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Abstract
Using particle-in-cell simulations, we investigate the onset of magnetic reconnection from a quiescent Harris
current sheet in collisionless plasmas. After the current sheet is destabilized by the collisionless tearing mode
instability, it proceeds to onset of reconnection, which manifests spontaneous thinning of current sheet and pileup
of upstream magnetic ﬂux. Once the current sheet thins to a critical thickness, about two electron inertial lengths,
reconnection begins to grow explosively in this electron current sheet. This study shows that the spontaneous onset
of collisionless magnetic reconnection is controlled by electron kinetics.
Uniﬁed Astronomy Thesaurus concepts: Solar magnetic reconnection (1504); Plasma physics (2089); Heliosphere
(711); Planetary magnetosphere (997)
magnetic ﬁeld, δ0 is the half-thickness of the current sheet, n0
is the current sheet peak density, and nb is the background
density. The background density is nb = 0.2n 0 , and uniform
electron and ion temperatures are adopted, with Ti Te = 4. The
size of the simulation box is L x = Lz = 50di , where di is the
ion inertial length deﬁned by n0. Periodic boundary conditions
are adopted in the x direction, and perfect conductor boundary
conditions are used in the z direction. We consider cases with
different values of the initial current sheet half-thickness δ0 and
ion-to-electron mass ratio mi/me, as listed in Table 1. In the
simulations, magnetic reconnection occurs spontaneously, i.e.,
it is not initialized by any artiﬁcial perturbations.
Figure 1(a) shows magnetic ﬁeld evolution for Case 0 (the
standard case with d0 = 0.5di and mi me = 100 ). Magnetic
reconnection with the quadrupolar out-of-plane magnetic ﬁeld
By (Shay & Drake 1998; Hoshino et al. 2001; Pritchett 2001;
Ren et al. 2005; Fu et al. 2006; Eastwood et al. 2010) emerges
at about Wi t = 30 and becomes better developed at Wi t = 35.
The Harris current sheet is destabilized by the collisionless
tearing mode instability (Katanuma & Kamimura 1980;
Pritchett et al. 1991; Lu et al. 2013a, 2019), and the linear
growth of this instability saturates at about Ωit=13, with little
reconnected ﬂux Dy » 0.01 (not shown). Rapid growth of
magnetic reconnection begins from about Ωit=33 with
Dy » 0.1 (Figure 1(b)). In this Letter, we study the transition
from the linear growth of collisionless tearing to fast
reconnection, so we focus on the time period from Ωit=13
to 33 (the shaded period in Figure 1(b)).
Figure 2(b) shows the z proﬁle of the magnetic ﬂux function
deviated from its initial value (Figure 2(a)), y1 = y - y0 , at the
reconnection site, x = 22.8di . From Ωit=13 to 33, the magnetic
ﬂux increases at current sheet center, indicating the onset
of reconnection. A double-peaked structure of the perturbed
magnetic ﬂux ψ1 is formed, which is consistent with the analysis
of resistive tearing mode instability (e.g., Biskamp 2000; Loureiro
et al. 2007). This double-peaked structure of ψ1 suggests that
there is a pileup of magnetic ﬂux in the upstream during this time.
The reconnection rate (Figure 1(b)) at this time is much lower
than 0.1, too slow to reconnect the inﬂowing magnetic ﬂux

1. Introduction
Magnetic reconnection (Birn & Priest 2007; Yamada et al.
2010; Wang & Lu 2019), a process that converts magnetic
energy to plasma energy via topological changes in magnetic
ﬁeld lines, is widely believed to cause explosive phenomena in
various plasma environments throughout the universe, including collisional (e.g., magnetar ﬂares and solar chromosphere)
and collisionless (e.g., solar corona, solar wind, and Earthʼs
magnetosphere) plasmas. The occurrence of magnetic reconnection requires a dissipation mechanism, which is provided by
collisional resistivity in collisional plasmas (Parker 1957;
Sweet 1958; Loureiro et al. 2007; Bhattacharjee et al. 2009;
Pucci & Velli 2014). In collisionless plasmas, however, the
dissipation mechanism needs to rely on particle kinetic effects
(Vasyliunas 1975; Cai & Lee 1997; Hesse et al. 1999;
Pritchett 2001; Ricci et al. 2002; Wang & Lu 2019).
It has been well recognized that collisionless magnetic
reconnection has a fast reconnection rate, on the order of 0.1
(Birn et al. 2001; Liu et al. 2017). However, the transition from a
quiescent state to such a fast reconnection, that is, the onset of
collisionless magnetic reconnection, has been poorly understood.
Although it has been proposed that the collisionless magnetic
reconnection can be initiated by a collisionless tearing mode
instability through electron Landau resonance (e.g., Coppi et al.
1966; Drake & Lee 1977; Pritchett et al. 1991), the linear growth
of this instability saturates at a very low rate, much lower than
0.1, with insigniﬁcant magnetic topological changes (Katanuma
& Kamimura 1980; Lu et al. 2013a, 2019). Therefore, how the
current sheet evolves from the tearing mode instability to fast
growing reconnection is unknown. To ﬁll this knowledge gap,
we study such evolution using particle-in-cell simulations.
2. Simulation Model and Results
The simulations are performed in a two-dimensional
box in the x–z plane, [0, L x ] ´ [-Lz 2, Lz 2]. The initial
conﬁguration is the Harris current sheet with the magnetic
ﬁeld B = B0 tanh (z d0 ) ex and the plasma density n = nb +
n 0 sech2 (z d0 ). Here B0 is the asymptotical magnitude of the
1
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Figure 1. For Case 0. (a) Evolution of in-plane magnetic ﬁeld lines and out-of-plane magnetic ﬁeld By B0 during the onset process. (b) Time histories of reconnected
magnetic ﬂux y and reconnection rate d y dt . Here the reconnected magnetic ﬂux y is in units of B0 di , and it is deﬁned as the difference between the maximum
and minimum of ψ at z=0. The reconnection rate dy dt is in units of B0 VA , and it is equivalent to the magnitude of reconnection electric ﬁeld Ey at the
reconnection site. In this study, we focus on the onset period (gray) covering the transition from the collisionless tearing mode instability (Ωit=13) to fast growth of
reconnection (Ωit=33).

timely, so the ﬂux is piled up in the upstream region. The value of
the reconnection rate d  y dt is equivalent to the magnitude of
the reconnection electric ﬁeld at the reconnection site, and this
electric ﬁeld (although weak) gradually accelerates the electrons
and decelerates the ions in the y direction, leading to an increase
in electron current density (Figure 2(d)) and a decrease in ion
current density (Figure 2(c)). Such current density redistribution
forms an electron current sheet at the reconnection site, and the
thickness of this electron current sheet decreases at the same time
(Figure 2(c)).
This current sheet thinning is further demonstrated in
Figure 3. In Case 0, the current sheet half-thickness decreases
from its initial value 0.5di to about 0.18di at Wi t = 33; after this
critical point, reconnection begins to proceed rapidly. This
feature is examined using more cases with different initial values
of current sheet thickness (Cases 1, 2, and 3). As shown in
Figure 3(a), for all these cases, the current sheet thinning also
stops at the critical value dc = 0.18di , and then the thickness
increases during the fast reconnection stage. Note that this
critical thickness 0.18di is equivalent to 1.8de , where de is the
electron inertial length evaluated using the mass ratio
mi me = 100 . We further examine whether δc is controlled by
electron kinetics or ion kinetics using two more cases with

Table 1
Simulation Parameters for the Cases Considered
Case
0
1
2
3
4
5

δ0/di

mi/me

 di

c/VA

0.5
0.4
0.6
0.7
0.5
0.5

100
100
100
100
25
400

0.05
0.05
0.05
0.05
0.1
0.025

15
15
15
15
7.5
30

Note. Here  is the grid size, c is the speed of light, and VA is the Alfvén speed
evaluated using B0 and n0. Note that  di and c/VA vary with mi/me to
maintain λDe/Δ and ωpe/Ωe, where λDe is the Debye length, ωpe is the electron
plasma frequency, and Ωe is the electron gyrofrequency.

different mass ratios (Cases 4 and 5; note that we only change
the electron mass and leave the ion mass unchanged). As shown
in Figure 3(b), in Case 4 (mi me = 25), dc = 0.3di = 1.5de ,
and in Case 5 (mi me = 400 ), dc = 0.105di = 2.1de . Although
δc varies in units of di, it is invariably about 2de in all the cases,
indicating that the current sheet thinning is controlled by
electron kinetics.
2
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Figure 2. For Case 0 at the reconnection site x = 22.8di . The z proﬁle of (a) the initial magnetic ﬂux y0 = B0 d0 ln [cosh (z d0 )] and the z proﬁles of (b) perturbed
magnetic ﬂux y1 = y - y0 , (c) out-of-plane ion current density jiy, and (d) out-of-plane electron current density jey at representative moments. The magnetic ﬂux is in
units of B0 di , and the current densities are in units of en 0 VA .

reason responsible for this increase in current sheet thickness is
that fast reconnection demands a large aspect ratio δ/L (e.g.,
Liu et al. 2017), where δ is the current sheet thickness, and L is
the current sheet length. The reconnection current sheet is
elongated in the fast reconnection stage (e.g., Daughton et al.
2006), corresponding to an increase in L. The system would
self-consistently increase δ to keep the large aspect ratio so that
the fast reconnection rate is maintained. During fast reconnection, the reconnection current sheet also becomes bifurcated
with double-peaked current density in the out-of-plane
direction (e.g., Gosling & Szabo 2008; Liu et al. 2013), which
further complicates the issue of current sheet thickness. Other
factors, such as boundary conditions and the magnitude of the
guide ﬁeld, may also affect the evolution of the reconnection
current sheet. In this paper, we focus on the onset of fast
reconnection; the issue of current sheet thickening in the fast
reconnection stage is out of the scope of this paper and
deserves a closer examination in a separate study.
We use PIC simulations, which resolve both electron and ion
kinetics, to study collisionless magnetic reconnection in the
Harris current sheet. The entire process includes three stages:
(1) the Harris current sheet is ﬁrst destabilized by collisionless
tearing mode instability (e.g., Coppi et al. 1966), (2) then it
evolves into the onset stage of collisionless reconnection, and
(3) eventually it proceeds to the fast reconnection stage. In this
paper, we only focus on the second stage, the onset of
collisionless reconnection. In addition to the PIC simulations,
hybrid simulations, which only resolve ion kinetics and treat
electrons as a massless ﬂuid, can also well describe the third

3. Conclusions and Discussion
To conclude, after reconnection is initiated by collisionless
tearing mode instability, magnetic ﬂux piles up in the upstream
region because the reconnection rate at this time is too slow to
dissipate the inﬂowing magnetic ﬂux. This pileup is accompanied by spontaneous current sheet thinning of the reconnecting current sheet to a critical thickness, about two electron
inertial lengths. After this critical point, reconnection begins its
fast growth in this electron scale thin current sheet.
Current sheet thinning and the pileup of upstream magnetic
ﬂux usually occur in externally driven scenarios of magnetic
reconnection, such as reconnection in laser-produced plasmas
(Nilson et al. 2006; Li et al. 2007; Fox et al. 2011; Lu et al.
2013b) and storm/substorm-time reconnection in Earthʼs
magnetotail (Hesse & Schindler 2001; Pritchett 2010; Liu
et al. 2014; Pritchett & Lu 2018). We are surprised to ﬁnd that
in our simulations, the upstream magnetic ﬂux piles up and the
current sheet thins spontaneously during the onset of
reconnection, even without any external driver. In this onset
process, the reconnection rate is low, which is insufﬁcient to
dissipate the upstream magnetic ﬂux timely. Therefore, the
magnetic ﬂux is piled up in the upstream region, which
compresses and thins the current sheet. After the onset, in the
fast reconnection stage, because the reconnection rate is high
enough to dissipate the upstream magnetic ﬂux, the ﬂux stops
piling up, which stops the current sheet thinning.
The current sheet stops thinning after the onset and becomes
thicker during fast reconnection (see Figure 3). One possible
3
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Figure 3. (a) Time histories of reconnecting electron current sheet half-thickness δ (solid lines) and reconnected ﬂux y (dashed lines) for cases with different values
of (a) initial half-thickness δ0 (Cases 0, 1, 2, and 3) and (b) mass ratio mi/me (Cases 0, 4, and 5). Here δ is the half width at the half maximum of the electron current
densityʼs z proﬁle at the reconnection site. In these cases, one or multiple X-lines are formed in the current sheet. In the case(s) with multiple X-lines, the deﬁnition of
the reconnected ﬂux y as the difference between the maximum and minimum of ψ at z=0 indicates that the best developed single X-line with ψ maximum is
considered.

stage above, i.e., collisionless fast reconnection (e.g., Shay
et al. 2001; Malakit et al. 2009; Le et al. 2016) because it has
been shown that the fast reconnection process is controlled by
ion kinetics (Hesse et al. 1999; Ricci et al. 2002). Here our PIC
simulations show that the onset of the fast reconnection (the
second stage above), however, is controlled not by ion kinetics
but by electron kinetics. In hybrid simulations, to allow the
onset of the collisionless fast reconnection in the absence of
electron kinetics, an artiﬁcial resistivity is adopted to mimic the
electron kinetics (so the resistivity is also called anomalous
resistivity). If the artiﬁcial resistivity represents the anomalous
resistivity caused by electron kinetics well, hybrid simulations
can still be used to describe the onset of reconnection, but the
description is not self-consistent like in PIC simulations
because the resistivity is artiﬁcially given. Therefore, PIC
simulation is demanded to fully resolve the onset of
collisionless reconnection.
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