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Figure 1. Out-of-plane current densifyand in-plane magneticeld lines at jt = (a) 30, (b) 35, (c) 50, and(d) 70 in case with a turbulent forciny/gl= 0.03Va. The
current density is in units @myVa.

spacecraft observatiofs.g., Divin et al.2015h Cozzani et al. the ion mass an¥l, is the Alfvén velocity evaluated usirigy
2027). Moreover, PIC simulations found that other instabilities andno.

can also cause kinetic scale turbulences in reconnection, such as The simulation domaip Ly/2,Ls/2 [ L,/2,L,/3is

the Buneman instabiliffDrake et al2003, current lamentation discretized into grid cells, with,= 204.81;, L,= 51.2);, and
instability (Che et al201J), interchange instabilitfe.g., Lapenta  the grid size is x= z= 0.05;,, corresponding to a grid

et al. 2015 Pucci et al.2017, and electron KevirHelmholtz number ofN, x N,= 4096x 1024. Electric eld and magnetic
instability (e.g., Huang et aR017 Che & Zank2020. On the eld are dened on the grids and updated by solving Maxvsell
other hand, direct spacecraft observations showed that thequations using an explicit algorithm. lons and electrons are
turbulences in kinetic scale magnetic reconnection can be causeteated as full particles, and their positions and velocities are

by magnetic hole§.e., depletion in magnitude of magnetild) advanced by solving their equation of motion. The ion-to-
and electrostatic and electromagnetic wagtegun et al2016 electron mass rationy/ me= 100, and the speed of light
2017 2020. c= 20Va. The unit densityng is represented by 610 particles

The above spacecraft observations and numerical simulaper species per grid cell. Periodic and perfect conductor
tions show that the constitution of the turbulences in kinetic boundary conditions are used in the and z-directions,
scale reconnection is diverse; therefore, in this paper, we adoptespectively.

a turbulent forcing as a collective manifestation of the various A small perturbation in magnetield is added &ix, 2 = (0, 0
instabilities, waves, and coherent structures, and we impose th expedite the onset of magnetic reconnection. Once reconnection
turbulent forcing into two-dimensional PIC simulations to begins, to evolve magnetic reconnection into a turbulent regime,
study kinetic scale turbulent magnetic reconnection. Thewe impose a turbulent forcing on the ions through the following
simulation model is described in the following Sect®rihe procedure. We give a turbulent ioow velocity d/ with dVy
simulation results are presented in Sec8pand Sectiort is inf 2@ 2@ -
the conclusions and discussion. O O VSN 7X  Gn) COS\ 72 Zun, Vy= 0, and

dv, e n\m]mcos(%”x mn) si %:'z Gmn). The turbu-

lent forcing is therefor&,= mdV/dt, wheredt 0.001 ; !
is the time step, and; = eBy/ m; is the ion gyrofrequency.
We use a PIC simulation model, and it is 2D inxhkeplane. Then we interpolate it to the position of each ion and
The initial conguration is the Harris current sheet with obtain the turbulent forcing on each ion. Each mugde
magnetic eld B(z) Btanh(z De, and plasma density dVp/[(m? M (Ba  120)1Y2, wherely, - (m?2  n?)Y2
nzg n rmyseck(Z 1), where By is magnitude of the - Imax dVp determines the magnitude of the turbulent forcing,
asymptotic magneticeld, n, is the background densityg is fmn and ., are random phases, ahg is the maximum
the peak density in the Harris current sheet, Bnd half- spatial scale of the turbulent forcing. We $gt= 51.2;,
thickness of the current sheet. In our simulations, we uselni, 1, andlnax 8, which gives the wavenumbeérof the
np,= 0.2n and L = 0.5d;, whered; is the ion inertial length  turbulent forcing, 0.kx kd < 1, i.e., the turbulent forcing is
evaluated usingp. The initial ion and electron temperatures are on ion scales, and this is why we impose it on ions and let it
uniform, withT,g  0.4m VK and Ty O.lmi\/,f, wherem; is cascade to smaller-scale electrons self-consistently.

2. Simulation Model
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Figure 2. Zoomed-in view of current densifg) j, (b) jy, (c) j,, and(d) its magnitudg at ;t = 70 with dVp = 0.03Va. The curves represent the in-plane magnetic

eld lines. The current density is in units@{Va.

3. Simulation Results

Figurel shows a representative case with a turbulent forcing

dVpo= 0.03V, added after magnetic reconnection begins at
it=30. Because of the turbulent forcing, the magnetil
lines and the current density becometuated. Figur@ shows
the zoomed-in view of the current density at thestuating
X-line at ;t= 70. The current density presents lamentary
pattern, and the current is in they, z all three directions. The
quadrupolar Hall magnetieeld B, and the bipolar Hall electric
eld E; andE; are typical in laminar reconnecti¢aVo = 0, see
Figures3(a), (c), and(e)); in the case with \dy= 0.03V,, the
Hall magnetic eld persists but is interfered by the magnetic
uctuationgFigures3b), whereas the Hall electrield is fully
surpassed by the electriactuationgFigures3(d) and(f)). The
electric eld in the out-of-plane directioB, is also uctuated
with an amplitude of about 2VABy (Figure3(h)), much larger
than the typical magnitude of the reconnection electeid,

0.2V5By (Figure 3(g)). The ion and electron oubws also
become uctuated but still retain the bidirectional patterns that
are typical in laminar reconnectioffrigures 3()—(1)). The
energy conversion- E is nonzero in the diffusion region and
peaks at the reconnection fronts in laminar reconnection
(Figure3(m)), andj - E (whereE a E V., Bjis nonzero
only in the vicinity of the X-ling(i.e., electron diffusion regign
in laminar reconnection(Figure 3(0)). In the case with
dVo= 0.03Va, bothj-E andj - E are nonzero not only at
the X-line but also throughout the entire dom@igures3(n)
and (p)). Therefore, although nonzerg - E has been
commonly used as a criterion for electron diffusion regions
in laminar reconnectiofe.g., Lu et al.2022, it should be
used with caution in turbulent reconnection.

We show time histories of the reconnected magneticand
the reconnection rate in Figude Although the out-of-plane
electric eld E, is uctuated with a large amplitude
(Figure 3(h)) in the case with 4y = 0.03V,, the reconnection
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Figure 3. Contours of(a), (b) magnetic eld By, (c), (d) electric eldE,, (), (f) electric eldE, (g), (h) electric eldE,, (i), (j) ion ow velocity Vi, (k), (I) electron
ow velocity Ve, (M), (N) j - E, and(0), (p) j - E in the cases with\d, = 0 (left) and d/o = 0.03V, (right) at ;t = 50. The curves represent the in-plane magnetic
eld lines. The magneticeld is in units ofBy, the electric eld is in units ofVaBo, the ow velocity is in units oV, andj - E andj - E are in units oeny \2 B.
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120 observations, which show morene structures than in the
- @ shapshotgFigures1-3), suggest that the observethmentary
100 ] currents and electromagneticictuations originate from not
I ] only their spatial structures but also their temporal evolution.
. 8r R The lamentary current density is well correlated with the
g ’ spikes inj - E (Figure 5(f)). The maximumj - E is larger
S 6 ] .
§ i 1 thanl.2eny \ B, much larger than the typical value of about
al ] 0.2eny V£ B in laminar reconnectiofFigure 3(0)). Note that

1 the work done by the Lorentz fordé- (j gB) is small, so
dv,=0 i i-E V-G B) j-Eqj E.Thej -E spikes are x
dV=0.03V, 1 also well correlated with peaks in electron temperature
] (Figure5(g)) and enhancements in electron energy distribution
functions(Figure 5(h)). The electrons keep being heated and
accelerated, as indicated by the temperature increase from
0.1m V2 to about 0.3m V? (Figure 5(g)) and the energy
increase in the tail of its distribution function with energy
exceeds 118.c? (Figure5(h)).
Figure6 shows the power spectra of the magne&td and
the electric eld from the virtual spacecraft observations at the
X-line. The magnetic eld and electric eld both follow a
double power-law spectrum with a spectral break neaB8 ;.
The local magnetic eld is uctuating with an average
magnitude ofB~ 0.28,, so the local ion gyrofrequency
8 0.22 ;, th&local electron gyrofrequenci8 22 ;, arfdl

dw/dt/(V,B,)

-0.1 .

the local lower-hybrid frequenc¥, 2.2 ;. TheBefore, the
0 20 40 60 80 100 spectral break is near the local lower-hybrid frequency.
Qt Between the local ion gyrofrequency and the local lower-

Figure 4. Time histories of(a) reconnected magneticux and (b) hybnd fre.quenCyJ the slope of the magne_ztleld_ power

reconnection rate d dt in the cases with\éh = 0 (black and d/o= 0.03Va spectrum is abou$1.99, and that Of_ the electrieeld is about )

(red. Here the reconnected magneticx is de ned as the difference between  S1.18. Above the local lower-hybrid frequency, the magnetic
the maximum and minimum vector potentgl at B, = 0. The reconnected eld and the electriceld have steeper spectra with slopes of

magnetic ux is in units ofd,By, the reconnection rate is in units \é£Bo,. about$4.41 and$2.91 respectively The power-law spectra

and the spectral break are typical in plasma turbuléacg,

rate is still about 0.2VAB, similar to that in laminar  Alexandrova et al2009. Therefore, kinetic scale magnetic
reconnection with d,= 0. The reconnected magnetiax is reconnection with the turbulent forcing evolves into turbulent
also close in these two cases. This is different from MHD scalereconnection, with energy cascade from large to small scales
reconnection in which the turbulent forcing can dramatically and dissipation at local lower-hybrid frequency.
increase the reconnection rédeg., Kowal et al2009 Loureiro We have shown in Figurg(h) that the electrons keep being
et al. 2009 Kowal et al.2012 Yang et al.202Q Sun et al. accelerated at the X-line in turbulent reconnection with
2029. The reconnection rate is decreased in the late phaselV,= 0.03Vs. In Figure 7, we show the electron energy
because the electron diffusion region elong@es, Daughton  distribution for cases with different magnitudes of the turbulent
et al. 2009. Note that the turbulent forcing further decreases forcing. In laminar reconnection wittvg= 0, the electrons are
the reconnection rate. This may be because the turbulenhccelerated, and the high energy electrons form a soft power-
forcing provides additional ion energization so that the high ion jaw spectrum with a slope &5.95. In turbulent reconnection
pressure in unreconnected regions can suppress magnetigith dv,= 0.03V,, the electron acceleration is more @ént
reconnection. _ , _in the high energy part, which also forms a harder power-law

FigureS shows virtual spacecraft observations at the X-line, gnectrym with a slope &3.69. When the turbulent forcing is
(x, 2 = (0, 0. Right after the turbulent forcing is turned on at increased to = 0.05V,, the electrons at the X-line are

it= 30, the uctuations emerge at the X-line. The three heated to higher energies, but the spectral slope of the energetic

chmp%n‘legtzngf B;he Bmagonggc %I:?gu?;%(a)l;(:t.llfﬁéegl ex\{ﬁg part remainsS3.68. To understand the electron acceleration
eld u.ctu%tions are stroan \}vitr?alarge magﬁitude@f/ABo mechanism, we plot the electron velocity distributions in
(Figure5(c)), larger than that of the reconnection electetd Figure8. In laminar reconnectio(dVo = 0), the electrons are

(Figure 3(g)) and the Hall electric eld (Figures3(c) and (). accelera_lted by the reconnectlon glectalﬂ Wher_1 they follow

The uctuated magnetic eld is self-consistent with the the Speiser-type meandering motion at the X-line, as shown by
lamentary current that is fully fragmented with well-separatedthe two positive and negatiwg, peaks(Figure 8(a)) and the

spikes in current densiffigure5(e)). The lamentary current ~ Nnegative vey peak (Figure 8(b)). In turbulent reconnection

is mostly carried by the electrons in tirlirection, with the ~ (dVo= 0.03Vx and d/p= 0.05V,), the high energy electrons

maximum Vey X 7V, Whereas the amplitude &, and Ve, are isotropic, suggesting a stochastic acceleration in the
uctuations is about\8, (Figure5(d)), and the amplitude of turbulent electric and magnetields (Zank et al.2014 Che

V; uctuations V, (Figure 5(b)). The virtual spacecraft & Zank 2020.
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