy shift in the antiparallel direction is observed.
The bulk acceleration of the incident solar wind electrons

moving along B and reaching a velocity larger than its
parallel thermal spread is directly measured for the first time
at the bow shock. The spreading in pitch angle in distribution
C creates a partial spherical shell (based on examining slices
of the entire distribution) spanning the positive vk part of the
3D distribution. The 3D structure may need to be taken into
account for proper instability considerations. Electrostatic
waves linearly polarized alongB with a plasma-frame phase
speed approximately 155 km=s near the expected value for
the Buneman wave (∼100 km=s based on a 1D theory [37])
are observed at 052834.304-.314 UT [Fig. 2(b)], but the
wave amplitude does not grow appreciably, suggesting that
the Buneman instability, possibly triggered, is quickly taken
over by other processes.
Thermalization in the form of dissipating the parallel

electron flow (with respect to ions) into thermal energy is
achieved within 90ms (<30 electron cyclotron periods using
the upstream jBj), as revealed in distributions D − F.
Electron transport in the phase space from vk>0 to
vk<0 occurs in distributionD as shown by the arc extending
through v⊥1 > 0. The asymmetry with respect to v⊥1 ¼ 0
indicates nongyrotropy and possible demagnetization of
electrons. The beam in distribution F suggests that the
nonlinear current-driven ion acoustic or Buneman instability
could be responsible for relaxing the unstable distribution.
In 1D, both instabilities are known to spread the original

(a)

(b)

(c)

(d)

FIG. 2. Electron distributions revealing acceleration and nonlinear relaxation leading to heating. (a)–(b) High-time-resolution data
(8192 sample=s) of the first En spike (time marked by the magenta arrow in Fig. 1) and the concurrent ac parallel electric field.
(c) Sequence of electron distributions invk-v⊥1. The dHT velocity projected onto the local B is marked on each distribution by a vertical
dashed line. (d) 1D cuts (taken at the bulk v⊥1 along vk) of distributions A and C shown in energy space.

PHYSICAL REVIEW LETTERS 120, 225101 (2018)

225101-3
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Chen et al., 2018

Burch et al., 2016 Chen et al., 2019
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WHAT QUANTITIES ARE USED TO IDENTIFY DISSIPATION/ENERGY CONVERSION?
▸ Recent examples  

▸ Zenitani “dissipation” parameter, De =                     (Zenitani et al., 2011) 

▸ Agyrotropy: Scudder and Daughton (2008)                                        ; Aunai et al. (2013) Dng;  
 
Swisdak (2016) 

▸ The pressure-strain rate term in energy equation Pi-De (Yang et al., 2017)  
or the negative of it (Sitnov et al., 2018)                                , 

▸ Greco et al. (2012) – mean squared deviation between the  
distribution function f and the “Maxwellianized” distribution function fM,  

▸ Servidio et al. (2017) – Expand distribution function in Hermite polynomials, then take mean  
square deviation from Maxwellian 

▸ Conversion of electric field energy to particle energy through the relevant term in the Vlasov equation  
(Klein and Howes, 2016); energy density ws = ½mv

2
f evolves according to

6

AØe = 2
|P?e1 � P?e2|
P?e1 + P?e2

~J · ( ~E + ~ve ⇥ ~B)

p
Q =

s
P 2
12 + P 2

13 + P 2
23

P 2
? + 2P?Pk

E and B are the electric and magnetic fields. Multiplying by the particle kinetic
energy, an equation for the rate of change of phase-space particle energy density
ws ¼ 1

2msv
2fs is obtained,

∂ws

∂t
¼ "v # ∇ws "

qsv
2

2
E # ∂fs

∂v
" qsv

2

2
v ´Bð Þ # ∂fs

∂v
: ð3Þ

When integrated over both position and velocity, only the second term on the
right-hand side of Equation (3) is non-zero, showing that any net change in the
particle energy is due to the electric field. This term has contributions from all
electric field components; however, here we focus on the energy transfer parallel to
the magnetic field associated with Landau damping.

The average rate of change of phase-space energy density for species ‘s’ due to
the parallel electric field E|| is given by

CEjj ;s
ðvÞ ¼ "

qsv
2
jj

2
Ejj

∂fs
∂vjj

* +
; ð4Þ

where the angular brackets denote an average over space and/or time. It can be
seen that this is effectively an un-normalised correlation between E|| and the
parallel gradient of the distribution function. Since such gradients are challenging
to measure, we also define an alternative correlation,

C′
Ejj ;s

ðvÞ ¼ qsvjjEjjfs
D E

: ð5Þ

When integrated over velocity space, Equations (4) and (5) are equivalent and
correspond to the average net electromagnetic work done on the particles by E||,

Z
CEjj;sðvÞ d

3v ¼
Z

C′
Ejj ;s

ðvÞd3v ¼ jjjsEjj
D E

; ð6Þ

where jjjs is the parallel current density of species ‘s’.
An important part of the technique is the separation of the oscillatory transfer

of energy back and forth between particles and fields due to undamped wave-like
motions and the secular transfer due to damping (or instability). This is achieved
by ensuring that the averaging period is much larger than the relevant wavelength
and/or wave period.

In their unintegrated form, these correlation measures provide the crucial
information about where in velocity space the secular energy transfer is occurring.
Their application to simulations has shown that: (a) the oscillatory transfer can be
successfully averaged out to leave the secular transfer, (b) a bipolar signature at the
resonant velocity is produced for Landau damping of a single wave, (c) a
qualitatively similar signature persists in strong low-frequency turbulence, and (d)
the alternative measure (Equation (5)) indicates where in velocity space the transfer
happens, although with a different characteristic signature62–64. Energy transfer
mechanisms other than Landau damping are expected to produce significantly
different correlation signatures, e.g., cyclotron damping and stochastic heating
would appear as perpendicular structure in the perpendicular correlations.

Therefore, this technique allows the different mechanisms to be distinguished
observationally.

Data availability
The data used for this study are available at the MMS Science Data Center (https://
lasp.colorado.edu/mms/sdc/).
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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  

▸ The Boltzmann H-theorem: start with the Boltzmann equation  
 
                                                                                                C(f) = collision operator 

▸ Use it to calculate !"/!#: 

▸ 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!
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S = �kB
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d3rd3vf ln f

@f
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m
·rvf = C(f)
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dt
= �kB

Z
d3rd3vC(f) ln f

dS

dt
� 0
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PHYSICAL INTERPRETATION OF ENTROPY IN KINETIC THEORY
▸ Follows from Boltzmann’s description 

▸ “Combinatorial” kinetic entropy 
 
where Ω = “permutation number” = 

▸ As in statistical mechanics, Ω is the number of ways to  
arrange the “microstate” to produce a given “macrostate” 

▸ Macrostates with more microstates are more likely; associated with higher entropy 

▸ More evenly distributed systems have higher entropy 

▸ In kinetic theory, permutations are not in position space, they are in phase space 

▸ Letting                                               , massaging and assuming                   , and using the  
 
Stirling approximation gives                                                        , the “continuous” kinetic entropy 

▸ When $ is a Maxwellian, the kinetic description reproduces the fluid entropy 
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S = �kB

Z
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IMPLEMENTATION AS A DIAGNOSTIC IN PIC SIMULATIONS
▸ 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) 

▸ At each time step, find         , the number of macroparticles  
in each phase space bin with velocity space grid Δv,  
using the algorithm’s shape function and particle weight 

▸ For combinatorial kinetic entropy, one needs to define 
number of real particles per macro-particle    ; then 

▸ For the continuous kinetic entropy, this is not necessary at  
run-time; can take                at the end to convert it to real units 

▸ Δv should be slightly less than the thermal speed, Δx should be sub-Debye scale 

▸ Finally, calculate                                                 and 
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VALIDATION OF ENTROPY DIAGNOSTIC IN PIC SIMULATIONS
▸ We initialize a 2.5D collisionless antiparallel reconnection  

simulation with multiply periodic boundary conditions  
and two sech2-profile current sheets (Liang et al., submitted) 

▸ Initially plasmas have drifting Maxwellian distributions  
with uniform temperatures (upstream β = 0.2) and %i / %e = 5 

▸ At t = 0, the entropy density is exactly solvable 

▸ Can use to confirm numerics! 

▸ At t = 0, kinetic entropy profile (a) looks similar to density profile (b) 

▸ (c) Plot confirms combinatorial kinetic entropy is calculated properly; 
continuous kinetic entropies also agree in appropriate limit (not shown) 

▸ Important - agreement at t = 0 does not imply agreement at later 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 

▸ Total entropy is conserved quite well (~3%) 

▸ 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! 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 

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

▸ As before, can write continuous forms of position and velocity space entropy  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PHYSICAL INTERPRETATION OF POSITION AND VELOCITY SPACE ENTROPIES
▸ The physics of the combinatorial position space kinetic entropy                                                                       

is due to interchange of particles in space without regard to velocity 

▸ The physics of the combinatorial velocity space kinetic entropy                                                                               
is due to interchanging velocities of particles in a  
particular spatial grid, then summing over all space 

▸ Note, the entropy density                                                              and the velocity space kinetic entropy density                                                                                    
 
                                                                                                         are not the same!!! 

▸ Physical interpretation - when particles are more evenly distributed, combinatorial kinetic entropy is higher 

▸ 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 

▸ Can be useful in interpreting kinetic entropy in plasma systems!
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CONSERVATION AND CONVERSION OF POSITION AND VELOCITY SPACE ENTROPIES

▸ Conversion (d, below) between position and  
velocity entropy is observed for each species 

▸ Snapshots at t = 41 (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,  
as expected
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ENTROPY-BASED MEASURE OF NON-MAXWELLIANITY

▸ Find the local continuous kinetic entropy density based on the distribution function $:

▸ The Maxwellianized $M has the same local density &, bulk flow ',  
and temperature % as $; calculate the associated 

▸ Dimensional normalized form: 

▸ 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 

▸ Dimensionless normalized form (Liang et al., in prep):
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ENTROPY-BASED NON-MAXWELLIANITY IN PIC

▸ Investigation of non-Maxwellianity  
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,     is non-zero in  
the ion diffusion region (IDR) [between the  
dotted lines] and become appreciably bigger  
in the electron diffusion region (EDR)  
[between the dashed lines]

X"X0=0 Ω"#$ = 41

Electrons
Ions

(Electrons)

(Ions)

EDR
IDR

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

▸ Cut in inflow direction through X-line: 

▸ Dimensionless       is quite similar to dimensional 

▸ (a) and (b) – mostly Maxwellian 

▸ (c), (d), and (e) – elongated distributions in  
parallel (x) direction 

▸ Due to trapped electrons (Egedal et al., 2013) 

▸ (f) – at X-line, meandering orbits 

▸ Has the maximum departure from a Maxwellian at this cut 

▸ Result - Entropy-based non-Maxwellianity successfully  
identifies non-Maxwellian distributions 

a b c d e f

a b c

d e f

X"X0=0
Inflow X(line

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

▸ Dimensional non-Maxwellianity 

▸ Dimensionless non-Maxwellianity 

▸  Dissipation parameter D (Zenitani et al., 2011) 

▸ Nongyrotropy parameter         (Swisdak, 2016) 

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

▸ Result - 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)

Liang et al., in prep

Electrons IonsΩ"#$ = 41
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RELATING NON-MAXWELLIANITY TO DISSIPATION AND APPLICATIONS TO PIC SIMULATIONS

▸        is related to dissipation when collisions are present (not if collisions are absent!) 

▸ The Boltzmann equation df/dt = C(f) implies 

▸ For weak non-Maxwellianity, a typical assumption is the relaxation-time  
approximation (RTA),                                           , where         is the effective  
collision frequency and f0 is the equilibrium (Maxwellian) distribution 

▸ To second order in f – f0, we get 

 
 
 
 

where 

▸ This implies  

▸ This can easily be calculated in PIC simulations to estimate        

▸ Effective collision frequency         is steady during steady reconnection (t > 28) 

▸ Ions have 0.05, electrons have 0.12, total has 0.07 (in units of 1/Ωci) 

▸ This result will be useful to determine the level of explicit collisionality  
required to overcome numerical effects in future collisional PIC simulations

Liang et al., in prep
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TOWARDS COMPARISONS WITH MMS

▸ Using MMS data to calculate the kinetic entropy  
and using the non-Maxwellianity as a diagnostic  
is currently being undertaken (Argall et al.) 

▸ Very preliminary results from the 2017 July 11  
magnetotail event (Torbert et al., 2018) 

▸ Observation: electron non-Maxwellianity 
has maximal value of ~2.0 x 10-4 eV/K

▸ Simulation:        peak value at X-line is ~0.5,  
corresponding to ~0.43 x 10−4 eV/K 

▸ Suggests simulations can be used for direct 
comparison of kinetic entropy in MMS data
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MMS Observations (Torbert et al., 2018) with  
kinetic entropies (courtesy of Matt Argall)

Our PIC simulations:
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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) 

▸ It is 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 

▸ Capable of direct comparison with MMS data (Argall et al.) 

▸ Techniques should be useful not just in reconnection – but in turbulence and shocks too!
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