


(Yin et al. 2001; Schmitz & Grauer2006; Wang et al.2015;
Pezzi et al.2021), 3D laminar collisionless reconnection in the
context of magnetospheres(Wang et al. 2018), and 2D
reconnection in turbulent plasma(Fadanelli et al.2021). In
this work, we use particle-in-cell(PIC) simulations to study the
energy transfer associated with 3D small-scale magnetic
reconnection that self-consistently occurs as a consequence of
an anisotropic turbulent cascade. In Section2, we present our
theoretical framework to study the energy transfer and transport
in our plasma simulations. In Section3, we present our
simulation results, emphasizing the presence of agyrotropy in
Section 3.3 and the energy distribution in Section3.4. In
Section 4, we discuss the implications of our results. In
Section5, we provide our conclusions.

2. Energy Transfer and Transport

The total energy in a closed volume of plasma is partitioned
among the particles and the electromagnetic� elds. The bulk
kinetic energy density of the particle speciess is associated
with the � rst velocity moment of the particle velocity
distribution functionfs= fs(x, v, t) and therefore with the bulk
� ux of the particles. The thermal energy density is associated
with the second velocity moment and thus the pressure of the
particles. The evolution offs follows the Boltzmann equation
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wherev is the velocity,E is the electric� eld,B is the magnetic
� eld, qs is the charge of a particle, andms is the mass of a
particle. The term¶ ¶f ts c( ) on the right-hand side represents
the change in the distribution function due to collisions. This
term includes individual correlations between� elds and
particles, based on the particles’ individual Coulomb potentials
(Klimontovich1997). To study the energy transport, we derive
a set of energy equations based on the Boltzmann Equation(1).
We � rst de� ne the density
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and the pressure tensor
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where(vŠ us)(vŠ us) is the dyadic product. We de� ne the heat
� ux vector
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We de� ne the� rst moment of the collision term in Equation(1)
as
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With these de� nitions, we compute the� rst and second
moments of Equation(1) (see theAppendix for details). The
� rst moment of Equation(1) yields the kinetic energy equation

e
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whered/ dt= � / � t + (us · � ) is the total time derivative,
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is the kinetic energy density, and

XX = um 10s
k

s s s
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represents the irreversible kinetic energy transfer. The terms
u Ps s· · , e  us

k
s· , and the advective term eus s

k( · ) are
associated with the termv · � fs in Equation (1). Therefore,
these terms represent kinetic energy density transport due to the
free streaming of particles. Conversely, the termŠ qsns(us · E),
associated with the electric� eld, represents the energy density
transfer between particle bulk� ows and� elds.

The second moment of Equation(1) yields the thermal
energy equation

e
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d
dt
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is the thermal energy density and
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m
2

Tr 13s s s
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represents the irreversible thermal energy transfer. The
expression Tr stands for the trace of a tensor, andu P:s s is
the double contraction of the strain tensor� us and Ps. The
terms� · hs, u P:s s, ande  us s

th · , associated withv · � fs in
Equation(1), represent thermal energy density transport due to
the free streaming of particles.

The terms on the left-hand sides of Equations(8) and (11)
describe collisionless processes, whereas the terms on the right-
hand sides describe collisional processes in the plasma that
generate an increase in the plasma entropy.

Equations(8) and (11) alone do not capture total energy
conservation because they do not account for the rate of change
in the electromagnetic energy density� � em/ � t, nor for the
electromagnetic energy� ux � · S, where

e
m

= + B B E E
1
2

1
14em

0
0· · ( )� �

�

�

�

�

is the electromagnetic energy density andS= E × B/ � 0 is the
Poynting vector. The expression that accounts for these
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changes is Poynting’s theorem

e¶
¶
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0. 15
em
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Nevertheless, Equations(8) and (11) are exact in their
description of the kinetic and thermal energy density transfer
and transport, as well as the energy density exchange between
� elds and particles.

Before tackling the energy transfer problem, we explicitly
de� ne the following three terms, which are often used
interchangeably in the literature:

1. Heatingis any increase ines
th, andcoolingis any decrease

in es
th. Heating can be either reversible or irreversible.

2. Damping is any decrease in� em, and growth is any
increase in� em. Damping/ growth can be either reversible
or irreversible.

3. Dissipationis any irreversible energy transfer leading to
an increase ines

th.

Dissipation corresponds to an increase in entropy of the
velocity distribution function, which is challenging to quantify
directly both in space measurements and in simulations.
Nonetheless, recent studies(Pezzi et al.2019; Matthaeus
et al.2020; Pezzi et al.2021) show that in collisionless plasmas
energy-based dissipation proxies such as the Zenitani para-
meter(Zenitani et al.2011)

= + ´ -J E u B u ED n q , 16zs s s s s· ( ) ( · ) ( )

and the strain pressure interactionu P:s s (Yang et al.2017)
are spatially correlated with dimensionless measures of
nonthermal distribution functions(Kaufmann & Paterson2009;
Greco et al.2012; Liang et al.2019) and plasma agyrotropy
(Scudder & Daughton 2008). In Equation (16), J =
� s= i,eqsnsus is the electric current density.

These energy-based dissipation proxies are effectively power
density terms derived from the left-hand sides of our
Equations(8) and (11). According to our de� nitions, Dzs is a
damping measure since it quanti� es the energy transfer from
the electromagnetic� elds into bulk kinetic energy and
vice versa.

The strain tensor interaction has gyrotropic and agyrotropic
contributions. We decompose the pressure tensor as
Pij,s= ps� ij + � ij ,s, where
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represents the symmetric traceless strain rate tensor(Yang et al.
2017). Thus, the strain tensor interaction, which is a heating/

cooling proxy according to our de� nitions, is

q = + Pu P p D: , 20s s s s ij s ij s, , ( )

where the� rst term on the right-hand side is known asp� s and
the second term on the right-hand side is known asPi Š Ds

(Yang et al. 2017). For comparison with previous studies
(Bandyopadhyay et al.2020; Pezzi et al.2021), in Section3.6
we computeDij,s, ps� s, and� ij ,sDij ,s and compare them with the
energy transfer and transport terms,Š nsqs(us · E) andu P:s s,
in Equations(8) and(11).

3. Simulation Results

3.1. Simulation Setup

We use the explicit Plasma Simulation Code(PSC; Ger-
maschewski et al.2016) to simulate anisotropic Alfvénic
turbulence in an ionŠelectron plasma in the presence of a constant
background magnetic� eld =B zB0 0� . The simulation domain is
an elongated box of sizeLx × Ly × Lz= 24di × 24di × 125di with
spatial resolution� x= � y= � z= 0.06di, wheredi = c/ � pi is the
ion inertial length,c is the speed of light,w = n q mpi i i0

2
0 is

the ion plasma frequency, andn0 is the constant initial ion density.
The background ion Alfvén speed ratio in our simulations is
vA,i/ c= 0.1, where m=v B n mi iA, 0 0 0 is the ion Alfvén speed.
The number of macro particles per cell is 100 ions and 100
electrons. We use a mass ratio ofmi/ me= 100 so thatde=
0.1di. We set the initial thermal-to-magnetic energy ratio
b m= =n k T B2 1s s0 0 B 0

2 , whereTs is the temperature of species
s andkB is the Boltzmann constant. The details of the simulation
setup and the overall simulation results are presented by Agudelo
Rueda et al.(2021), where the authors report a reconnection event
that involves two reconnecting� ux ropes.

3.2. Reconnection Event Overview

Panel(a) in Figure 1 shows the volume rendering of the
current density in our simulation domain at the simulated time

w= -t 120 pi
1. Current � laments that form in the turbulent

cascade are mostly elongated along the direction of the
background magnetic� eld. At this time in the simulation, we
apply the set of indicators presented by Agudelo Rueda et al.
(2021) to identify and locate reconnection sites. We select one
reconnection event that involves two reconnecting� ux ropes as
shown in panel(b) of Figure1, where the magnetic� eld lines
are color-coded with|B|. The magnetic� ux ropes contain an
intense magnetic� eld, especially the lower� ux rope, which is
more twisted and has a smaller radius than the upper� ux rope.
Conversely, the magnetic� eld between the� ux ropes is weak.
The cuts in panel(b) showJz in the x-y simulation plane. For
our analysis of this event, we apply a 2D cut in thex-yplane at
z= 77di. Panel(c) of Figure1 shows the magnetic� eld lines of
the � eld components in thex-y plane, i.e.,(Bx, By) as black
contours. Panel(c) illustrates the complexity of the magnetic
topology in the region of interest. For our energy analysis, we
select a volumetric subregion of size 10di

3 centered around the
identi� ed reconnecting region. The green square in panel(c)
highlights the intersection of the selected subregion with the
central 2D cut from panel(b).

Even though the background� eld is in thez-direction, the
current structures are not exactly aligned with thez-direction.
Instead, the geometric features of the reconnection event are
aligned with the plane perpendicular to the current sheet that
sustains the magnetic gradient. Therefore, we determine a
reference frame(RF) that is aligned with the main axis of the
current sheet. We determine the direction of the main axis of
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the current sheet by 3D renderingJz and measuring the
inclination of the coherent structure that crosses the point
x= 13.5di and y= 21.5di in the x-y plane. We then apply a
coordinate transformation from the RF(x, y, z) to a new
RF (r, p, a) aligned with the main axis of the current sheet. The
unit vectors of this RF are(r p a, ,� � � ). In this RF,a� is antiparallel
to the main axis of the current sheet,p� is an arbitrary vector in

the plane perpendicular toa� , andr� is the vector that completes
the right-handed coordinate system. Since the componentsr
andp are in the plane perpendicular to the current structure, we
denote them as the in-plane components.

In the following analysis, we use the RF(r, p, a) and select a
cubic region of size 10di

3. Although the event is 3D and the
magnetic� eld lines extend in three dimensions, we select a 2D

Figure 1. Spatial context of the reconnection event within the simulation domain. Panel(a) shows a volume rendering of|J|. Panel(b) shows the 3D magnetic� eld
lines color-coded with|B|. On the vertical cuts in panel(b), we showJz. Panel(c) shows the magnetic� eld lines in thex-y plane. The black contours show in-plane
magnetic� eld lines. The green square highlights the size and position of the region for the energy analysis.

Figure 2.2D cuts in ther-p plane at simulation time w= -t 120 pi
1. (a) Magnetic� eld magnitude|B|/ B0. The black contours represent the in-plane magnetic� eld lines,

and the black stars represent twox-points.(b) Out-of-plane component magnetic� eld (Ba Š Ba,0)/ B0. The black arrows in this panel represent the in-plane magnetic
vectors(Brp). (c) Out-of-plane electron speedua,e/ vA,i. The black arrows in this panel represent the in-plane electron velocity vectors(urp,e/ vA,i). (d) Out-of-plane ion
speedua,i/ vA,i. The black arrows in this panel represent the in-plane ion velocity vectors(urp,i). In all panels, the black square outlines the diffusion region.
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cut of the cubic region in ther-p plane similar to the green
square in panel(c) of Figure1. This 2D cut is representative of
the reconnection event as we show in Section3.3.

Panel(a) in Figure2 shows the magnetic� eld magnitude in
the region of interest normalized toB0. The black contours
represent the in-plane magnetic� eld lines, which we compute
by creating an array of seed points placed on the vertices of a
squared grid in ther-p plane. Then, we use the in-plane
magnetic� eld vectors to create the streamlines. We propagate
the numerical integration in both directions: forward and
backward. Panel(b) in Figure2 shows(Ba Š Ba,0)/ B0, where
Ba is the out-of-plane component of the magnetic� eld and

= B aBa,0 0 · � is the projection ofB0 on the a-direction. We
subtract Ba,0 to improve the visibility of the multipolar
con� guration of this component. The black arrows in this
panel represent the in-plane magnetic� eld vectors

= +B r pB Brp r p� � . In order for reconnection to occur, the in-
plane components of the magnetic� elds of reconnecting
structures must have different directions. The plotted in-plane
magnetic � eld lines suggest the presence of effective
separatrices between regions of oppositeBrp within the black
square.

The in-plane magnetic� eld lines in panel(a), along with the
direction of the in-plane magnetic� eld vectors, suggest the
presence of twox-points, which we mark with two black stars,
one located atr = 5.58di and p = 6.6di and the other at
r = 6.5di and p = 6.2di. We establish the position of thex-
points by identifying the saddle points of the in-plane magnetic
� eld. The magnetic con� guration is complex, and the black
square outlines the central region in which the reconnection
occurs. Within this region, the magnetic� eld is nonuniform.
The subregion where|B| � 0 represents a null region. From
now on, we refer to the region enclosing thex-points as the
diffusion region. Since transverse 2D cuts to 3D magnetic� ux
ropes resemble the geometry of magnetic islands, we now refer
to the magnetic� eld lines that are quasi-circular in panel(a) as
magnetic islands.

Panel(c) shows the out-of-plane component of the electron
velocity ua,e normalized to the ion Alfvén speedvA,i. The red
color indicates electrons moving out of the plane, whereas the
blue color indicates electrons moving into the plane. The black
arrows of this panel represent the in-plane electron velocity
vectors = +u r pu urp e r e p e, , ,� � . Within the region of interest,
there are counterstreaming electrons following the separatrices.
Likewise, we locate electrons streaming out of the plane
through the diffusion region. Within the magnetic islands, the
electrons stream into the plane. In most of the magnetic islands,
the electrons follow quasi-circular orbits owing to their
magnetization. However, in the magnetic island centered at
r = 4.5di andp = 2.2di, the electrons demagnetize and traverse
into the magnetic island connecting with the stream of electrons
at the edge of the magnetic island.

Panel (d) shows the out-of-plane component of the ion
velocity ua,i normalized tovA,i. The black arrows in this panel
represent the in-plane ion velocity vectors = +u r pu urp i r i p i, , ,� � .
Within the diffusion region, the out-of-plane ion velocity is
small, which suggests that the ion motion is mostly constrained
to the plane. The in-plane motion, however, is considerable,
and the ions move across the separatrices since they are
demagnetized.

3.3. Particle Agyrotropy in the Diffusion Region

During the reconnection of magnetic� ux ropes, the plasma
expansion/ contraction is not isotropic. Therefore, at kinetic
scales, the plasma pressure of each species can develop
anisotropy and agyrotropy. Figure3 shows our pressure terms
according to Equations(17) and (18) for electrons and ions
normalized to =p n m vi i0 0 A,

2 . Panels(a) and (e) show the
isotropic scalar pressure for electronspe and ions pi,
respectively. For both species, the scalar pressure is greater
inside the magnetic islands than outside owing to the large
density of particles(not shown here). Likewise, pe and pi
display gradients along and across the separatrices. We� nd
thatpe is lower in the region between the magnetic islands and
between thex-points compared to inside the magnetic islands.

Panels(b), (c), and (d) of Figure 3 show the off-diagonal
components of the electron pressure tensor according to
Equation(18), � ra,e, � pa,e, and � pr,e, respectively. We here
introduce our notation� ...� for the spatial average of a quantity
over a given domain. The averages over the subdomain of
|� ra,e|, as well as|� pa,e|, � |� ra,e|� , and� |� pa,e|� , are about 10%
of � pe� . � ra,e and� pa,e present a strong dipole-like con� gura-
tion centered on the magnetic islands. There is a shallower, yet
visible, gradient in� ra,e, � pa,e, and� pr,e in the region between
the islands and in the diffusion region. Conversely,� pr,e
exhibits a quadrupolar con� guration within the magnetic
islands. The nonzero values of� ra,e, � pa,e, and � pr,e show
that the plasma is agyrotropic, suggesting that small-scale
kinetic processes occur. Similar patterns are reported along the
separatrices of 2D collisionless reconnection(Yin et al. 2001;
Schmitz & Grauer2006; Wang et al.2015) and laminar 3D
collisionless reconnection(Wang et al.2018). However, unlike
previous studies, we observe the same patterns within the
magnetic islands of turbulent 3D magnetic reconnection. This
is a fundamental difference between the reconnection that
occurs in turbulence and steady-state reconnection that occurs
in Harris current sheet con� gurations.

Panels(f), (g), and (h) of Figure 3 show the off-diagonal
components of the ion pressure tensor according to
Equation (18), � ra,i, � pa,i, and � pr,i, respectively. The off-
diagonal terms for ions, unlike electrons, have a less coherent
pattern attached to the in-plane magnetic� eld topology. The
reason for this detachment lies in the demagnetization of the
ions at these scales. Nevertheless, there is a gradient of these
terms suggesting agyrotropy effects in the ion dynamics
as well.

Figure4 shows a magni� cation of the region enclosed by the
black square in Figure2. Panels(a)Š(d) show a magni� cation
of the electron pressure terms shown in panels(a)Š(d) of
Figure 3. To make a direct comparison with previous 2D
studies, panels(e)Š(h) show sketches summarizing known
patterns associated with the electron pressure components that
emerge from 2D collisionless reconnection in the absence of a
guide � eld (Yin et al. 2001; Schmitz & Grauer2006; Wang
et al.2015). In this region, unlike within the magnetic islands
of Figure 3, our simulation results of the electron pressure
patterns match those patterns shown in the sketches in panels
(e)Š(h) in the region where the magnetic� eld has a local
minimum according to panel(a) in Figure1. However, below
the x-point located atr = 5.58di and p = 6.6di, the pattern no
longer corresponds to the sketched expectations. Moreover,
� pr,e is less coherent, and we do not recognize a clear
quadrupolar con� guration as in the sketches for the 2D case.
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Figure 5 shows a 3D representation of the pressure
components for electrons in panels(a)Š(d) and for ions in
panels(e)Š(h). The 2D cut ata = 2.76di corresponds to the 2D
cut in Figure3. The plotted 3D structures are isosurfaces of the
pressure component depicted on the 2D planes. For a given
quantity � , the value of the isosurfaces corresponds to
S� = ± (� |� |� + 2� |� |), where� |� | is the standard deviation of
|� |. The isosurfaces in panels(a)Š(h) have the shape of
elongated and thin surfaces with local curvatures along thea-
axis. The agyrotropic patterns in Figure3 extend for � 5di
along thea-axis.

3.4. Energy Transfer and Transport

We use the power density expressions for the kinetic energy
in Equation(8) and the thermal energy in Equation(11) to
describe the energy transfer and transport associated with our
reconnection event. To compute the partial time derivatives of a
quantity, we use a central difference approach. Since the
Alfvén transit time is� 100w-

pi
1, a time resolution of 6w-

pi
1 is

suf� cient to capture the relevant dynamics of interest. To
estimate the spatial derivatives, we use a standard cell-centered
� rst-neighbors approach. We calculate all scalar products cell-

wise in the simulation domain. Panels(a)Š(e) of Figure6 show
2D cuts of each term in Equation(8) for electrons normalized
to e wD = m vpi i i0 A,

2 .
Panel(a) shows, at the simulation time w= -t 120 pi

1, the total
time derivative of the kinetic energy densityed dte

k . The
domain exhibits considerable temporal changes of the kinetic
energy density at the centers of the magnetic islands. We also
detect negative ed dte

k at the edge of the top left magnetic
island and positiveed dte

k in the diffusion region. Conversely,
there is almost no change inee

th in the region between thex-
points.

Panel (b) shows the scalar product u Pe e· · , which
quanti� es the change of kinetic energy due to the advection
of the pressure tensor. This energy change is transported by the
electron� ow. The quantity u Pe e· · is also known as the
pressure work(Fadanelli et al.2021). There is a strong
conversion of energy associated with the pressure work at the
center of the magnetic islands. However, the energy change
associated with this term is around 10 times greater than the
local ed dte

k . Unlike ed dte
k , at the edge of the top left

magnetic island, there is a strong gradient of u Pe e· · from

Figure 3. 2D cuts of the pressure tensor components in ther-p plane at the simulation time w= -t 120 pi
1. (a) Electron scalar pressurepe/ p0. Off-diagonal components

of the electron pressure tensor:(b) � ra,e/ p0, (c) � pa,e/ p0, and(d) � pr,e/ p0. (e) Ion scalar pressurepi/ p0. Off-diagonal components of the ion pressure tensor:(f) � ra,i/
p0, (g) � pa,i/ p0, and(h) � ra,i/ p0.
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