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Magnetic reconnection and plasma turbulence are ubiquitous processes important for laboratory, space,
and astrophysical plasmas. Reconnection has been suggested to play an important role in the energetics and
dynamics of turbulence by observations, simulations, and theory for two decades. The fundamental
properties of reconnection at kinetic scales, essential to understanding the general problem of reconnection
in magnetized turbulence, remain largely unknown at present. Here, we present an application of the
magnetic flux transport method that can accurately identify reconnection in turbulence to a three-
dimensional simulation. Contrary to ideas that reconnection in turbulence would be patchy and
unpredictable, highly extended reconnection X lines, on the same order of magnitude as the system
size, form at kinetic scales. Extended X lines develop through bidirectional reconnection spreading. They
satisfy critical balance characteristic of turbulence, which predicts the X-line extent at a given scale. These
results present a picture of fundamentally extended reconnection in kinetic-scale turbulence.
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Magnetic reconnection and plasma turbulence are
ubiquitous in the Universe. Turbulence transfers energy
from large scales to small scales where the energy is
dissipated. Reconnection converts magnetic energy into
plasma flow and thermal energy. They are thought to be
energetically and dynamically important for a range of
systems, including laboratory devices, Earth’s magneto-
sphere, the solar wind and solar corona [1-3], the inter-
stellar medium, and Galaxy clusters [4—7]. Reconnection
has been suggested to play an important role in the
energetics and dynamics of turbulence by observations,
simulations, and theory for decades, by dissipating turbu-
lence energy [8—19] and mediating the turbulent cascade
[20-29]. The general problem of reconnection in magnet-
ized turbulence is a field of extensive research, particularly
in large-scale systems [30]. Here, we focus on the small-
scale limit of the problem, where fundamental properties of
reconnection are largely unknown.

In the heliosphere, reconnection has been observed in
large-scale current sheets, close to interplanetary coronal
mass ejections (ICMEs) [31,32], and reported to be
extended over 10* ion gyroradii p; [32-34]. At kinetic
scales (subion scales of k| p; > 1), recent Wind and Parker
Solar Probe observations have revealed an abundance of
kinetic-scale (~1p;) current sheets near Earth and near Sun,
with a scale dependence consistent with generation by a
turbulent cascade [35,36]; the detection of reconnection at
kinetic scales is ultimately limited by the resolution of the
instruments. At electron scales, electron reconnection
without coupling to ions has been recently detected by
the Magnetospheric Multiscale (MMS) mission in Earth’s
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turbulent magnetosheath [37]. Three-dimensional (3D)
kinetic simulations indicate patchy electron reconnection,
with extents limited to ~10 electron gyroradii [38]. The
spatial distribution of reconnection in kinetic-scale turbu-
lence, where energy is dissipated, and the underlying
physics are currently unknown. Investigating these funda-
mental properties of reconnection is important for under-
standing the general problem of reconnection in magnetized
turbulence.

Identifying reconnection in turbulence is an essential
step. In simulations and observations, Alfvénic ion or
super-Alfvénic electron outflow jets have been used as a
reconnection signature. However, outflow jets can be
distorted or suppressed by turbulent flows at kinetic scales
[39,40]. In simulations, the saddle point method that
defines a topological X line has been applied, but shown
to detect X lines that are not actively reconnecting [41-44].
Indicators based on strong currents and/or fast flows
[15,17,45] and the E x B velocity [46,47] have also been
considered, but the former may not be directly related to
reconnection while the £ x B velocity is not applicable to
nonideal regions where plasma and magnetic field motions
decouple.

Magnetic flux transport.—Recently, a novel method
based on magnetic flux transport (MFT), which is inherent
to reconnection, has been considered in simulations and
observations of plasma turbulence [40,48]. This method is
based on the definition of reconnection as the transport of
magnetic flux across magnetic separatrices that intersect at
an X line [49]. It measures signatures of active reconnection
in the in-plane velocity of magnetic flux and its divergence,
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U, and V-U,. Evidence for converging inward and
diverging outward MFT flows at an X line in either of
the quantities provides a signature of active reconnection.

U, was derived in two dimensions (2D) using a 2D
advection equation of magnetic flux [50,51], and was later
simplified and adapted for application in 3D [40], given by

_ COE;
0B,

U, (2 x b)),

—~
[a—
~—

where SE, is the component of the fluctuating electric field
parallel to the background magnetic field, and 5!3], =
0B, /6B, is the unit vector of the perpendicular or in-
plane magnetic field fluctuations 6B, = 6B, X + 6B,y. U,
can be decomposed into in-plane electron flow and a
slippage term that depends on a nonideal electric field
[50,51], discussed in [40]. See also a comparison of U, and
the E x B velocity in Supplemental Material [52].

The MFT method has been demonstrated to accurately
identify reconnection in 2D gyrokinetic and 3D shock
turbulence simulations [40,67]. Recent MMS observations
have further demonstrated the accuracy of MFT sta-
tistically, having directly measured MFT signatures for
active reconnection throughout Earth’s magnetosphere
[48]. In this Letter, we apply MFT to a 3D simulation
of gyrokinetic turbulence, and present first evidence for
spatially extended reconnection in kinetic-scale turbulence.

Simulation.—The simulation was performed [68] using
the Astrophysical Gyrokinetics Code, AstroGK [69]. Here,
we specifiy a 3D generalization [68,70] of the classic 2D
Orszag-Tang vortex problem [71]. This setup consists of
counterpropagating Alfvén waves along the background
magnetic field B = Byz. More information is given in
Supplemental Material [52].

To follow the turbulent cascade from the inertial range
(k p; < 1) to below electron scales (k; p, > 1) [14,72], we
specify a reduced mass ratio, m;/m, = 25, which, in a
simulation domain of L, =8zp; and dimensions
(nx,ny,nz) = (128,128,32), enables us to resolve a
dynamic range of 0.25<k p; <10.5, or 0.05<
ki p, <2.1. Plasma parameters are f; = 8zn;T;/B} =
0.01 and Ty;/Ty, = 1. Length, time, and velocity are
normalized to p; = v,;/Q.;, where Q.; = eB;/m;c, domain
turnaround time 7y, = L /z,, and electron thermal speed
Ve = +/2To./m,.. lon velocity is instead normalized to

v = +/2To;/m;. 79 can be converted to the inverse ion
gyrofrequency, a relevant timescale for reconnection, by
79 =25 Q_!. The divergence of velocity is normalized
to vte/pe = ch'

MFT application.—There are two conditions for apply-
ing MFT: (i) kj <k, and (ii) quasiplanar reconnection
[40]. k” < k| 1is consistent with anisotropic turbulence
theory [73,74] and observations of solar wind and magneto-
sheath turbulence [75-78]. Quasiplanar reconnection,

which is a basis for the local current sheet coordinate
widely adopted in space observations, is consistent with
observations of large-scale current sheets in the solar wind
(e.g., [32,33]) and magnetotail turbulence (e.g., [79])
and small-scale current sheets in the magnetosheath
(e.g., [18,37]).

The conditions for applying MFT are well satisfied in
the simulation. (i) kj <<k  is observed in the system,
as expected for anisotropic turbulence. (ii) The perpen-
dicular magnetic fluctuations dominate over parallel fluc-
tuations, i.e., 6B < 6B . Reconnection is dominated by
perpendicular fluctuations, making reconnection quasi-
planar. The background (guide) magnetic field also puts
reconnection in the strong-guide-field limit, with a guide
field By ~ 10 times the reconnection magnetic field 6B .

In applying MFT, as a practical step, we add a 1% offset
to 6B, in Eq. (1), similar to previous work [40], such that
the amplitude at the X line (where MFT is not applicable
since a source or sink term, representing flux generation or
annihilation at the X line, is not included in the advection
equation) resembles those in the vicinity of the X line. For
the range of (0.01-1)% offsets, the amplitudes of U,, and
V.U, only vary by a factor of 2.

In identifying reconnection, MFT currently does not
distinguish between ion-coupled or electron-only recon-
nection. Both forms of reconnection can occur in kinetic
turbulence (e.g., [18,19]).

Reconnection identification.—We first demonstrate how
MFT identifies reconnection in 3D. We show in Fig. 1(a)
the parallel current density J, in the 3D domain at
t/tg = 0.34, a time of strong reconnection activity and
strong energy dissipation [68]. A turbulent cascade at
kinetic scales of k,p; > 1 has also developed. Here, k|
is the perpendicular wave number based on the radius of
flux ropes undergoing reconnection. In panel (b) J, in a
central region of z/p; = 140-210 shows fine-scale struc-
tures, including small-scale current sheets, on several xy
planes. We first focus on the plane at z/p; = 160, and show
how MFT identifies reconnection.

On the z/p; = 160 plane, shown are (¢) J, and (d) U,
the x component of U,,. Multiple flux ropes are evident in
J.. Uy, reveals prominent MFT flows from the two
strongest X lines. The strongest X line, Xa, forms from
flux rope merging, with the direction of inflowing flux
ropes (inflow direction) primarily directed along X. The x
component of U, shows converging inflows of magnetic
flux at Xa. The outflow direction is primarily directed along
y. The plasma outflow jets can be seen in the y component
of the fluctuating electron and ion bulk flow velocities,
shown in (e) ou,, and (f) éu;. In (e), du,, shows
bidirectional electron outflow jets from Xa (arrowed),
including an upward jet through the periodic boundary
aty/p; = 25 appearing at the bottom left. In (f) 6u;,, broad
ion outflow jets form. The plasma outflow jets are more
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Reconnection identification: the parallel current density J, in (a) the 3D domain, and (b) a central region of z/p; = 140-210,

overlaid with contours of the parallel vector potential Aj. Quantities shown on the z/p; = 160 plane are (c) J,, (d) the x component of

the MFT velocity U,

(e),(f) the y component of the fluctuating electron and ion bulk flow velocities, ou,, and ou;,. In an enlarged

region around Xa, denoted by a magenta dashed box in (d), shown are (g) vectors of U,, (h) V. U, and (i),(j) vectors of the fluctuating

in-plane electron and ion flow velocities, du,; and du; .

broadly distributed from the X line than the localized
MFT flows.

Quantities in the enlarged region around Xa, denoted by
a magenta box in (d), are shown in Figs. 1(g)-1(j). The
vectors of U, [shown in panel (g)] reveal clear inflows and
outflows of MFT as a signature of active reconnection [40].
The divergence of MFT, V.U, [shown in panel (h)],
shows strong localized positive and negative peaks at Xa,
representing diverging outflows and converging inflows of
MEFT, similarly signifying active reconnection. It also has a
quadrupolar structure observed in 2D [40]. The MFT
signatures in this 3D simulation are similar to the 2D case,
although more irregular, as would be expected in 3D
turbulence. While U,, is normalized to the electron thermal
speed, when renormalizing to the upstream electron Alfvén
speed [80] v, ~ 0.5 vy, Uy, ~2-4 vy, is on the order of

the electron Alfvén speed. V - U,, is ~2 times the electron
gyrofrequency Q... These are consistent with the range of
U,, from ion to electron Alfvén speeds and V - U,, of order
0.1 Q.. or higher reported in 2D simulations [40] and
MMS observations [48]. In (i), éu,; shows an upward
electron outflow jet (red arrows) and downward outflows
from Xa. In (j), ou;, similarly reveals bidirectional ion
outflows from the X line, consistent with reconnection.

How does reconnection spatially distribute in kinetic-
scale turbulence? We apply the MFT method in the 3D
domain to address this fundamental question.

Extended reconnection at kinetic scales.—Application of
MFT to the 3D domain reveals extended reconnection X
lines in kinetic turbulence. We show in Figs. 2(a) U,,, and
in2(b) V - U,, for the central region of z/p; = 140-210. An
xz cut at y/p; = 23 passing through the two strongest X
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FIG. 2. Extended reconnection: (a) U,,, and (b) V - U,, reveals
extended reconnection X lines (labeled) in a central region of
z/p; = 140-210. A xz cut through the two strongest X lines at
v/p; =23, a yz cut at x/p; = 25, and z planes at z/p; = 140,
160, and 210 overlaid with AH contours, are shown.

lines, Xa and Xb, and z planes at z/p; = 140, 160, and 210,
are shown. On the z/p; = 160 plane, similar to Fig. 1(d),
U, shows converging MFT inflows at Xa, and diverging
outflows at Xb. In this 3D region, U, reveals extended
inflows at Xa, extending through the entire region from
z/p; = 140 to 210. There is also signature in V- U, as
strong localized positive and negative peaks at Xa, in the
form of a quadrupolar structure on the planes of z/p; = 140
and 160, which extends to z/p; = 210. Reconnection is
highly extended. Here, both MFT signatures in U, and
V.U, are present along the extent of Xa. The same
procedure of identification reveals more extended recon-
nection X lines in this region, including Xb, Xc, and Xd, as
labeled. Supplemental Material, Table (A1) [52] shows the
magnitudes of U, and V - U,, for the X lines.

We estimate the X line extents along z from their lower to
upper z ends based on MFT signatures, listed in Table I.
Both reconnection signatures, (i) inflows and outflows in
U,, and (ii) strong positive and negative peaksin V - U,, are
present along the extent of each reconnection X line. The X
line extents are of order 100p;, which is on the same order
of magnitude as the system size L, = 330p;.

TABLE I. Reconnection X-line extents.
X line Zlower Zupper Extent (/)z)
Xa 130 210 80
Xb 140 200 60
Xc 110 170 60
Xd 130 220 90

Uy
t/70 = (a) 0.24 (b) 0.28 (c) 0.34
: ~ 1.5
w220 220 220, Xb xi ;
T 200 <~ 200t 20| = .. flos
= 4 % 3
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FIG. 3. Time evolution of Xa and Xb showing the development
of the X lines via 3D bidirectional reconnection spreading.
Vectors of U,, [similar to Fig. 1(g)] at three subsequent times,
t/to = (a) 0.24, (b) 0.28, and (c) 0.34 are shown. The z axis is
scaled down three times.

How do extended reconnection X lines develop in kinetic-
scale turbulence? We investigate the time evolution of the
developing X lines to address this important question.

Bidirectional reconnection spreading.—We show in
Fig. 3 the evolution of U, for a region around the two
strongest X lines at three subsequent times, 1/7, = (a) 0.24,
(b) 0.28, and (c) 0.34. (a) At t/75 = 0.24, reconnection at
Xb arises, weak and localized. (b) At the next time, Xb has
extended in the 4z directions, and also strengthened.
Reconnection at Xa has started, with the X line forming.
(c) By t/7y = 0.34, Xb has further extended bidirectionally,
and strengthened further; similarly for Xa. Similar evolu-
tion is observed for Xc and Xd. The extended X lines
develop via bidirectional reconnection spreading.

The spreading in the +z directions is largely symmetric.
The speed of spreading of Xb is estimated to be ~v, (see
Supplemental Material [52]), which is much higher than the
electron current speed of ~0.5 v,, = 0.25 v, or ion current
speed of < v; = 0.1 v, (not shown).

This result shows that reconnection that arises in a
localized region will develop into a highly extended X
line along the X-line direction through bidirectional spread-
ing. Patchy reconnection with short extents along the X-line
direction in laminar subion scale systems [38] may be a
result of the absence of turbulence driving and/or insuffi-
cient time to develop into extended X lines.

Balance of parallel and perpendicular scales.—We now
shed light on what governs the extents of the reconnection X
lines by comparing the parallel and perpendicular timescales
of the X lines. Recent magnetohydrodynamic (MHD)
simulation of merging (reconnecting) flux tubes shows
agreement with critical balance [81], a balance between
parallel and perpendicular timescales of fluctuations in
anisotropic turbulence [5]. For extended reconnection X
lines, the parallel timescale is the X-line spreading time that is
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directly related to its (parallel) extent, which is ~0.1 7, for
the X lines. The perpendicular timescale can be based on
the inflow speed of reconnection or perpendicular Alfvén
speed. Considering the strongest X line, Xa, the
perpendicular timescale based on reconnection inflow is
T ~ R/ U, ;n, where R ~ 5p; is the scale of the reconnect-
ing flux ropes, and U, ;, ~0.2-0.4 v, [Fig. 1(g)] is the
upstream MFT inflow speed [which is consistent with the
upstream ion inflow speed du; ;, ~ v,; = 0.2 v,,, Fig. 1(G)],
giving 75, ~2.5-5 Q7! =0.1-0.2 7,. Alternatively, the
timescale based on the perpendicular (upstream) Alfvén
speed vy, [80] is 74, ~R/vy,, where wvy,/v,; =
Vaep/ Ve ~ 0.5 [Table (A1)], yielding 7,4, ~ 0.4 75. The
shorter of the two timescales, 75, is taken as the more
dominant perpendicular timescale. The parallel timescale
for reconnection, given by the X-line spreading time,
7| ~ 0.1 7, approximately balances 7z . Critical balance
is satisfied; similarly for Xb and Xd. Reconnection X lines
in kinetic turbulence satisfy critical balance.

Discussion and outlook.—The results presented in this
Letter constitute first evidence for extended magnetic
reconnection X lines in kinetic plasma turbulence, and
extended X lines developing through bidirectional recon-
nection spreading, reaching extents on the same order of
magnitude as the system size. This presents a picture that
reconnection fundamentally operates in extended regions in
kinetic-scale turbulence.

In anisotropic plasma turbulence, the parallel and
perpendicular timescales of the fluctuations are balanced
by the critical balance relation [5]. This relation produces
anisotropy in both large-scale MHD and small-scale kinetic
turbulence, which is observed in numerical simulations at
MHD [82-85] and kinetic scales [55,57,72,73,86], includ-
ing kinetic Alfvén and whistler turbulence. Not only the
turbulent fluctuations, but reconnection in turbulence also
satisfies critical balance, evident in MHD simulations [81]
and our gyrokinetic simulation, which produces extended
reconnection X lines. This implies that reconnection X
lines are coherent structures, with their parallel and
perpendicular scales related to each other. This relation
provides a way to predict the extent of reconnection X lines
at a given perpendicular scale, confirming that reconnection
X lines will be highly extended at kinetic scales (where
0B | < Bj). For reconnection X lines observed at large
scales with an extent over 10%;, assuming order one
fluctuations (6B ~ By), the perpendicular scales of the
associated ICMEs are predicted to be similarly over 10%;,
which is consistent with statistical observations near
Earth [87].

The tearing instability is one of the instabilities known
to be important for driving reconnection in plasmas.
Reconnection in our kinetic simulation does not appear
to be driven by the tearing instability, which is consistent
with the lack of tearing-driven reconnection in simula-
tions of turbulent reconnection at MHD scales [88-90].

This supports the similarity of reconnection in turbulence
across scales.

At k| p; > 1, the gyrokinetic model used here describes
kinetic Alfvén wave turbulence that satisfies k| < k; and

critical balance; although in the low-frequency limit (below
the ion gyrofrequency), it is consistent with 3D fully kinetic
simulations that retain high-frequency fluctuations [91] and
solar wind observations [55]. The results presented here are
expected to hold more generally in fully kinetic plasmas.

Numerous studies have examined the general problem of
reconnection in magnetized turbulence in the MHD limit
[30]. For instance, the level of MHD turbulence is found to
be important for determining the reconnection rate in 3D
[92,93]. Reconnection in MHD turbulence may share
similarities with that in kinetic turbulence studied here.
A detailed analysis of the reconnection rate and comparison
with previous work, while beyond the scope of the current
work, promises future work.

With applicability to both simulations and observations
[48,94,95], the MFT method opens opportunities for
studying reconnection in turbulence. Although here we
have identified extended reconnection in kinetic turbu-
lence, future work could explore how extended X lines
contribute to plasma heating at kinetic scales, how recon-
nection spatially distributes in electron-scale turbulence,
and how properties of reconnection change with turbulent
conditions in space, astrophysical, and laboratory plasmas.
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