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Abstract Wwith the increase in technical capabilities of computer simulation in recent years, it has become
feasible to quantify the degradation of fluid scale plasma and electromagnetic energies in favor of increases of
internal energies. While it is understood that electromagnetic energy can be exchanged with fluid scale
velocities, it is the pressure strain interaction that exchanges energy between fluid motions and internal energy.
Here using simulations of both turbulence and reconnection we show that for electrons, the pressure strain and
electromagnetic work are closely related and are frequently comparable when appropriate time and spatial
averaging is applied. Otherwise, the instantaneous spatial averaged pressure strain and electromagnetic work are
nearly equal for slowly evolving systems, like the reconnection case, while they differ significantly in rapidly
evolving systems, like the turbulence case. This clarifies the relationship between these two quantities, which
are each frequently used as measures of dissipation.

Plain Language Summary The electromagnetic field changes the fluid velocity of each type of
plasma particle. Meanwhile, the pressure of each plasma species, interacts with nonuniform fluid velocities to
produce heat. The intermediate steps are in general, complicated, but because electrons are so light, a special
simplifying approximation holds, equating properly averaged electromagnetic work on electrons to the rate of
increase of electron internal energy. This result may help clarify differences in how the reconnection and
turbulence communities quantify “dissipation”.

1. Introduction

Energy dissipation in fluids and plasmas may be effectively defined as the conversion process by which
macroscopic reservoirs of energy are transformed into heat. Mechanisms of energy dissipation for weakly
collisional or collisionless plasma are of central importance for addressing long-standing fundamental problems
in space and astrophysics. These include, for example, the acceleration of energetic particles and the heating of the
solar corona and solar wind. Space plasmas frequently reside in (nearly) collisionless regimes, where the
dissipation mechanisms are complex, not well understood and perhaps even controversial. In one of the most
well-studied space plasmas, the solar wind (Bruno & Carbone, 2013), the collision length is of the order of 1 AU
and collisions are typically too weak to establish a local equilibrium (Maxwellian distribution). In such cases the
classical collisional approach becomes generally inapplicable, as do standard closures that describe dissipation in
terms of fluid-scale variables and viscosity and resistivity.

Lacking the standard collisional closures, studies of plasma turbulence have shown increasing interest in
quantifying collisionless dissipation. A useful approach to understand dissipation is to trace the flow of energy
and examine energy conversion between different forms (Matthaeus et al., 2020). Temperature enhancement
implies increase of thermal energy and to specifically track thermal energy production requires quantification of
energy supplies from energy reservoirs for each species. Two widely invoked classes of conversion are the
electric work on particles for species a, j, - E (Zenitani et al., 2011) and the pressure-strain interaction for species
a,—(P, - V) -u, (Yang, Matthaeus, Parashar, Haggerty, et al., 2017; Yang, Matthaeus, Parashar, Wu, et al., 2017).
It is trivial to obtain these channels from Vlasov-Maxwell equations. The time evolution of energies can be
derived using the first three moments of the Vlasov equation, in conjunction with the Maxwell equations. One
obtains (Braginskii, 1965; Chiuderi & Velli, 2015; Marshall, 1957; Yang, Matthaeus, Parashar, Haggerty,
et al., 2017; Yang, Matthaeus, Parashar, Wu, et al., 2017)

OEL+V - (Elug +Py-ug) = (Py-V) -t +j, - E, O

OEN +V - (Efuy+hy)=—P,- V) u,, )
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where the subscript @ = e,p represents the particle species (electrons and protons); E” = (32 + Ez)/ (87) is the
electromagnetic energy density, with E, B the electric and magnetic fields; E{: = %paufl is the bulk flow energy
density for species a, with mass density p,, and bulk flow velocity u,; E? = %ma L —uy) v —u,)f, dvis the
internal (or thermal) energy, with mass m, and velocity distribution function f,(x, v); P, is the pressure tensor; h,,
is the heat flux vector;j = ), Jj, is the total electric current density withj, = n,q,u, the electric current density of
species a; n,(x) and g, are the number density and the charge of species a, respectively.

As we can see the two channels play different roles: the electromagnetic work j- E measures the release of
electromagnetic energy, while the pressure-strain interaction —(P, - V)-u, measures the increase of internal
energy, which is validated in fully kinetic simulations (Pezzi et al., 2019; Yang et al., 2022). J. Burch et al. (2023)
also reports the conversion of electromagnetic energy to electron kinetic energy by j- E and the ensuing con-
version of electron beam energy to electron thermal energy via —(P, - V) - u, in a magnetotail reconnection region.
We note for future reference that pressure strain can be decomposed into “compressive” (pf) and “incom-
pressive” (PiD) ingredients (Yang et al., 2017).

The subtle relationship between these channels of conversion has motivated some discussion in the community
concerning the role the electromagnetic work j - E, which has been adopted widely to estimate “dissipation” and
heating rates (Chasapis, Matthaeus, et al., 2018; Duan et al., 2020; Ergun et al., 2018; Lu et al., 2019; Phan
et al., 2018; Pongkitiwanichakul et al., 2021; Voros et al., 2019; Wan et al., 2012a, 2015; Wilder et al., 2017;
Zenitani et al., 2011). This measure is of great importance in magnetic reconnection, where energy is initially
concentrated in the magnetic field, and the electromagnetic work quantifies the release of energy from this
magnetic reservoir. One often separates out the non-ideal part of the electric field E' =E + u.,/c X B, and
identifies the quantity j - E’, which is the electromagnetic work in the electron frame (Zenitani et al., 2011) as
irreversible dissipation.

Energy dissipation processes are, however, different for electrons and ions and hence it is reasonable to employ
separate measures for them. However, this distinction is not quantified by the standard electromagnetic workj - E
(Sitnov et al., 2018). In this sense, the electromagnetic work on particles for species a, j, - E might be more
meaningful. However, as shown in Equation 1, j, - E is not in direct correspondence with either the internal energy
increase or the temperature enhancement. Instead, the change of the internal energy takes place directly through
the pressure-strain interaction, —(P, - V) - u,, for both ions and electrons, a result that follows from the Vlasov-
Maxwell theory (Bacchini et al., 2022; Bandyopadhyay et al., 2020a; Barbhuiya & Cassak, 2022; Cassak &
Barbhuiya, 2022; Cassak et al., 2022; Chasapis, Yang, et al., 2018; Hellinger et al., 2022; Jiang et al., 2021; Sitnov
et al., 2018; Yang, 2019; Yang, Matthaeus, Parashar, Haggerty, et al., 2017; Yang, Matthaeus, Parashar, Wu,
et al., 2017; Zhong et al., 2019).

Although there is hardly any doubt that both electromagnetic work and pressure-strain interaction are key in-
gredients of energy conversion, many details are still under debate. For example, for some time there has been a
discrepancy between the way that the collisonless reconnection community treats “dissipation” and the way that
the plasma turbulence community treats the same quantity. On the one hand, in collisonless reconnection the
electromagnetic work in the electron fluid frame, essentially the same as the Zenitani measurej - E ! is treated as
dissipation. Such studies, often employ high resolution Magnetosphere Multiscale (MMS) Mission data and
intensively study collisionless physics at electron scales (J. L. Burch et al., 2016; Wilder et al., 2018; Bandyo-
padhyay et al., 2020b). The quantity j - E plays an essential role in such studies in the identification of release of
energy from the magnetic field, which in fact is the dominant energy reservoir in the cases studied. In this situation
itis a small step beyond to conclude that the energy so released is in fact dissipated. But is this latter conclusion an
exact statement or is it a kind of shorthand for unresolved intermediate processes? The present paper represents an
elaboration on this question and its resolution, which we hope attains some clarity.

A similar perspective has emerged in the collisionless plasma turbulence community. Keeping in mind that
numerical simulation of collisonless turbulence has blossomed only in the past two decades (Bowers & Li, 2007;
Howes, 2008; Parashar et al., 2009), for some time the association of dissipation with j - E was adopted, making
contact with the reconnection community. For example, electromagnetic work is prominent in baseline studies of
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cascade and intermittency (Karimabadi et al., 2013; Wan et al., 2012b), even though no dissipation function per se
was discussed.

A different perspective (Yang et al., 2022; Yang, Matthaeus, Parashar, Haggerty, et al., 2017) emerged by
consideration of the energy budget equations Equations 1-3 that emerge directly from Vlasov-Mawell system
(Braginskii, 1965; Marshall, 1957). In turbulence studies, this led to the identification of the pressure strain
interaction as the dissipation function for each species, a connection well confirmed in well resolved kinetic
plasma numerical simulations (Pezzi et al., 2020; Yang et al., 2022). Application of this idea has led to improved
clarity in analyzing plasma turbulence in the form of adaptation of von-Karman Howarth theory, the analysis of
electron-proton heating ratios, and identification of compressive versus incompressive cascade dissipation
channels (Roy et al., 2022).

The purpose of the present paper is to clarify the relationships between the above perspectives, especially for
electrons.

2. Theoretical Background

The first vector moment of the Vlasov equation for species a gives rise to the momentum equation

du 1
Po—a ==V P, +n4q, (E +—u, X B). 4
dt c
As discussed in Wang and Yang (2023), we first look at the momentum equation for electrons. In the limit of
massless electrons, the inertial term on the left-hand side is negligible. The remaining terms represent the balance
of the non-ideal electric field E' = E + u,/c X B and the electron pressure tensor gradient,

n,q,E =V-P,. (5)

On computing the inner product of Equation 5 and the electron bulk velocity, the left-hand side becomes
Je -E' =J, - E and the right-hand term becomes u,-(V-P,) =V -(P,-u,) — (P,-V)-u,. The spatial transport
terms, for example, the second terms on the left-hand side of Equations 1-3 and V - (P, -u,) are globally con-
servative and cancel out under certain boundary conditions, for example, periodic. Therefore, one can obtain the
equivalence of the two energy conversion channels,

(Jo E'Y={(j,-E)=(=(P.-V)-u,), (6)

where brackets indicate an appropriate volume average. That is, the magnetic energy is converted into electron
bulk flow energy through ( j, - E), which is completely converted, at this level of approximation, into electron
thermal energy through (—(P,-V)-u,).

It is possible to conclude, then, that for massless electrons, the resultant bulk flow energy gain is negligible and all
magnetic energy that is deposited on average into the electron population ends up in the form of electron thermal
energy. In this case, the global properties of the two channels do not differ in any important manner. However, one
cannot assert their point-wise (or local) equivalence since the transport terms are likely to exert significant in-
fluence (Du et al., 2020; Fadanelli et al., 2021).

Electrons are assumed to be massless as deriving Equation 6. Such assumption is not justified physically for
protons or other heavy ion species. Therefore, no such relation as Equation 6 can be obtained for protons. Since
the pressure-strain interaction (— (P, - V)-u,) can remove energy from bulk fluid flow, the amount of energy
deposited into proton thermal energy is limited by the reservoir of proton bulk fluid flow energy, which in turn can
be supplied by electromagnetic energy through ( j, - E). Larger bulk fluid flow energy supply through (j, - E)
indicates that more energy could overflow into thermal energy through (— (P, - V) -u,).

Given that the above physical arguments are based approximations of small electron mass and the existence of
suitable averaging volume, we now turn to numerical results from PIC simulations of turbulence and reconnection
for corroboration.
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3. Data

We present data from 2.5D fully kinetic PIC simulations of turbulence and reconnection, employing the P3D code
(Zeiler et al., 2002). These simulations of an electron-proton plasma have been used in previous related studies
Yang et al. (2022, 2023, 2024), Bandyopadhyay et al. (2023), and Adhikari et al. (2023, 2024). As usual, “2.5D”
indicates that there are three components of the dependent field vectors and a two-dimensional (2D) spatial grid,
so that the phase space coordinates are (x, Vs Vs Vys vz). Normalization in P3D is largely “proton-based”, with
number density normalized to a reference value n,, mass normalized to proton mass m,, charge normalized to

proton charge e, and magnetic field normalized to a reference field B,. Length is normalized to the proton inertial
-1

length d,, time normalized to the proton cyclotron time wg,

and velocity normalized to the equivalent reference

Alfvén speed Vi, = B,/(pom,n,)"””.

Both turbulence and reconnection simulations are performed in a square periodic domain with 40967 spatial grid
points. For numerical expediency both simulations employ artificially low values of the proton to electron mass
ratio, m,/m, = 25, and the speed of light, ¢ = 15 V.

For simulation of turbulence we use a box of size L = 150 d, with 3,200 particles of each species per cell
(~1.07 x 10! total particles). The run is a decaying initial value problem, starting with uniform densities and
temperatures for both species. A uniform magnetic field, By = 1.0, is directed out of, and normal to, the plane. The
initial v and b fluctuations are transverse to B, (corresponding in linear theory to a small amplitude “Alfvén
mode”) in Fourier wavevectors 2 <|k|<4 with random phases and prescribed amplitudes. The initial fluctuation
energy, flow plus magnetic, is E = 0.1, plasma beta = 0.6 and the normalized cross helicity o, is negligible.

Similarly, reconnection simulation uses a box of size L = 204.8 dp with 100 particles of each species per cell
(~3.4 x 10° total particles). The simulation is initialized using a double Harris equilibrium with a half-width of 3
d,, for the current sheet and a background density of 0.2. The initial ion and electron temperatures are set at 1.25
and 0.25 respectively such that 7,,/T, = 5. A sinusoidal perturbation is used to initiate reconnection and the
system is evolved until the quasi-steady phase of reconnection attenuates. Multiple simulations with different out-
of-plane magnetic fields (guide fields) are analyzed in this study. While the overall behavior of energy transfer
channels is the same in all these simulations, for consistency only the results from B, = 1 run with §, = 0.25 and
B. = 0.05 are presented in this paper.

Both the simulations are run for about 450t@,,, and the data output is saved at every 0.5tw,, for turbulence and
ltw,,, for reconnection. Prior to analyses, we recursively smooth the raw simulation parameters four times over a
width of four cells to reduce the noise inherent in the PIC plasma algorithm. This smoothing corresponds to
filtering scales of £ = 0.12d; and 0.2d; for simulations of turbulence and reconnection respectively, and is based
on a trial of multiple smoothing options such that it does not largely alter the structures.

The proton-to-electron mass ratio m,/m, = 25 is very small compared to the actual value of 1,836. It is well
known that a small mass ratio might introduce some unrealistic effects (Edyvean et al., 2024). However, it is
shown previously that the electron mass has insignificant effect on the large scale evolution (Ricci et al., 2002)
and therefore sufficient to separate the different behaviors of j, - E and —(P, - V) - u,, for electrons and protons.

4. Results
4.1. Turbulence

We first consider energy balances in the turbulence run. Figure 1 shows the energy balance for the turbulence run
by comparing the time evolution of the changes in electromagnetic and thermal energies with the cumulative
time-integrated values of ( j - E) and pressure-strain interaction (— (P - V) - u) of individual species. The integrals
have been computed after 97w, to remove the effect of large initial oscillations in the out-of-plane current. The
brackets (---) signify an average over the entire box. The global average of the time evolution equations
(Equations 2 and 3) are satisfied to a great degree. For example,: the cumulative time integrated (—j - E) and the
change of the electromagnetic energy (SE™) are almost identical, as expected. The change in internal energy for
each species (SE™) is instead related to their time integrated pressure strain interaction (— (P - V) - u) as shown in
Figure 1.
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Figure 1. Time evolution of the changes of electromagnetic and thermal
energies versus time-integrated (—j - E), (= (P, - V) -u,), (= (P, - V) u,)
for turbulence simulation. Here the change of energy is defined as

SE(t) = E(r) — E(9) and the integral is computed over time [9, 7] in units
of (u;pl.

In Figure 2 we show the change in bulk flow energies (SE/) for the turbulence
run. For protons (5E[f:) matches well with the time-integrated sum of the
pressure  strain  interaction and the  electromagnetic = work
(J, E + (P,-V)-u,). The differences observed in these curves are mainly
due to the effect of the limited particles per cell, an artifact of PIC simulations,
and also due to the time integration inaccuracy. For electrons, there is
comparatively a larger discrepancy between the change in the flow energy
and the time-integrated sum of electron pressure strain interaction and elec-
tron electromagnetic work (j,-E + (P.-V)-u,). This is likely associated
with higher frequency signals in the electron current and the electron pressure
tensor.

In the turbulence simulation under consideration, the change of the electron
flow energy is almost zero. The sum of the time integrated (j,-E) and
((P,-V)-u,) oscillates about zero until about 100tw,, and roughly stays flat
at about ~0.003 throughout the simulation. It is worth comparing this
amplitude with the individual time integral of (j,-E) and ((P,-V)-u,) as
shown in Figure 2. Clearly, the time integral of (j,-E) and ((P.-V)-u,)
seem to be anticorrelated to each other and the small non-zero sum accounts
for the initial oscillations in the electron current and electric field. For protons,
no anticorrelation is observed between (j, - E) and (P, - V) -u,,), as the sum
is non zero. Note that most of the dynamics occurs at the expense of ion flow
energy.

Before we dive further into the global features of the pressure-strain interaction and electromagnetic work for

electrons, we explore the local structures of these quantities. In Figure 3, we show the 2D plots of electron

pressure-strain interaction (P, -V)-u, and electron electromagnetic work j, - E along with the out-of-plane

electron current density j,, and contours of magnetic flux at fw., = 163, after the mean square current has

peaked and turbulence is fully developed. As shown on the leftmost plot in Figure 3, the electron current sheets are

much more localized with almost no current inside the magnetic islands. The middle and the rightmost plots show

that the pressure-strain interaction and the electromagnetic work are also localized along the current sheets. One

should keep in mind that these quantities are prone to the particle noise, an artifact of PIC simulations. A proper

— (6B} o J fia E+ (Pa V) ugddt —— [ (o Et ==+ [ (Pq V) ug)dt

0.00: .................................................................................. o 0037 — 7
[ 0.02}
—0.01r _.—=] 001}
\—-‘-.._/"4 1 [
5 i N 1 o.00f
© —0.02| Sseo ] :
7 T=~] -0.01}

~0.03} 1 —0.02} ~~

roa= Protons ’.wm-n.‘..... i | a=Electrons ~~~":

[ 1 —0.03| ]

_0.04\\\\‘\\\\‘\\\\‘\\\\‘\\ T T VTSN I S ST T S S ST ST S NSNS ST S MU

0 100 200 300 400 0 100 200 300 400
twcp twcp

Figure 2. Time evolution of the change in flow energy along with the cumulative time-integrated (j, - E + (P, - V)-u,),
{J,-E),and (P, - V) -u,) for protons (left) and electrons (right) in turbulence simulation. A dotted horizontal line at SE = 0

is drawn for reference.
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0.02

0.00

—0.02

—-0.04

Figure 3. Overview of the electron out-of-plane current density j,,, electron pressure-strain interaction (P, - V) - u,, and electron electromagnetic work j, - E for

turbulence simulation at tw,; = 163.

time averaging (Haggerty et al., 2017) over a high cadence data can minimize the noise effects, but since this
study does not focus on local effects, such time averaging is not performed here.

To investigate the degree and nature of the validity of Equation 6 further, we plot the detailed time evolution of the
global averaged electron electromagnetic work ( j, - E) and electron pressure strain interaction (— (P, - V)-u,)
starting 9tw,, in Figure 4. For clarity, data points after every 10tw,, are plotted. Clearly, for (j, - E), there are
some big oscillations in the initial phase. As a result, the instantaneous values of (j, - E) and (— (P, - V)-u,) do
not agree well with each other. However, as seen previously, the cumulative time integral of these quantities agree
much better since these oscillations are canceled in the cumulative sum.

4.2. Reconnection

Next, we explore these features in the guide-field Harris reconnection run. Figure 5 shows the time evolution of
the energies for reconnection in the same format as Figure 1. One should keep in mind that the initial conditions
for these turbulence and reconnection simulation runs are totally different, and their dynamics evolve very
differently in the two cases. For example,: the evolution phase of reconnection is completely different than
turbulence, where typically the system immediately undergoes an initial exchange of energy between the ion-flow
and magnetic field (see, e.g. (Cho & Vishniac, 2000),). For reconnection, no such exchange occurs and until about
200fw,,, reconnection has not started. Once reconnection initiates, electro-

magnetic energy gets transferred mostly to thermal energy (Adhikari
et al., 2021). However, the change in electromagnetic energy (6E™) very
closely follows the time integral of the electromagnetic work (—j-E).
Similarly, the change in the thermal energies (SE™) for each species and the
time integral of the respective pressure strain interactions (— (P - V) - u) are
almost equal, except for a slight variation seen for the electrons.

In Figure 6, we show the time evolution of the change in the flow energy for
reconnection along with the time integrated (j, - E), ((P, - V) - u,), and their
sum. The flow energy evolution equations are once again very well satisfied.
While the evolution of the energies is different between these turbulence and
reconnection runs, one similarity is the small change in the electron flow
energy, which results in an anticorrelation between ( j, - E) and (P, - V) - u,).
In  reconnection, the discrepancy between time  integrated

(j.-E+(P,-V)-u,) and change in 5E/ is much smaller compared to tur-

s | s s | s
300 400 bulence. This is because in reconnection the system evolves slowly, and we

twcp do not observe huge oscillations in the electron current.

Figure 4. Time evolution of (j, - E); (p6,), (PiD,), and (~ (P, - V) -u,) for Figure 7 shows the real space plots of the out-of-plane current density,
the 2.5D turbulence simulation. For clarity data points after every 10tw,, are pressure strain interaction and electromagnetic work for electrons at

plotted.

tw.; = 345, during the quasi-steady phase of reconnection when the
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0.00
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—0.04
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—0.08F === [(=(Py-V)-up)dt

[ e f;(—j-E)dt

[ (= (Pe V) uedt
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L L
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twep
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Figure 5. Time evolution of the changes of electromagnetic and thermal
energies versus cumulative time-integrated (—j - E), ( — (P, - V) - u,),
(= (P,-V)-u,) for reconnection simulation with a guide field of unity. Here

the change of energy is defined as 6E(r) = E(t) — E(0) and the cumulative

integral is computed over time [0, #] in units of wc‘pl.

simulation. Compared to the turbulence case, the system is filled with only
two reconnection sites in the reconnection simulation and two corresponding
magnetic islands. The electron pressure-strain interaction and the electron
magnetic work are also mostly localized along the reconnection sites with
some structures along the outflow surrounding the magnetic islands. It is
evident that, a point wise local anticorrelation between (P,-V)-u, and
J.-E is not realized since the transport terms in Equations 1-3 can be
locally significant.

In Figure 8, we plot the instantaneous values of ( j, - E) and (— (P, - V) -u,)
in reconnection, which, free of large initial oscillations, agree very well. This
implies that Equation 6 may be valid pointwise in time for slowly evolving
systems while it may not be as well satisfied in rapidly evolving systems.
Nevertheless, since electron flow energy is insignificant in plasma systems,
the time integral of (j, - E) and ((P, - V)-u,) are always anticorrelated.

5. Discussion and Conclusions

In spite of the significant advances in both communities, the dichotomy be-
tween dissipation as viewed in reconnection and turbulence studies has per-
sisted. The present paper has attempted to at least partially elucidate the
relationship between these perspectives. To achieve this we began by reca-

pitulating some of the results from Yang et al. (2022) that demonstrated that the pressure strain interactions act as

the species dissipation functions in collisionless plasma. Apart from reviewing that result, we also showed the

reconciliation of the terms in Equations 1-3 employing improved time cadence data, thus improving the accuracy

of the results.

It becomes immediately apparent for the turbulence simulation that the time integration of volume averaged

electromagnetic work does not correspond to dissipation, while pressure-strain interaction accounts accurately for

both proton and electron internal energy increases. Meanwhile the electromagnetic work accounts well for an

epoch of field line stretching at early times, with associated increase of magnetic energy and loss of proton fluid

kinetic energy. Electrons do not act independently in this period, and the heating (internal energy increase) of

t t t
— (6Ef) o [ (ia E+(Pg-V) - ugddt —— [ (ja-Edt —=- [ (Pq-V)-ug)dt
0.067\““\““\““\““\““7 0.0477\““\““ ““\““\“‘.“i
0.04} ,
i 0.02}
0.02}
Ll : 0.00}
0.00 I
_0_02: \\ , —0.02:
I AN ] ' N
I a= Protons \\\ 1 3 a= EleCtronS \\
_004\\\\\\~7 -004b ... .
0 10 200 300 400 0 100 200 300 400
twep twep

Figure 6. Time evolution of the change in flow energy along with the cumulative time-integrated (j, - E + (P, - V) -u,),
(.- E), and ((P, - V)-u,) for protons (left) and electrons (right) in reconnection simulation. A dotted horizontal line at
OE = 0 is drawn for reference.
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Figure 7. Overview of the electron out-of-plane current density j,,, electron pressure-strain interaction (P, - V) - u,, and electron electromagnetic work j, - E for
reconnection simulation at tw,; = 345.

electrons and protons are temporarily very nearly equal. At later times (after the field line stretching period) the
proton fluid kinetic energy receives a nearly constant (and slightly increasing) input from electromagnetic work.
A likely interpretations is that this is a consequence of plasma jets generated by reconnection of adjacent magnetic
islands (Servidio et al., 2010).

During this time (after tw., ~ 120) effect of electromagnetic work on electrons differs greatly from that on
protons. There is for example, a dramatic increase in production of electron flow energy caused by electro-
magnetic work, an effect much greater than the analogous effect on protons in this period. There is also a very
similar dramatic increase in the production of electron internal energy, which of course must occur at the expense
of electron flow energy, as is evident in Figure 2. A significant consequence, seen also in this figure, is that the
sum of these effects leaves the electron flow kinetic energy very nearly constant for hundreds of proton cyclotron
times. The only way this can happen is that the time-integrated volume average effects on electrons of electro-
magnetic work and pressure strain are very nearly in balance, that is, in a time-averaged sense,
(J,-E)=(—(P,-V)-u,) as stated in Equation 6. This may be viewed as a main conclusion of the paper: that,
apart from startup transients in fully developed turbulence, the aggregate time averaged dissipation by electrons
may be equivalently viewed as either due to pressure strain, or due to electromagnetic work. The former is an
exact statement; the latter a very good approximation, with the above caveats.

It must be emphasized that this conclusion does not state that the underlying
quantities are pointwise equal, or even equal in the spatial average at every

1 time instant. One might note, for example, that based largely on kinetic
] plasma turbulence simulations, it has been well established that small scale
B features such as current sheets, vortices and measures of non-Maxwellianity
] (Greco et al., 2012; Parashar & Matthaeus, 2016; Servidio et al., 2012) tend to
be clustered in specific regions, often near neutral points. This feature, which
can be termed regional correlation, apparently applies as well to measures of
plasma energy conversion and dissipation and can be quantified using two
point correlation analysis (Yang et al., 2019). Apparently, this juxtaposition
of kinetic effects in space carries over to the time domain as well, as can be
seen, for quantities of present interest, by inspection of Figure 4. Here one
may observe the time histories of the volume integrated electron pressure
] strain and the electromagnetic work on electrons. It is already shown above
] that the time integrals of these quantities follow each other rather closely. But
B in Figure 4 it is clear that at equal times these quantities may differ consid-

100

200

‘3(‘)0‘ — ‘4(‘)0‘ — erably. Note that the separate contributions of the time dependent volume

twep averaged compressive (pf,) and incompressive (PiD,) ingredients of pres-

sure strain interaction (Yang, Matthaeus, Parashar, Haggerty, et al., 2017) are

Figure 8. Time evolution of (j, - E); {p@,), (PiD,), and (— (P, - V)-u,) for shown as additional traces in Figure 4. By inspection, one can verify that the

reconnection simulation. For clarity data points after every 5t,, are plotted. compressive part is the much weaker of the two.
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The results and conclusions for the reconnection case are very much in parallel to the turbulence case, with
differences in the details, as shown in Figures 5 and 6. The time integrated pressure strain interactions agree quite
well with the time histories of changes in the respective thermal energies, as was seen for the turbulence cases.
While the results agree well for both species, it is curious that for the reconnection run, the greater discrepancy
between integrated pressure strain and internal energy change occurs for the protons. In the turbulence case, the
agreement between time integrated pressure strain and internal energy change for protons is slightly better than
the agreements for the electrons. It is interesting to note that in Figure 6 the electromagnetic generation of proton
flow energy is much more dramatic in the reconnection case than what was seen in the turbulence case. This
clearly corresponds to the formation of large, energetic reconnection outflow jets.

A more significant difference in the turbulence and reconnection analyses is seen in the detailed time history of
volume averaged electron pressure strain and similarly averaged electomagnetic work on electrons, shown in
Figure 8. As in the case of turbulence, we already established that the respective time integrated quantities agree
well with Equation 6. However, here, except for some large oscillatory differences at early time, for the
reconnection case the agreement is much better between instantaneous values of volume averaged quantities than
it is for the turbulence case. There remain modest quantitative differences, but the large oscillatory discrepancies
are much less in Figure 8 than in Figure 4.

It is worth mentioning that this analysis has also been performed in two additional simulations of turbulence with
different plasma beta # = (0.3, 1.2), and four additional simulations of reconnection with different out-of-plane
guide fields Bg = (0, 0.1, 0.5, 2) and the results are consistent with those shown here and therefore independent
of these parameters. In addition, for systems with real proton to electron mass ratio of 1,836, the change in
electron flow energy becomes much smaller compared to the proton flow energy. As a result, we anticipate that
the discrepancy between the electron pressure-strain interaction and electron electromagnetic work will be further
reduced.

In summary we have shown that the volume averaged relation for electrons (j, - E) = (— (P, - V) -u,) is very
well satisfied in a time integrated sense for reconnection cases and also for turbulence cases after a startup
transient. As for detailed time variations, in turbulence there are relatively large discrepancies between the
volume averaged electromagnetic work and the volume averaged pressure strain for electrons and these persist for
the entire simulations. Standard reconnection cases are much quieter in this respect, and the time dependent
discrepancies between these two important measures are much smaller except for early transients that are likely of
numerical origin. We are hopeful that these results may contribute to a certain level of clarification regarding
differences in the way “dissipation”is looked at in the reconnection and turbulence communities.

Data Availability Statement

The turbulence and reconnection simulation data used in the study are available at Yang et al. (2022, 2023, 2024)
and Adhikari et al. (2023, 2024).
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