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energy transfer associated with 3D small-scale magnetidVith these denitions, we compute therst and second
reconnection that self-consistently occurs as a consequence ofioments of Equatiofl) (see theAppendixfor detaily. The

an anisotropic turbulent cascade. In Sec8pwe present our

rst moment of Equatiofl) yields the kinetic energy equation

theoretical framework to study the energy transfer and transport

in our plasma simulations. In Sectid}) we present our

simulation results, emphasizing the presence of agyrotropy in g

Section 3.3 and the energy distribution in Secti@4. In

Section 4, we discuss the implications of our results. In whered/ dt=

Section5, we provide our conclusions.

2. Energy Transfer and Transport

dek _
s pug- B+ ek ‘U — gns(us -E)= XK, (8)

[ t+ (us- ) is the total time derivative,

1
ek = SMsmy(Us- U3 )

The total energy in a closed volume of plasma is partitionedis the kinetic energy density, and

among the particles and the electromagnegids. The bulk
kinetic energy density of the particle spectes associated
with the
distribution functionfs= fy(x, v, t) and therefore with the bulk

ux of the particles. The thermal energy density is associateds °

rst velocity moment of the particle velocity

X¥ = mous - 2L (10)

represents the irreversible kinetic energy transfer. The terms
P, e - u, and the advective terfus - )eX are

with the second velocity moment and thus the pressure of theassociated with the term- fs in Equation(1). Therefore,

particles. The evolution df follows the Boltzmann equation

ﬂ_fs+v- fs+&(E+v' B) - f = ﬂ—fs @

1t ms Soqt .

wherev is the velocity E is the electric eld, B is the magnetic
eld, gs is the charge of a particle, amd, is the mass of a

particle. The tern{ff,/1it). on the right-hand side represents
the change in the distribution function due to collisions. This

term includes individual correlations betweerlds and
particles, based on the particlesdividual Coulomb potentials

(Klimontovich 1997. To study the energy transport, we derive

a set of energy equations based on the Boltzmann Eqya}ion
We rst de ne the density

ns (L, (2
the bulk velocity
U © = §fovddy, 3)
Ns

and the pressure tensor
Rems) E(v— w(v- wdy, @)

where(vS ug(vS uy) is the dyadic product. We dee the heat
ux vector

h® Zmp v -w - (v- - wév

We de ne the rst moment of the collision term in Equati¢i)
as

1

f
1=y —S
0Y

(1

d3v (6)

c

these terms represent kinetic energy density transport due to the
free streaming of particles. Conversely, the Srogng(us - E),
associated with the electrield, represents the energy density
transfer between particle bullows and elds.

The second moment of Equatidd) yields the thermal
energy equation

deg' _ B o4 th i — yth
ot + hs + ug Ps+ eg U= X, (11
where
A
g = ETr(Ps) (12
is the thermal energy density and
XM = —myu, - L+ %Tr & (13)

represents the irreversible thermal energy transfer. The
expression Tr stands for the trace of a tensor, angd Ps is

the double contraction of the strain tensous and B. The
terms -hg, Us P andggh - U, associated with-  fgin
Equation(1), represent thermal energy density transport due to
the free streaming of particles.

The terms on the left-hand sides of Equati{8)sand (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®"/ t, nor for the

electromagnetic energyux .S, where
eemzl iB-B+EOE-E 14
2 pg

is the electromagnetic energy density & E x B/ 4 is the
Poynting vector. The expression that accounts for these
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changes is Poynting theorem where the rst term on the right-hand side is knownpagand
qeem the second term on the right-hand side is knowrPi8 D

T + -S+J-E=0. (19 (Yang et al.2017). For comparison with previous studies
(Bandyopadhyay et a02Q Pezzi et al202]), in Section3.6

Nevertheless, Equationf8) and (11) are exact in their e computeD;j s, Ps s and . Djj s and compare them with the
description of the kinetic and thermal energy density transferenergy transfer and transport ter@g)(04us - E) and  us: P,
and transport, as well as the energy density exchange between Equations(8) and (11).

elds and particles.

Before tackling 'the energy transfer problem, we explicitly 3. Simulation Results
de ne the following three terms, which are often used ) .
interchangeably in the literature: 3.1. Simulation Setup
1. Heatingis any increase iel", andcoolingis any decrease We use the explicit Plasma Simulation Cof®SC; Ger-

maschewski et al.201§ to simulate anisotropic Alfvénic
turbulence in an idBelectron plasma in the presence of a constant
background magneticeld By = Byz. The simulation domain is

in . Heating can be either reversible or irreversible.
2. Damping is any decrease in®", and growth is any
increase in ®™. Damping growth can be either reversible

or irreversible. an elongated box of sidg x L, x L,= 24d; x 24d, x 125); with
3. Dissipationis any irreversible energy transfer leading to SPatial resolution x=y= z= 0.06, whered;= d_ s the
an increase in", ion inertial lengthg is the speed of lightysi = \/Nog?/meo is

the ion plasma frequency, anglis the constant initial ion density.
The background ion Alfvén spieatio in our simulations is
Vai/ €= 0.1, wherep ; = Bo/m is the ion Alfvén speed.
‘The number of macro particles per cell is 100 ions and 100
electrons. We use a mass ratio mf m.= 100 so thatd.=
0.1d. We set the initial thermal-to-magnetic energy ratio
83 = 2nopoke T/ B = 1, whereT, is the temperature of species
s andkg is the Boltzmann constant. The details of the simulation

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 studi¢Bezzi et al.2019 Matthaeus
et al.202Q Pezzi et al202]) show that in collisionless plasmas
energy-based dissipation proxies such as the Zenitani par
meter(Zenitani et al2011)

Dis=J:-(E +us” B)—ng(us-E), (16) setup and the overall simulation results are presented by Agudelo
. . . = Rueda et al2021), where the authors report a reconnection event
and the strain pressure interactions: Ps (Yang et al.2017) that involves two reconnectingix ropes.

are spatially correlated with dimensionless measures of
nonthermal distribution functiorffKaufmann & Patersof009
Greco et al2012 Liang et al.2019 and plasma agyrotropy o )
(Scudder & Daughton2008. In Equation (16), J= Panel(@) in Figure 1 shows the volume rendering of the

< i 0N is the electric current density. current delnsny in our simulation domain at_the simulated time

These energy-based dissipation proxies are effectively powet = 12Qv;7. Current laments that form in the turbulent
density terms derived from the left-hand sides of our c@scade are mostly elongated along the direction of the
Equations(8) and (11). According to our denitions, D,sis a background mag.ne'qceld. At this time in the simulation, we
damping measure since it quaes the energy transfer from 2aPPly the set of indicators presented by Agudelo Rueda et al.
the electromagnetic elds into bulk kinetic energy and (202) to |(_jent|fy and Ioc_:ate reconnection sites. We select one
vice versa. reconnection event that involves two reconnectimgropes as

The strain tensor interaction has gyrotropic and agyrotropicShown in pane(b) of Figure1, where the magneticeld lines

contributions. We decompose the pressure tensor ad'€ color-coded withB|. The magnetic ux ropes contain an
Pis=Psijt i Where intense magneticeld, especially the lowerux rope, which is

more twisted and has a smaller radius than the upperope.
Conversely, the magnetield between theux ropes is weak.

3.2. Reconnection Event Overview

- §_ja1 Ris 17 The cuts in panglb) showJ, in the x-y simulation plane. For

. _ . = our analysis of this event, we apply a 2D cut inxhgplane at
is the isotropic scalar pressure and z= 77d.. Panelc) of Figurel shows the magneticeld lines of
Pis = (Pjs + Pis)/2 — P& (19 the eld components in thg-y plane, i.e.,(By, By) as black

contours. Panglc) illustrates the complexity of the magnetic
is the deviatoric pressure. Likewise, the strain rate tensgr topology in the region of interest. For our energy analysis, we
can be expressed asujs= s j/ 3+ Djjs Where ¢= -Us select a volumetric subregion of sizedi@entered around the

represents the dilatation term and identi ed reconnecting region. The green square in p@jel
highlights the intersection of the selected subregion with the

D=1 fluis , Tujs 1.5 19 central 2D cut from pangb).

is= 5 ﬂ_xJ > 3 (19) Even though the backgrouncld is in thez-direction, the

current structures are not exactly aligned with zlaégrection.
represents the symmetric traceless strain rate t@fesog et al. Instead, the geometric features of the reconnection event are
2017). Thus, the strain tensor interaction, which is a heating aligned with the plane perpendicular to the current sheet that
cooling proxy according to our daitions, is sustains the magnetic gradient. Therefore, we determine a

reference framéRF) that is aligned with the main axis of the

Us: s = p6s + PjjsDjjs (20 current sheet. We determine the direction of the main axis of



The Astrophysical Journal, 938:4(17pp, 2022 October 10 Agudelo Rueda et al.

d;
120 100 8 % 50 40 20 20

e 4
\ 8

— |
20e-02 2.0e-01 -
|B| -5.0e-01 5.0e-01

Jz y/di

Figure 1. Spatial context of the reconnection event within the simulation domain. @gaebkbws a volume rendering (. Panel(b) shows the 3D magneticeld
lines color-coded witfB|. On the vertical cuts in pan@d), we showd,. Panel(c) shows the magneticeld 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.

a) b) c) d)
0.2 04 06 08
E—

10 |B|/By ; By, lines

Figure 2.2D cuts in the-p plane at simulation time= 12045}. (a) Magnetic eld magnitudéB|/ By. The black contours represent the in-plane magnetitlines,

and the black stars represent twpoints.(b) Out-of-plane component magnetield (B, S B, o)/ Bo. The black arrows in this panel represent the in-plane magnetic
vectors(B,p). (c) Out-of-plane electron speegd/ va,;. The black arrows in this panel represent the in-plane electron velocity @gi@fs/a ;). (d) Out-of-plane ion
speedu,/ Vai. The black arrows in this panel represent the in-plane ion velocity véatgrs In all panels, the black square outlines the diffusion region.

the current sheet by 3D renderiny and measuring the the plane perpendicular 8 andr is the vector that completes
inclination of the coherent structure that crosses the pointthe right-handed coordinate system. Since the components
x= 13.5, andy= 21.5; in the x-y plane. We then apply a andp are in the plane perpendicular to the current structure, we
coordinate transformation from the RE, y, 2) to a new denote them as the in-plane components.

RF (r, p, @) aligned with the main axis of the current sheet. The In the following analysis, we use the RFp, a) and select a
unit vectors of this RF arg, p, @). In this RF,a is antiparallel cubic region of size 1. Although the event is 3D and the
to the main axis of the current shegtis an arbitrary vector in ~ magnetic eld lines extend in three dimensions, we select a 2D
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cut of the cubic region in thep plane similar to the green 3.3. Particle Agyrotropy in the Diffusion Region
square in pandk) of Figurel. This 2D cut is representative of

) . During the reconnection of magnetiax ropes, the plasma
the reconnection event as we show in SecB@ g g b b

i . . . expansiohcontraction is not isotropic. Therefore, at kinetic
Pane!(a) n E|gure2 shows the magneticeld magnitude in scales, the plasma pressure of each species can develop
the region of interest normall_zed & The _black contours anisotropy and agyrotropy. Figueshows our pressure terms
represent the in-plane magnetield lines, which we compute  5¢cording to Equationél?) and (18) for electrons and ions
by creating an array of seed points placed on the vertices of &,ormalized top, = Nom ;. Panels(a) and (¢) show the
squared grid in the-p plane. Then, we use the in-plane sotropic scalar pressure for electrops and ions p;,
magnetic eld vectors to create the streamlines. We propagaterespectively. For both species, the scalar pressure is greater
the numerical integration in both diregtions: forward and inside the magnetic islands than outside owing to the large
backward. Pangb) in Figure2 shows(B, S B, )/ Bo, where  density of particlegnot shown here Likewise, p. and p;
B, is the out_—of—plane component of the magnet@xtd and display gradients along and across the separatrices.né/e
B,o = Bo - a is the projection o8y on the a-direction. We thatpe is lower in the region between the magnetic islands and
subtract B,p to improve the visibility of the multipolar between thex-points compareq to inside the magnet_ic islands.
con guration of this component. The black arrows in this  Panels(b), (c), and(d) of Figure3 show the off-diagonal
panel represent the in-plane magneticeld vectors compqnents of the electron pressure tensor according to
B = Br + Byp. In order for reconnection to occur, the in- Equation(18), rae pae @nd pre respectively. We here
p|ane Components of the magnetie|ds of reconnecting IntrOdUCG' our nOtaan... for the Spatlal average of aquant!ty
structures must have different directions. The plotted in-planeOVer @ given domain. The averages over the subdomain of
magnetic eld lines suggest the presence of effective | rael,@SWellag pad, | rael s @and | pad , are about 10%
separatrices between regions of oppcBjewithin the black ~ Of Pe- raeand pac present a strong dipole-like cagura-
square. tion centereq on.the magnetic |slands: There is a shallower, yet
The in-plane magneticeld lines in panefg), along with the ~ ViSible, gradientin rae,  pae and prein the region between
direction of the in-plane magnetield vectors, suggest the theh.t;sllands an% in tlhe dlffu5|or) reglqr;{. Cohnversely,,,e_
presence of twa-points, which we mark with two black stars, exhibits a quadrupolar coguration within the magnetic

islands. The nonzero values of and show
one located atr= 5.58) and p= 6.6d; and the other at - Jrae  pae pr.e i
r= 6.50, and p= 6.0, We establish the position of the that the plasma is agyrotropic, suggesting that small-scale

: . o . : ._kinetic processes occur. Similar patterns are reported along the
points by identifying the saddle points of the in-plane magnetic g naratrices of 2D collisionless reconnectiéim et al. 2001

eld. The magnetic coguration is complex, and the black  gchmitz & Graue2006 Wang et al.2015 and laminar 3D
square outlines the central region in which the reconnectionojjisionless reconnectigvang et al2018. However, unlike
occurs. Within this region, the magnetield is nonuniform.  previous studies, we observe the same patterns within the
The subregion wher{B| 0 represents a null region. From magnetic islands of turbulent 3D magnetic reconnection. This
now on, we refer to the region enclosing thpoints as the  is a fundamental difference between the reconnection that
diffusion region. Since transverse 2D cuts to 3D magnetic occurs in turbulence and steady-state reconnection that occurs
ropes resemble the geometry of magnetic islands, we now refein Harris current sheet cogurations.
to the magnetic eld lines that are quasi-circular in pat@las Panels(f), (g), and (h) of Figure 3 show the off-diagonal
magnetic islands. components of the ion pressure tensor according to

Panel(c) shows the out-of-plane component of the electron Equation(18), (aj, pai» and g, respectively. The off-

velocity u, e Nnormalized to the ion Alfvén speeg ;. The red diagonal terms for ions, unlike electrons, have a less coherent
color indicates electrons moving out of the plane, whereas thepattern attached to the in-plane magnettd topology. The
blue color indicates electrons moving into the plane. The blackreason for this detachment lies in the demagnetization of the
arrows Of th|s pane' represent the in_p|ane e|ectr0n Ve|ocity|0ns at these S_CaleS. Nevel’theless, ther:e IS a grad|ent of t-hese
VECtors Upe = Uy d + Uy p. Within the region of interest, terms suggesting agyrotropy effects in the ion dynamics
there are counterstreaming electrons following the separatrice®S Well- o _
Likewise, we locate electrons streaming out of the plane  Figure4 shows a magncation of the region enclosed by the
through the diffusion region. Within the magnetic islands, the Pl2Ck square in Figur2. Panelga)s (d) show a magnication

electrons stream into the plane. In most of the magnetic islandsg';gtuhri 3?Ie‘?gorr;a[?(;es:ugiaretcetm;gnfpt‘;rivgr:nwFi)tﬁm?rSes/?z)uc;f 2D

the electrons follow quasi-circular orbits owing to their tudies, panel¢e)S(h) show sketches summarizing known

o ) o S
m_a%fnSeélzatL;)n._ Hzozvéle\rﬁr, '? Te ngnetlc |stl'and cgrtnered aﬁoatterns associated with the electron pressure components that
r= 4.0 andp= 2.4, the electrons demagnetize and traverse emerge from 2D collisionless reconnection in the absence of a

into the magnetic island connecting with the stream of electronsguide eld (Yin et al. 200 Schmitz & Grauer00§ Wang

at the edge of the magnetic island. et al.2015. In this region, unlike within the magnetic islands
Panel (d) shows the out-of-plane component of the ion ot Figure 3, our simulation results of the electron pressure

velocity U,; normalized tova ;. The black arrows in this panel  patterns match those patterns shown in the sketches in panels

represent the in-plane ion velocity vectos = U1 + 4;p. (©S(h) in the region where the magnetield has a local

Within the diffusion region, the out-of-plane ion velocity is minimum according to pan@) in Figurel_ However, below

small, which suggests that the ion motion is mostly constrainedthe x-point located at = 5.58, andp = 6.6d;, the pattern no

to the plane. The in-plane motion, however, is considerable,Jonger corresponds to the sketched expectations. Moreover,

and the ions move across the separatrices since they are, . is less coherent, and we do not recognize a clear

demagnetized. quadrupolar corguration as in the sketches for the 2D case.
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Figure 3. 2D cuts of the pressure tensor components im-fhplane at the simulation time= 12@5}_ (a) Electron scalar pressupg po. Off-diagonal components
of the electron pressure tens} o/ Po, (€)  pae Po, and(d) o Po. (€) lon scalar pressugg/ po. Off-diagonal components of the ion pressure terf§or: 4 i/
Po (@)  pai/ Po, and(h)  aif Po-

Figure 5 shows a 3D representation of the pressure wise in the simulation domain. Pan&iS (e) of Figure6 show
components for electrons in pané®S(d) and for ions in 2D cuts of each term in Equati@8) for electrons normalized
panelg(e)S (h). The 2D cut ab = 2.76; corresponds to the 2D to Dey = wpi My \ﬁ’i_
cut in Figure3. The plotted 3D structures are isosurfaces of the Panel(a) shows, at the simulation time= 120,72, the total

pressure component depicted on the 2D planes. For a given. - S s
qguantity , the value of the isosurfaces corresponds to time Qerlvatlye of the kinetic energy density /dt. The' )
S =+ (|| +2,), where | is the standard deviation of domain exhibits considerable temporal changes of the kinetic

| |. The isosurfaces in panel®S(h) have the shape of €nergy density at the centers of the magnetic islands. We also
elongated and thin surfaces with local curvatures along-the detect negativeles/dt at the edge of the top left magnetic

axis. The agyrotropic patterns in FiguBeextend for 5d; island and positivel /dt in the diffusion region. Conversely,
along thea-axis. there is almost no change 4ff in the region between the
points.
3.4. Energy Transfer and Transport Panel (b) shows the scalar produat - - P, which

We use the power density expressions for the kinetic energyluanti es the change of kinetic energy due to the advection
in Equation(8) and the thermal energy in Equati¢hl) to of the pressure tensor. T_hls energy_change is transported by the
describe the energy transfer and transport associated with olflectron ow. The quantityle - - R is also known as the
reconnection event. To compute the partial time derivatives of aPressure work(Fadanelli et al.202]). There is a strong
quantity, we use a central difference approach. Since theconversion of energy associated with the pressure work at the
Alfvén transit time is 100wy, a time resolution of & is center of the magnetic islands. However, the energy change
suf cient to capture the relevant dynamics of interest. To associated with this term is around 10 times greater than the
estimate the spatial derivatives, we use a standard cell-centerddcal ds&/dt. Unlike ds¥/dt, at the edge of the top left

rst-neighbors approach. We calculate all scalar products cellmagnetic island, there is a strong gradientiof - P. from

6
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