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Using fully kinetic simulations of the island coalescence problem for a range of system sizes greatly
exceeding kinetic scales, the phenomenon of flux pileup in the collisionless regime is demonstrated.
While small islands on the scale of λ ≤ 5 ion inertial length (di) coalesce rapidly and do not
support significant flux pileup, coalescence of larger islands is characterized by large flux pileup and

a weaker time averaged reconnection rate that scales as
√

di/λ while the peak rate remains nearly
independent of island size. For the largest islands (λ = 100di), reconnection is bursty and nearly
shuts off after the first bounce, reconnecting ∼ 20% of the available flux.

PACS numbers: 52.35.Vd, 52.35.Py, 52.65.-y

Magnetic reconnection is often invoked to explain the
rapid, often impulsive, conversion of magnetic energy
into plasma energy in both astrophysical and laboratory
plasmas. Many of these environments are characterized
by system size much larger than kinetic scales and near
or fully collisionless conditions. One important type of
problem involving reconnection is the formation and sub-
sequent interaction of flux ropes as observed in planetary
magnetospheres, the solar wind, and in the solar corona.
A simple configuration to model the flux rope interaction
is the pairwise coalescence of magnetic islands [1].

The coalescence process is driven by the attraction of
currents associated with two neighboring islands [1]. As
the islands approach each other, a current sheet is formed
between them which can become susceptible to reconnec-
tion. In the absence of reconnection, the magnetic field
between the two islands would pileup until the repul-
sive force due to the magnetic gradient counteracts the
attractive force of the currents, causing the islands to
bounce. The evolution in this simple system depends on
the complex interaction between the large-scale drive and
the precise details of the ensuing reconnection.

In resistive magnetohydrodynamics (MHD), the occur-
rence of magnetic flux pileup [2] can render the reconnec-
tion rate insensitive to the plasma resistivity over a large
range of Lundquist numbers (S). Here S = 4πVALsp/ηc
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where η is the resistivity, Lsp is the system size, and
VA = B/

√
4πmin is the Alfvén velocity. Flux pileup

weakens the dependence of the reconnection rate on S
by allowing the upstream Alfvén speed (which limits the
reconnection outflow speed) to increase as the resistivity
drops. But several authors (e.g., [3]) have pointed out
that this compensating increase in the upstream Alfvén
speed must be limited by global momentum and energy
conservation considerations: the upstream magnetic field
must remain finite, and the upstream plasma pressure
must remain positive. Thus, one expects pileup to sat-
urate above some critical S, at which point the Sweet-

Parker scaling reappears. More recent results suggest
that the Sweet-Parker layer becomes unstable to sec-
ondary island generation at high S, allowing the coa-
lescence to proceed at higher rate than the Sweet-Parker
scaling [4] but at the same time forcing the smallest scale
current sheets to approach kinetic scales where MHD will
clearly breakdown [5, 6].

These issues have been examined in resistive Hall MHD
[7]. For parameters where flux pileup occurs in resistive
MHD, the Hall effect reduces the pileup and saturates
it at a level which is independent of S. While this Hall
pileup saturation phenomenon renders the reconnection
rate insensitive to S in the low resistivity limit, the max-
imum rate scales as

√
di/λ ([7, 8]) where λ is the island

size and di is the ion inertial length.

In contrast to the fluid results, previous studies of co-
alescence in the kinetic regime have found the islands to
merge rapidly without any evidence for flux pileup [9].
However, these simulations were limited to small islands
λ ∼ di. In this letter, we explore the interaction of large
islands (≥ 10di) and demonstrate, for the first time, the
phenomenon of flux pileup saturation in the collisionless
limit. However, there are significant differences with pre-
vious fluid results in all important aspects including the
temporal evolution, the scaling of the reconnection rate
and amount of flux pileup with island size.

The simulations were performed with the fully kinetic
particle-in-cell code VPIC [10] using the Fadeev [11] equi-
librium which describes a chain of islands with vector po-
tential Ay(x, z) = −λBo ln [cosh(z/λ) + ǫ cos(x/λ)]. We
added a 10% perturbation to this equilibrium, using
the same functional form as in [5]. Here λ is the half-
thickness of the current layer in the z-direction, Bo is the
x-component of the magnetic field upstream of the layer,
and ǫ determines the initial island half-width Li/λ =
cosh−1(1 + 2ǫ) ≈ 2ǫ1/2(1− ǫ/6 + ...). For all simulations
in this study, ǫ = 0.4 so that Li ≈ 1.2λ. The density is
given by n(x) = no(1−ǫ2)/ [cosh(z/λ) + ǫ cos(x/λ)]
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TABLE I: Comparison of key parameters from each run.
Listed are the island size λ, the time of the maximum pileup
(tB), time for peak reconnection rate tR, the maximum pileup
Bmax, the maximum reconnection rate normalized based on
density and magnetic field values upstream of the ion diffu-

sion region (ẼRmax
), raw reconnection rate ER averaged over

t = 2tA (〈ER〉), and the separation distance of the two is-
lands at the time of maximum magnetic field pileup (Lsep)
normalized to the initial island separation distance (Lo). Lo

is measured as the distance between the two initial o-points.

λ/di tB/tA tR/tA Bmax ERmax
ẼRmax

〈ER〉 Lsep/Lo

5 0.86 0.76 1.39 0.49 0.44 0.19 0.46

10 0.96 0.72 2.04 0.28 0.54 0.14 0.41

15 0.95 0.73 2.19 0.2 0.632 0.1 0.42

25 0.92 1.26 2.43 0.25 0.11 0.09 0.45

50 0.89 1.05 2.57 0.22 0.12 0.06 0.48

100 0.83 0.98 2.03 0.22 0.089 0.04 0.58

where no is a reference density associated with the layer
and nb is an additional non-drifting uniform background
with nb = 0.2no. The temperatures are equal for both
species Te = Ti = To including the background. Other
parameters are mi/me = 25, ωpe/Ωeo = 2, ωpe =√
(4πnoe2)/me is the electron plasma frequency, and

vthe/c = (2To/me)
1/2 = 0.35. Lengths are normal-

ized to the ion inertial scale di = c/ωpi where ωpi =√
(4πnoe2)/mi. The local ion inertial length based on

the time evolving density is defined as d∗i .

In comparing results from different runs, time is nor-
malized to tA = Lx/VA, where VA is based on no and
Bo and Lx = 4πλ is the system size in the x-direction
for the coalescence of two islands. Magnetic field is nor-
malized to the initial peak value of the field along the
line connecting the center of the two islands B′, and
Bmax is the maximum pileup magnetic field using this
normalization. We define the raw reconnection rate as
ER ≡ (1/B′V ′

A)∂ψr/∂t where ψr ≡ [maxAy−minAy]z=0

is the reconnected flux and V ′

A ≡ B′/
√
4πmino.

We conducted 6 runs for a range of islands from λ of 5di
to 100di as summarized in Table I. The spatial resolution
was higher than 1.4 times the Debye length in all the
runs with the largest run consisting of 17920× 8960 cells
and an average of 250 particles per cell for each species.
Time step is ∆tΩce = 0.12. The boundary conditions
are periodic in the x-direction while the z-boundaries are
conducting for fields and reflecting for particles.

Figure 1a shows the intensity plot of By at t = tB
for run λ = 25di. The thickness of the current sheet
has dropped to below di at this point and the usual
quadrupole pattern in By associated with reconnection
is clearly evident. Stackplot of the total magnetic field
Btot in Fig. 1b illustrates the piling up of the magnetic
field and a corresponding density depression. Also evi-
dent is the generation of obliquely Alfvén waves upstream

of the current sheet generated due to the sloshing back
and forth of the islands as they merge. Consistent with
their Alfvénic nature, there is only a weak density com-
pression associated with these waves (Fig. 1c).

Comparative study of results of the 6 cases in Ta-
ble I indicate that the details of the coalescence de-
pend strongly on the initial island size. We have identi-
fied three distinct regimes of small (λ ≤ 10di), medium
(λ ≤ 100di), and large (λ ≥ 100di) islands. Stackplot of
Btot as shown in Fig. 2 provides a quick summary of the
time evolution of the system. The first phase of evolution
is qualitatively similar in all three cases. The current
sheet between the islands gets compressed and reaches
its minimal thickness within t ∼ 1tA. Flux pileup also
reaches its maximum value during this phase. The pileup
is weak in the λ = 5di case but is still evident. Beyond
this point, there are important differences between the
three cases. For λ = 5di, the current sheet remains thin,
coalescence is rapid and the two islands fully merge be-
fore t = 3tA. Coalescence is significantly slower for the
other two cases, and for λ = 100di the current sheet is
seen to become dramatically thicker after the first phase,
due to violent bouncing of the islands, before it settles
down to a thickness greater than di.

Figure 3 provides more quantitative diagnostics for
these three cases. While small islands exhibit at most a
weak pileup Bmax, the medium and large island regimes
are marked by strong pileup of Bmax ∼ 2.5. The peak
pileup becomes nearly independent of island size in the
medium and large island regimes (Table I). The island
separation distance Lsep is shown in Fig. 3c as a func-
tion of time, and is normalized by the initial separation
Lo. Unlike the λ = 5di case, larger islands λ = 25di
and 100di show clear bouncing. The separation of is-
lands is strongly correlated with the reconnected flux ψr

normalized to the available flux ψi (Fig. 3d) as well as
the reconnection rate (Fig. 3e). This is because onset of
fast collisionless reconnection requires the current sheet
to reach kinetic scales. As Fig. 3a indicates, the thick-
ness of the current sheet normalized to the time evolving
local d∗i for λ = 25di remains below the local ion inertial
length after the first phase, thus enabling the islands to
continue coalescing. This is in contrast to the λ = 100di
case (not shown) where the thickness stays above di

∗ af-
ter the first bounce. Note that after the first bounce for
λ = 100di, there is little change in the separation of the
islands and reconnection is essentially terminated.

One of the fundamental questions in reconnection
physics is the efficiency in large systems and the amount
of flux that is reconnected. To address this question,
much focus has been placed on scaling of the peak recon-
nection rate with system size. Examination of the peak
rate (ERmax

) (Table I and Fig. 3) shows that aside from
the initial drop of the rate from λ = 5di to λ = 10di, the
rate becomes nearly independent of system size. How-
ever, the peak rate only measures a transient response
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of the system and can only be related to the level of re-
connected flux if the rate remains fixed in time. In a
time dependent system, it is more appropriate to mea-
sure the amount of reconnected flux averaged over some
macroscopic time scale which we take to be t = 2tA.
This choice ensures that the system has sufficient time
to get past the initial transitory stage but other choices
t = 1, 1.5, 3tA give qualitatively similar results.

The ratio of ψr/ψi versus island size is shown in Fig. 4a
and remarkably exhibits a

√
di/λ dependence. We do not

currently have an explanation for the observed form of
this scaling. While this scaling implies that the fraction
of reconnected flux decreases with island size, the total
amount of reconnected flux may still be significant and
is larger than that for smaller islands (Fig. 4b).

Despite some similarities to fluid results, there are sig-
nificant differences in the details. Even in the presence
of strong Hall electric fields, fluid theory predicts that
magnetic pileup would (in the high S limit) scale as
ERmax

√
λ/di. In the pre-saturation regime, ERmax

is in-
dependent of system size and the flux pileup Bmax would
increase with system size. As previously noted, the con-
servation laws impose an upper limit to the pileup, caus-
ing a saturation independent of island size. Thus the
reconnection rate ERmax

must decrease as
√
di/λ in the

post-saturation regime. In contrast to these predictions
[8, 12], we find that both ERmax

and Bmax are nearly
independent of system size for the medium and large is-
land limits (Table I) while the reconnection rate aver-
aged over t = 2tA, a quantity not measured in previous
fluid studies, exhibits

√
di/λ scaling. Another difference

is in the electron and ion outflow speeds that are typi-
cally lower than the electron and ion Alfvén speeds, re-
spectively. For example, for the λ = 100di case, the
peak electron (ion) outflow speed is 0.24 (0.46) times the
electron (ion) Alfvén speed. This is clearly very differ-
ent than the fluid models where the outflow speeds are
Alfvénic [7]. These discrepancies point to the need as well
as difficulties in developing appropriate fluid closures for
collisionless plasmas.

The results obtained here may have profound implica-
tions for reconnection in planetary magnetospheres, solar
wind, and solar corona. At the Earth’s magnetosphere
observations of plasma depletion layer (PDL) exhibit an
increase in the magnetic field and a corresponding de-
crease in density [13]. It has been postulated that PDLs
may be linked to flux pileup reconnection [14]. Our find-
ing that flux pileup reconnection can occur in the colli-
sionless regime provides support for this possibility. The
result that merging is increasingly ineffective for larger is-
lands imposes limitations on how large islands can grow
through coalescence. Another implication of this work
concerns the electron acceleration to 10− 100 times vthe
inferred in interaction of flux ropes (magnetic clouds)
in the solar wind [15]. Direct acceleration of electrons
in the reconnection process requires low electron beta
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FIG. 1: Demonstration of magnetic flux pileup in the colli-
sionless regime. a) Intensity plot of By and formation of the
quadrupole structure in the current sheet between the two
islands for run λ = 25di. 1D cuts of a) total magnetic field
and b) electron density along the Z = 0 axis (dashed line
Figure 1a) stacked in time.

βe = 8πnTe/B
2 ≪ 1 [16]. Magnetic clouds typically

have βe ≤ 0.3 but to generate the required energetic
electrons, βe has to be ∼ 0.05. Flux pileup could provide
a natural mechanism to lower βe by ∼ 8 upstream of
the current sheet between the islands, enabling enhanced
electron acceleration in the process.
We emphasize that this is the first study of island coa-

lescence as a function of island size in the kinetic regime
and much work remains to establish the effects of guide
field, βe and other parameters on the details of the coales-
cence process. Three dimensional effects also need to be
explored. Our preliminary results suggest that the basic
physics described here (e.g., bouncing, island size depen-
dence, etc.) remains intact in other plasma parameter
regimes. However, details can be different. For example,
it appears that bouncing occurs for smaller islands in the
presence of a finite guide field.
Authors acknowledge NSF grants ATM0802380 and

OCI 0904734, NASA Heliophysics Theory Program, and
the LDRD program at Los Alamos. Simulations were
performed on Kraken provided by the NSF at NICS and
on Pleiades provided by the NASA’s HEC Program.
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FIG. 2: Cuts of total magnetic field at Z = 0 stacked in time
for the three runs λ = 5, 25, and 100di.
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