Transition from ion-coupled to electron-only reconnection: Basic physics and

implications for plasma turbulence

P. Sharma Pyakurel,* M. A. Shay,! T. D. Phan,? W. H. Matthaeus,! J. F. Drake,® J. M.
TenBarge,* C. C. Haggerty,® K. Klein,® P. A. Cassak,” T. N. Parashar,® M. Swisdak,3
and A. Chasapis!

Y Department of Physics and Astronomy, University of Delaware, Newark,

Delaware 19716, USA

2) Space Sciences Laboratory, University of California, Berkeley, CA 94720,
USA

3) Department of Physics and the Institute for Physical Science and Technology,

University of Maryland, College Park, MD 20742, USA

Y Department of Astrophysical Sciences, Princeton University, Princeton, NJ 08544,

USA

5 Department of Astronomy and Astrophysics, University of Chicago, Chicago, IL,

60673, USA

% Lunar and Planetary Laboratory, University of Arizona, Tucson, AZ 85719,
USA

T Department of Physics and Astronomy, West Virginia University, Morgantown,

WV 26506, USA

(Dated: 29 April 2019)



Using 2.5 dimensional kinetic particle-in-cell (PIC) simulations, we simulate recon-
nection conditions appropriate for the magnetosheath and solar wind, i.e., plasma
beta (ratio of gas pressure to magnetic pressure) greater than 1 and low magnetic
shear (strong guide field). Changing the simulation domain size, we find that the
ion response varies greatly. For reconnecting regions with scales comparable to the
ion inertial length, the ions do not respond to the reconnection dynamics leading to
“electron-only” reconnection with very large quasi-steady reconnection rates. Note
that in these simulations the ion Larmor radius is comparable to the ion inertial
length. The transition to more traditional “ion-coupled” reconnection is gradual
as the reconnection domain size increases, with the ions becoming frozen-in in the
exhaust when the magnetic island width in the normal direction reaches many ion
inertial lengths. During this transition, the quasi-steady reconnection rate decreases
until the ions are fully coupled, ultimately reaching an asymptotic value. The scaling
of the ion outflow velocity with exhaust width during this electron-only to ion-coupled
transition is found to be consistent with a theoretical model of a newly reconnected
field line. In order to have a fully frozen-in ion exhaust with ion flows comparable
to the reconnection Alfvén speed, an exhaust width of at least several ion inertial
lengths is needed. In turbulent systems with reconnection occurring between mag-
netic bubbles associated with fluctuations, using geometric arguments we estimate
that fully ion-coupled reconnection requires magnetic bubble length scales of at least

several tens of ion inertial lengths.



I. INTRODUCTION

Magnetic reconnection is a magnetic energy release process that plays a fundamentally
important role in laboratory, space, and astrophysical plasmas!. The role that magnetic
reconnection plays in damping turbulent fluctuations in plasma has significant implica-
tions for our understanding of diverse systems such as the solar corona, the solar wind,
the Earth’s magnetosheath, and astrophysical accretion disks. While magnetic reconnection
has been observed in the turbulent magnetosheath of the Earth? ¢, our understanding of the
role it plays in damping turbulent magnetic energy and heating the plasma is incomplete.
Two-dimensional magnetohydrodynamics (MHD) simulations and Hall MHD simulations of
turbulence have been used to study the statistics of reconnection, finding a large spread
of reconnection rates at x-lines occurring as part of the turbulence™®. The x-lines showing
robust reconnection had reconnection rates consistent with quasi-steady theories of recon-
nection”. Recently, these x-line finding techniques were applied to fully kinetic simulations
of turbulence!®, where a similar spread of reconnection rates was found. The effect of recon-
nection on the cascade of energy and even as a driver of the cascade has recently been the
focus of significant scrutiny'* 6. A framework for estimating the heating due to reconnec-
tion in turbulence has been established!'”, which draws on recent studies of heating during

isolated laminar reconnection'82!,

In a low collisionality plasma, the cascade of turbulent energy from large energy containing
scales to small scales raises the question as to the existence and properties of the magnetic
reconnection at the smallest scales where turbulent energy is damped. At such small scales,
it seems likely that reconnection may occur in a small enough region where the ions do not
respond, i.e., “electron-only reconnection” occurs. In fact, recent observations of magnetic
reconnection in the turbulent magnetosheath have observed magnetic reconnection occurring

with no ion response®.

Various aspects of electron-only reconnection have been studied previously with both fluid
and kinetic particle-in-cell (PIC) simulations (e.g. Refs. 22-24, and references therein). Sim-
ulation scaling studies?>?® found that the rate of quasi-steady reconnection is independent
of the electron mass. The decoupling of electron and ion velocities, e.g., Hall physics?%:27,
was found to be a key factor in this independence. Studies of the transition from this Hall

reconnection to more typical “ion-coupled reconnection” have also been performed, showing
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FIG. 1. (a) Schematic of magnetic field lines adapted from Ref. 6 showing an enlargement in
the vicinity of a magnetic reconnection region. Shown are the approximate exhaust width A from
the reconnection of a magnetic bubble roughly of size D. (b) Geometrical interpretation: two flux
bubbles interact with radius r with a separation distance A. The figure is an illustration of bubble

size threshold for the ions to respond to the reconnected field lines in magnetic reconnection.

that the timescale to reconnect flux transitions from a Hall timescale to one mediated by the
MHD Alfvén time?>?%; note that we use the term “ion-coupled” to describe reconnection in
which the ion outflow exhausts become frozen-in to the magnetic field. The deviation from
MHD behavior began for system sizes smaller than about 10 ion inertial lengths. Turbulence
simulations driven at scales small enough so the ions are not coupled at the energy contain-
ing scale have found that in the vicinity of reconnection sites, electrons are preferentially

heated in the direction parallel to the magnetic field?°.

An important question concerning electron-only reconnection regards the limiting length
scales and timescales for its existence. Magnetic reconnection in a turbulent system oc-

curs between magnetic “bubbles” associated with the fluctuations in the magnetic field. A
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schematic of magnetic field lines in turbulence generated from a 2D turbulence simulation®
is shown in Figure la. Two reconnecting magnetic bubbles (flux tubes in a 2D geometry) in
a turbulent system are highlighted, and the approximate scale size D of a bubble is shown.
The scale D is approximately the largest length scale associated with the reconnection and
plays an important role in determining the degree of ion-coupling to the reconnection. This
length scale is roughly equivalent to the simulation domain size of conventional simulations
of laminar reconnection. Hence, simulating different domain sizes in laminar reconnection
simulations can help shed light on the degree of ion coupling to reconnection in turbulence.

Ultimately, at MHD lengths or timescales, the reconnection must eventually couple to the
ions. However, previous simulations of this transition between ion-coupled and electron-only
reconnection focused exclusively on the reconnection rate?®. In addition, this study focused
on low ion plasma (3 and anti-parallel reconnection, whereas reconnection in the solar wind
or Earth’s magnetosheath is often characterized by strong guide fields and plasma g ~ 1,
a regime that has received very little attention. The variation of important observational
properties in this regime during this transition remain unknown, i.e., the existence of frozen-
in ion outflows, the ion outflow speed, and the width along the normal direction of the ion
exhaust.

In this paper, we study the transition from ion-coupled to electron-only reconnection
using kinetic particle-in-cell (PIC) simulations of magnetic reconnection. The initial inflow
conditions for the simulation are relevant for turbulent reconnection in the magnetosheath,
i.e., relatively large plasma [ and weak magnetic shear. We simulate varying simulation
domain sizes and examine the effect on the ion response to the reconnection. We find that
the transition between fully ion-coupled and electron-only reconnection is gradual, spanning
nearly a factor of ten in domain size. This transition is characterized by a gradual increase
in the ion outflow velocity, the ion out-of-plane current, and the degree to which the ions are
frozen-in to the magnetic field. Electron-only reconnection exhibits much faster reconnection
rates because the magnetic field motion is not limited by the Alfvén speed. We develop a
simplistic model for a newly reconnected field line which accurately predicts the scaling of
peak ion outflows with domain size. A key finding is that the ion outflow velocity is largely
controlled by the exhaust width along the current sheet normal direction.

We then explore the implications of our findings. First, the relationship between exhaust

width and ion response gives specific predictions for both ion outflow speeds and ion out-



of-plane current that can be compared with observations. Second, we examine how the

properties of turbulence impact the degree of ion coupling in the resultant reconnection.
Note that a terminology issue arises in the simultaneous analysis of laminar reconnection

simulations and reconnection as an element of turbulence. The magnetic flux structures

currently undergoing reconnection have been variously called “magnetic flux bundles”??,

“unreconnected magnetic islands”?3°

, and possibly other names. The flux structures con-
sisting of already reconnection magnetic field lines have been called “magnetic islands”,
“reconnected magnetic islands”, “magnetic bubbles”, as well as “plasmoids”. To avoid con-
fusion here, we will use the term “magnetic bubbles” to describe magnetic flux structures
currently undergoing reconnection and “magnetic islands” for flux structures composed of
already reconnected magnetic field. We emphasize that the use of the term “bubble” does
not imply that the reconnection structures are small. In our usage a “bubble” could have a
diameter of thousands of ion inertial lengths.

Section II describes the simulations performed in this study. In section III, the simulation
results and analyses are presented and the model for ion outflows is described. Section IV
discusses the implications for observational signatures of reconnection. Section V discusses

how our findings impact our understanding of ion coupling to reconnection in turbulence.

Finally, in Section VI we review and discuss our scientific results.

II. SIMULATIONS

To study the physics of small-scale magnetic reconnection relevant to the turbulent mag-
netosheath (plasma 2 1 and large guide field), we have performed 6 different simulations
described in Table I using the multi-parallel particle-in-cell (PIC) code P3D3'. The sim-
ulations are 2.5 dimensional with periodic boundary conditions. Multiple system sizes,
while keeping the same aspect ratio, are used to examine the transition from ion-coupled
to electron-only reconnection. Calculations are presented in normalized units: the magnetic

field to By, density to ng, lengths to ion inertial length d; = c¢/w,;, times to inverse ion

cyclotron frequency 2! defined in terms of ZE;:? velocities to the Alfvén speed c4g, temper-
ature to micio, and electric fields to Fy = Byca,/c. Using the simulation normalized units,

various key physical length scales can be calculated from code values as: ion inertial length

d; = /1/n; electron inertial length d, = \/(m./m;)/n; ion Larmor radius p; = v/T;/B; and
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TABLE I. Plasma parameters of six simulations (Runs) : m;/m. is the mass ratio of ion to
electron and By, and n,, are the inflowing reconnecting field and density outside the current
sheet, respectively. By is the uniform guide field, A is grid scale, c is light speed, and (Ly, Ly) are
simulation domain sizes. [ is the total beta including the guide field. T, and 7T; are the uniform
electron and ion temperatures. wy is the initial current sheet thickness.

Run| 2 |Bp|nup| Te Ti |By| ¢ | Ly | Ly A B | wg

Me

1836 1 |1 |11.51{115.16 300| 2.56 | 2.56 {0.005|3.89| 0.06

1836 1 |1 |11.51{115.16 300| 5.12 | 5.12 {0.005|3.89| 0.04
1836/16| 1 | 1 |11.51]115.16 100{10.24|10.24| 0.02 {3.89|0.065
C2 |1836/64| 1 | 1 |11.51|115.16 100{10.24|10.24| 0.02 {3.89|0.065
D |1836/16| 1 | 1 |11.51]115.16 100|20.48]20.48| 0.02 {3.89] 0.22

1836/64| 1 | 1 |11.51]115.16 50 140.96]40.96(0.035|3.89| 0.4

co o O o o oo 0o

1836/64| 1 | 1 |11.51]115.16 50 81.92181.92| 0.04 |3.89| 0.6

electron Larmor radius p. = /Tt (m./m;) / B. The simulations have a domain size Ly X Ly
and grid scale A.

The simulations are initialized with two current sheets, with the magnetic field along x
given by By = By, { tanh[(y — 0.25 Ly)/wo| — tanh[(y — 0.75Ly)/wo| — 1}, where wy is the
half-width of the initial current sheets and B, is the inflowing reconnecting magnetic field.
nyp is the density outside the current sheets and the density is varied to maintain total
pressure balance. A small local magnetic perturbation is added to start the reconnection,
and the initial currents are due solely to electron flows. Run A, B, C, C2, D, and E have
6000 particles per grid (ppg) in the regions outside the current sheets, while run F has
1500 ppg. The lower ppg for run F was necessary to prevent the simulations from being too
computationally expensive. Temperatures are initially uniform and there is also an initial
uniform large guide field B, = B,. Parameters for the simulations are shown in Table I.
The inflow conditions are similar to Phan et al.®. Note that because By =1 and nyp = 1,
velocities and reconnection rates are normalized to the inflowing Alfvén speed cayp. Lastly,
the simulation sizes of run A through F are notated interchangeably by their domain sizes:
2.5d;, 5d;, 10d;, 20d;, 40d;, and 80d;. The domain sizes are used where the use of length

scales are deemed instructive.



III. SIMULATION RESULTS AND DISCUSSION

An overview of the reconnection simulations are shown in Figure 2; the left column is the

smallest simulation domain (run A) and the right column is run E.

The larger simulation exhibits standard ion-coupled reconnection (Figure 2b.d,f), with
a quadrupolar B, perturbation, an ion outflow exhaust, and an electron flow characterized
by super-Alfvénic flow close to the x-line, and then exhaust flows similar to the ions farther
downstream. In contrast, the smallest simulation (Figure 2a,c,e) exhibits a quadrupolar
B, perturbation that extends beyond the current sheet, negligible ion outflow, and electron
outflows peaked near the separatrices. Due to the lack of ion response, we follow Phan
et al.% and call this “electron-only” reconnection. The B, perturbation which fills the
inflowing region in this reconnection is generated in part by the electron inflow which by

necessity is a current.

Shown in Figure 2g.h are cuts of the outflow velocities along the midplane (y = 0)
compared to the (E x B)_/B? (E x B drift), which reveal the electron and ion coupling
explicitly. In the electron-only case there are no ion flows and the electron outflow follows
the E x B drift velocity closely. Note that for both simulations, this strong guide field
reconnection has a significant F) close to the x-line, so the electrons are not frozen-in there
even though V,, ~ (E x B)_/B?. For the ion-coupled reconnection in Figure 2h, the electron
flows reach velocities much greater than the ions close to the x-line, and then slow down to
roughly match the ion flows approximately 10 d; downstream of the x-line. The ions become

frozen-in at this location with V;, ~ (E x B)_/B>.

The electron response in the strong guide field but 5 2 1 limit is somewhat surprising.
Previous simulations with strong guide field but much lower § found a twisting of the electron
current sheet (e.g. Ref. 32), a deflection of the electron outflow jet so that it was nearly at
the separatrices (e.g. Refs. 33, 34), a quadrupolar density perturbation®®, and a warping of
the quadrupolar structure of the Hall magnetic fields*®. However, in the present simulations,
none of these features are present and the electron current layers and the Hall magnetic field
resemble the antiparallel case. In other words, a quadrupole B,, and electron V., and V.,
(not shown) are symmetric along the normal (y) direction. Kinetic PIC simulations with

S =2 but T; = T, have found similar symmetry in the electron response37:38,

Another important question raised by the strong guide field § 2 1 limit is the relative
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FIG. 2. Overview of the reconnection simulations: time slice taken at ¢t = 0.265(2;1 for 2.5d; (left
column) and at ¢t = 279;1 for 40d; (right column). (a) The quadrupolar structure of the out of
plane magnetic field. (b) The out of plane magnetic field resembles that of a typical magnetic
reconnection. (c) No ion exhaust velocity Viy is observed. (d) Significant ion outflows Vj, are
present. The intersection between the blue horizontal line and the green vertical line is the location
of the maximum value of Vj,.. (e) Electron outflow V¢,. The electron diffusion region is characterized
by very fast collimated electron outflows near the x-line. (f) Peak electron jet close to the electron
diffusion region is larger than the ion jets in (d). (g) A cut along x at y = 0 is taken along the
reconnection mid-plane. The electron outflow and E x B drift are very similar and V;, shows no
ion response. (h) A cut along x at y = 0 is taken along the reconnection mid-plane. Outside the
diffusion region, V., and E x B drift decrease slowly to match V;, at ~ 10d;. The ions have fully
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importance of the ion inertial length versus the ion Larmor radius in the transition from
ion-coupled to electron-only reconnection. In reconnection simulations with f < 1 and
strong guide fields, it has been found that the ion fluid Larmor radius C,/€).; determines the
width of the ion diffusion region and thus the scale when the ions begin to decouple from
reconnection (e.g. Refs. 35, 39, 40 and references therein), where Cj is the sound speed.
Determining the relative importance of the ion Larmor radius and the ion inertial length in
this study is not possible because with 5 ~ 1 and T;/T, > 1, the two length scales are quite
similar. Because of this ambiguity, we primarily discuss ion length scales in terms of the ion
inertial length for simplicity.

Due to the computational cost of larger simulations, smaller m;/m, are used. Note that
we have simulated two different mass ratios for the system size 10d; i.e. runs C and C2.
Both C and C2 show nearly identical results. The result shows that the electron flows for
electron-only reconnection are much greater than those for ion-coupled when normalized to
the ion Alfvén speed (Figure 2g,h). However, when the electron flows are normalized to the
electron Alfvén speed cy., the peak electron flows are nearly identical; to highlight this fact,
the right axes show values for V. /c4.. At electron scales, both the very large and smallest
simulations show quite similar behavior, as shown in Figure 3 that shows the electron scale
behavior for the two simulations in Figure 2. When normalized to C4,, the ion V;, have
different magnitudes because of their different electron masses. Also, note that in run E the
X-line is moving, indicating that the X-line is not exactly the stagnation point for the ions

and electrons.

As the ions couple more fully to the reconnection with increasing system size, the recon-
nection rate is lower because magnetic flux cannot flow away from the x-line as quickly as in
the electron-only case. The reconnection rate £, is calculated by taking the time derivative
of the magnetic flux between the x-point and the o-point. The reconnection rate E, versus
time for the 40d; simulation (Run E) is shown in Figure 4a. The reconnection rate rises and
asymptotes to a value drawn by the horizontal black line in Figure 4a. The effect of system
size on the quasi-steady value is shown in Figure 4b. As the simulation domain is increased
from the smallest size, initially the quasi-steady reconnection rate decreases, an effect which
has been found in previous hybrid?® and kinetic PIC simulation studies*'. Both of these
studies determined that for smaller system sizes, whistler physics, as opposed to MHD, was

controlling the reconnection rate. For larger systems, the reconnection rate stabilizes to a
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FIG. 3. Zoomed-in panels of Figure 2 plotted near the X-line for a similar size when normalized to
electron scales. Left column is run A and right column is run E. The scale of each panel are shown
in de = ¢/wpe. Quadrupolar structure of out of plane magnetic field B, is still present in (a) and
(b). (c) and (d) show negligible ion exhaust velocities V;;/C4.. The electron diffusion region for
panel (e) and (f) have very similar electron exhaust velocities Vey/C 4.

value consistent with previous reconnection scaling studies*>3.

An important aspect of the transition between ion-coupled and electron-only reconnection
that has not been previously addressed is the onset of ion flows. Clearly, as reconnection
proceeds, and if the reconnection geometry extends to scales much greater than the ion
inertial length, the ions will fully couple as in run E and F. However, is this transition

sudden or does it gradually occur? What controls the onset? To address these questions,
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FIG. 4. (a) Run E: Reconnection rate vs. time. The straight black line is the steady-state
reconnection rate of 0.05 and the peak value is 0.06. (b) Reconnection rate vs. system size for all
the simulations((*) denotes C2): Electron-only reconnection has a reconnection rate significantly
larger than the ion coupled reconnection rates. Notably, the reconnection rate converges to 0.05

as MHD scales are realized.

we study the ion flow properties as the system size is increased.

To characterize these ion flows, we begin with a cut along x of V;, at the midplane of
the exhaust in run E, an example of which is shown in Figure 2h. Note that we average
0.1(¢/wpi) above and below the midplane and a 1d-Gaussian filter is applied with a width
corresponding to 0.07(c/wy;). Gaussian filtering proves to be an effective tool to reduce
noise'®. The peak outflow speed along this cut at ¢ ~ 27" is |V;,| ~ 0.32 to the right of
the x-point. The location of this peak outflow speed is also shown by the intersection of
red vertical and blue horizontal line in Figure 2d. The peak outflow speed at each time is

determined similarly and time evolution of this peak outflow speed is shown in Figure 5a.
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FIG. 5. (a) Run E: Outflow speed vs. time. The outflow velocity is measured at the intersection
of the horizontal blue and the vertical green line shown in Figure 2d for each time slices. The
peak outflow velocity of about ~ 0.32 occurs at t = 27. (b) Run E: Total island width vs. time.
The separatrices associated with the primary x-line form the boundary of the magnetic island.
The total island width is the normal distance between the separatrices at the O-line. (c¢) Run E:
Outflow velocity V;, versus island width. The peak value 0.32 is attained when the size of the island
width is about ~ 5.6d;. (d) All runs ((*) denotes C2): Peak Vj, vs. system size of simulations.
(e) All runs: Peak Vj, vs. island width of simulations. The island width is measured at the time
when the outflowing velocity Vi, has peaked. (f) All runs: Ratio of the peak ion outflow V;, and
E x B drift at the midplane. As the simulation size gets bigger, the ion outflow gradually reaches

the E x B drift speed, indicating full ion coupling.
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The outflow speed rises in time and reaches an apex of 0.32 and descends. We choose this
apex value as the characteristic outflow speed for a given system size (simulation) and plot
the results for each simulation in Figure 5d. It is clear from this figure that the characteristic

ion outflow speed smoothly increases with system size.

The ion outflow velocity grows with system size because the ions can only fully couple to
the reconnection process when the exhaust region is significantly larger than the ion inertial
length (ion Larmor radius is 1.34 d;). The maximum width of the exhaust along the normal
direction can be estimated as the total magnetic island width, which is shown for run E in
Figure 5b; this width grows steadily in time as the reconnection proceeds. The ion outflow
does not reach its characteristic speed until the total island width is a few ion inertial lengths
in width (¢ ~ 27), as shown in Figure 5c. Intuitively then, the smaller simulation domains
simply do not allow the magnetic island to become large enough to allow the ions to fully
couple to the magnetic fields in reconnection, resulting in lower ion outflow velocities. This
fact is highlighted in Figure 5e, which shows the characteristic ion outflow velocity versus the
total island width for each simulation when this characteristic ion outflow speed is reached.
It is clear from this figure that the transition to ion-coupled reconnection is gradual and
not sudden, with the characteristic ion outflow speed smoothly increasing with system size.
Further, in Figure 5f, we show the ratio of V;, and E x B drift for each simulation at its peak.
As the system size increases, the characteristic ion outflow velocity catches up to the E x B
drift velocity: another clear indication that the ions have fully coupled for the larger system
sizes. We note that for the parameter regime simulated here, the ions are fully coupled for
a system size of about 40 d; and larger. In contrast, the Mandt et al.?® study found that for

system sizes of 10d; or larger, the reconnection was fully in the MHD regime.

To understand more quantitatively the physics behind this transition from ion-coupled
to electron-only reconnection, we study the physics controlling the contraction of a strongly-
curved newly-reconnected field line by approximating this field line as a linear wave. For
full ion-coupling, the wave is an Alfvén wave as expected. For decoupled ions, the wave is a
kinetic Alfvén wave. Using linear Vlasov theory for the T; > T, case, the transition between
the two regimes occurs at k p; = 144%°. Although reconnection is a nonlinear phenomenon,
this type of analysis has previously been used successfully to predict the electron outflow
speed at sub-MHD length scales*'*647 and to study the propagation and damping of the

48,49

Hall magnetic fields generated during reconnection®®*”. It has also been used to motivate
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why the global reconnection rate is “fast” or independent of the dissipation mechanism
and system size3>*2, but this conclusion has been the source of significant and ongoing
controversy (e.g. Refs. 37, 50-53). In this study we exclusively focus on using this type of
model to give predictive insight into the ion reconnection exhaust velocity and we find that
linear theory successfully predicts the scaling of this velocity.

The predicted ion outflow velocity is the bulk ion flow speed generated by the wave, which
in the MHD limit becomes the Alfvén speed based on the inflowing plasma conditions. The
wavevector k is taken to be along y with the background field By = /B2 + B2, where B,
is the guide field B, in Table I; B, is chosen to be the value at the location of peak ion
outflow, which is 0.18 for run E. The angle of propagation relative to the background field
is = tan~!(B,/B,) and the wave is obliquely propagating. The perturbation field is B,,
which is B, in Table I; B,, = 1 for all of the simulations.

To determine the magnitude of k, we examine the width ¢ of the ion V, along y as shown
in Figure 6a. The cut is taken at the location where the ion |V, | is peaked to the right of the
x-line in Figure 2d, which is denoted by the vertical green line. The width 6 ~ 3.3d;, which
is the full width at half maximum, is converted to a wave number using k ~ 22—’(; ~ 0.94d; .

Numerical solutions for the linear dispersion relation were calculated using the PLUME
numerical solver®. For a set of equilibrium background parameters, in this work 3;, T;/T.,
and vy, /¢, PLUME determines the normal mode frequency Qi solutions of the hot plasma
dispersion relation as a function of wavevector kd;, using a full Bessel Function representation
of the ions and electrons as well as the associated eigenfunction fluctuations, e.g, the ion
velocity flow shown in Figure 6b. As k increases, the ion coupling to the wave decreases
leading to a slower V. The ion velocity has little dependence on 6 = tan~!(B,/B,) for these
oblique angles. The two angles shown correspond to B, = 0.5 and 0.1 but the two curves
almost completely overlap. The dashed yellow vertical line denotes the value determined
from Figure 6a, k =~ 0.94d; ', giving the theoretical prediction for V;, ~ 0.43 (dashed red
line) shown in Figure 6b.

For all of the simulations in this study, a comparison of the measured versus theoretical
predictions for the peak ion outflow are shown in Figure 7. The Vlasov prediction organizes
the data in a straight line with a slope of approximately 0.75, shown as the dashed red
line. The slope is calculated using simple linear regression. For contrast, we also include a

prediction from the isothermal two-fluid theory from which the calculation of the eigenvectors
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FIG. 6. Run E: Determining the theoretical prediction of ion outflow velocity for run E at ¢ = 27Q;" !
(a) Slice along y of Vj, at the location of peak Vi, ( # = 13.04 in Figure 2d and h). The width ¢
gives k = (27/26). (b) Viz versus kd; from a numerical Vlasov dispersion solver’; two different
angles of propagation 6 = tan~!(B,/B,) are shown, corresponding to B, = 0.5 and 0.1. The
dashed yellow vertical line shows kd; value determined from (a), giving the theoretical prediction

for Vi, (dashed red line).

is straightforward (see Refs. 55 and 39). Clearly due to the relatively high ion 3, finite ion
Larmor radius effects are playing an important role in the ion response to the reconnection.
Note that the error bars for run F are significantly larger than the other simulations because

of the lower particles-per-grid used.
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FIG. 7. Comparison of the peak reconnection ion outflow velocity V;, with theoretical predictions.
Theoretical predictions using both two-fluid and Vlasov dispersion relations are shown. The dashed
red line with slope = 0.75 is the best fit line for the Vlasov prediction. The reconnection V;, are
averaged values of V;, once they peak in each simulation. For example, run E is measured from
Figure 5a when t ~ 27951. The uncertainty in Vj, is estimated from the standard deviation of the

fluctuations in time. Note that run C2 is not a data point for the best fit line.
IV. IMPLICATIONS FOR RECONNECTION OBSERVATIONS

Recent MMS observations of the turbulent magnetosheath® found smoking gun evidence
for magnetic reconnection in the form of diverging super-Alfvénic electron plasma jets. The
event was novel because it showed electron-only reconnection without ion coupling. First,
the reconnection current sheet showed no evidence of the two-scale structure typical of
ion-coupled reconnection (Ref. 22 Figure 3), i.e., a weaker ion-scale current sheet and an
intense electron scale current sheet. Previous observations of reconnection both with ion
reconnection outflows (e.g. Phan et al.?®) and without ion flows (e.g. Wilder et al.®") found
that the reconnecting magnetic field exhibited two distinct ion scales consistent with ion
and electron current sheets. Second, in the Phan et al.® event the ions showed no change

in their velocity due to the reconnected magnetic field lines. Additionally, no ion flows were
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FIG. 8. Time slice taken at t = 0.265Q; " for 2.5d; (left column) and at t = 27Q; ! for 40d; (right
column). (a) No out of plane ion current J;, is observed. (b) Significant out of plane ion currents
Ji. are present. (c) A cut along y is taken at the location of peak V., (z = 0.11 in Figure 2g). (d)

A cut along y is taken at the peak location of V¢, (x = 1.31 in Figure 2h).

measured in any of the current sheets that were observed. The simulations performed in this
study have plasma inflow conditions often found in the downstream of a quasi-parallel bow
shock in the magnetosheath (relatively high [, significant guide field), and can therefore
provide some context for interpreting observations.

First, the transition from a two-scale ion-coupled sheet to an electron-only reconnection
current sheet is evident in the simulations. Figure 8a and b show the Gaussian filtered ion
out-of-plane current J;, for runs A and E, with both having the same color scale. Note that
|Ji| = |V;,| in this study because the density is nearly constant with a value of 1.0 because
the flows are low Mach number. While run A shows no ion response, in run E the ions have

22 This ion current

a rectangular current sheet typically seen in ion-coupled reconnection
sheet extends almost 10 d; downstream from the x-line.

A spacecraft crossing the diffusion region in these two cases will see very different struc-
tures. In Figure 8c and d, we plot electron, ion, and total currents in a cut along y through
the location of peak electron outflow, i.e., near the outflow edge of the electron diffusion

region. This smoothed cut is located at = 0.1 and = 1.31 for runs A and E, respectively.
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FIG. 9. All runs: each point represents a simulation and (*) represents run C2. (a) Peak J;, grad-
ually increases and plateaus at simulation size of 40d;. (b) Reduction in the inflowing reconnecting
magnetic field for given simulations. (c) The peak ion exhaust velocities are plotted against the
exhaust widths for given simulations. A gradual increase is seen. (d) The ion exhaust speeds

normalized to E x B drift velocity for each simulation are plotted against the exhaust width.

In the electron-only case, the only current comes from an electron current sheet with a total
width of roughly 8d, ~ 0.2d;. In contrast, the ion-coupled case (run E) exhibits a much
wider ion current sheet of width of approximately 11d;. As with V., in Figures 2g and h,
the electron currents are smaller in run E because they roughly scale with \/W

Similar to V;,, the transition between electron-only and ion coupled J;, signature is grad-
ual as the system size increases. In Figure 9 is shown the peak value of J;, in each simulation
plotted versus system size, showing a gradual increase in .J;, with system size until a plateau
is reached for the largest two simulations. A cut along the mid-plane is taken and an average
peak value is inferred from this cut to determine J;,. Generally, the peak value of .J;,/n;
in simulation normalized units is roughly half the peak value of V;, when compared with
Figure 5d.

The larger scale ion current sheet causes a gradual reduction over ion scales of the recon-

nection magnetic field in the inflow region. The expected change in the magnetic field due
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to the ion current is calculated by integrating the ion current from deep in the inflow region
to the center of the current sheet:

0
1
5Bz = / dy Jzz ~ Z_l Az Jizpeak> (1)

inflow

where A; is the half width of the ion current sheet. For run E with A; ~ 8 p;, this approx-
imation gives 6B;/B, ~ (1/4)(9.4) (0.13) ~ 0.3. We calculate 0B;/B, for each simulation
by directly integrating .J;, and the result is shown in Figure 9b. The magnetic perturbation
gradually increases with system size but roughly asymptotes for the two largest systems
at a value of around 0.3. The empirical findings for § B;/B, may be testable with current
satellite observations.

If fully developed reconnection is strongly coupled to the ions, a significant perturbation
to the reconnection magnetic field would be expected at scales of several ion inertial lengths.
Note that these scales are of order 100 times larger than the thickness of the electron diffusion
region for a realistic mass ratio, so a spacecraft like MMS is very unlikely to see the deviation
in the ion bulk flow if crossing through the electron diffusion region.

Another important insight from this study is that the width of the ion exhaust is linked
to the peak outflow speed. The width of the ion exhaust is measured at the location of the
peak ion velocity described in section III. In Figure 9c we plot the peak outflow velocity for
each simulation compared to the exhaust width. The ion exhaust width is measured at the
location of peak ion outflow velocity. The peak velocity continues to increase up to exhaust
widths of order 10d;. In Figure 9d, we plot the peak velocity normalized to the local E x B
drift speed. This normalized velocity increases with exhaust width, ultimately plateauing
when the ions become fully coupled for exhaust widths of around 8 d;. If a satellite crossing
the ion reconnection exhaust measures fully frozen-in ion outflow, it is expected that the

exhaust width should be at least many ion inertial lengths.

V. IMPLICATIONS FOR TURBULENCE

Although the simulations and analyses thus far have focused on laminar reconnection
geometries, the basic relationship between exhaust width and ion coupling can be applied to
turbulent systems in which reconnection can occur between adjacent interacting magnetic

bubbles (flux tubes)”; we use the term “magnetic bubbles” to avoid confusion as discussed
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in the Introduction of this manuscript. Such an application can provide a causal linkage
between turbulent length scales and the expected ion participation in subsequent recon-
nection. In Figure la, two reconnecting magnetic bubbles (flux tubes in a 2D geometry)
in a turbulent system are highlighted, where the approximate width of the exhaust A and
diameter of the magnetic bubble D are shown. If the exhaust region is to have a width of
at least several ion inertial lengths, it is necessary for the magnetic bubble size to be tens
of ion inertial lengths.

The constraints on magnetic bubble size in order to allow ion involvement in reconnection
can be estimated using geometric arguments. A diagram of the relevant configuration is
shown in Figure 1b. Two magnetic bubbles, each of circular cross section and radius r
interact, along the lines of what is seen in Figure la, but more simplified. Upon interaction,
the boundary between the bubbles is flattened, each bubble distorted by a distance &, so
that a region of width A = 2£ emerges, in which the field strength drops to zero. The out-
of-plane electric current density resides in this area. The flattened region defines the length
L of the associated reconnection zone. On geometrical grounds we argue that the region
L cannot reasonably be expected to be larger than r, as this would produce an extreme
distortion and large stresses within the reconnecting flux tubes. Setting L = r, we find by
construction that (r — £)? + (r/2)? = r2. Throwing out a nonphysical solution with & > r,
we find € = (1 — V/3/2)1, giving a maximum value of A (or ¢) for a given bubble size r,
namely ¢ = A/2 = (1 — /3/2)r. Consequently, to exceed a minimum specified ¢ requires
that r £ 8¢. For the minimum width £ needed for ion flows, we turn to the results of the
previous sections, exemplified by the exhaust widths plotted in Figure 9c.

For the particular upstream (inflow) conditions used in this study, the smallest discernible
ion flow in Figure 9c¢ required an exhaust width of at least A ~ 2d;. For this minimal ion
participation, the reasoning of the previous paragraph implies a reconnecting magnetic bub-
ble radius of at least r ~ 8 d;. Similarly, for fully ion-coupled reconnection the requirement
is an inter-bubble separation A Z 8d;, which corresponds to a minimum bubble size of
r ~ 30d;.

These estimates provide significant constraints on the properties of plasma turbulence
if one anticipates that the reconnection in this turbulence is to have some degree of ion
response. For large turbulence systems spanning many d; in length scales, the smallest

magnetic eddies produced in the cascade may be generated at sub-d; scales (see e.g. Ref. 58).
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The above considerations may limit ion participation in reconnection occurring between
these very small bubbles (or magnetic eddies). At the other extreme, the largest magnetic
bubbles in a system are expected to be roughly the size of the turbulence correlation length,
and thus the largest scale reconnection events would also occur between bubbles of this size.
Taking the threshold for minimal ion response to be A & d; requires a magnetic bubble
diameter or correlation length of at least ten ion inertial lengths. For fully coupled ions in
reconnection occurring in the largest eddies, the correlation scale should be at least several
10s of ion inertial lengths. We purposely leave these constraints somewhat vague because the
transition between ion-coupled and electron-only reconnection would be expected to have
some dependence on inflow parameters. These estimates are consistent with recent studies
of electron-only reconnection in turbulence®, where the typical magnetic island size was less
than 10d;. Such reconnection would be expected to have little coupling to the ions.

We note that in applying the geometrical arguments in this section we do not make as-
sumptions regarding whether the bubbles reconnect completely nor whether magnetic flux is
compressed upstream of the diffusion region (pileup reconnection). Turbulence simulations’
have found both pileup and non-pileup reconnection to exist, and kinetic simulations of
pileup reconnection have noted that complete merging of bubbles may not occur®. Pileup
reconnection has been shown to occur at the interface of converging reconnection jets during

magnetopause reconnection®!.

VI. CONCLUSIONS

In order to study the physics controlling the transition from fully ion-coupled reconnection
to electron-only, we have performed kinetic PIC simulations of magnetic reconnection with
inflow conditions appropriate for the magnetosheath and the solar wind, i.e., plasma beta
greater than 1 and low magnetic shear. In our study, the ion inertial length is comparable to
the ion Larmor radius. Simulations with varying domain sizes were performed to determine
their effect on the reconnection rate and the ion response to reconnection, i.e., the peak ion
outflow velocity, the frozen-in nature of the outflowing ions, and the generation of an ion
current along the reconnection electric field (out-of-plane direction).

For the smaller simulation domains up to about 5 ion inertial lengths, there is little or no

ion response to magnetic reconnection. The magnetic field convection speed is not limited
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by the Alfvén speed which is consistent with previous studies (e.g. Ref. 28) and the quasi-
steady reconnection rate is much faster than typical MHD-scale magnetic reconnection. As
the domain size is gradually increased, the coupling of the ion flows to the reconnected
magnetic field gradually increases, becoming fully coupled for a domain size of around 40
ion inertial lengths. For this domain size and larger, the quasi-steady reconnection rate
asymptotes to a rate comparable to previous MHD-scale studies (e.g. Ref. 42). The transition
between electron-only and fully ion-coupled reconnection is smooth, with the ion outflows
gradually becoming more frozen-in to the magnetic field as the domain size increases. The ion
reconnection out-of-plane current (along the reconnection electric field) exhibits a similar
gradual increase with domain size, reaching peak values of roughly one-half of the peak
exhaust velocity.

As the domain size increases, the physics controlling the ion exhaust velocity changes from
kinetic Alfvén physics to MHD physics. We study this physics by approximating a newly
reconnected and contracting magnetic field line as a portion of a linear wave (e.g. Ref. 62;
see Section III for a complete discussion). The wave number of the wave is roughly inversely
proportional to the reconnection exhaust width. For smaller systems with higher wave
numbers, the magnetic field line acts as a kinetic Alfvén wave as it contracts, with little or
no ion response. With larger system sizes and smaller wave numbers, the wave gradually
acts as an MHD Alfvén wave with Alfvénic frozen-in ion outflows. Because of the large ion
Larmor radius in the simulations, it is necessary to use a full Vlasov dispersion solver to
determine the wave properties. We find good agreement between the ion outflow velocities
predicted by the model and those observed in the reconnection simulations.

The limit of reconnection with strong guide field and § 2 1 has received little attention
in the literature. Unlike previous guide field simulations with 5 < 1 (Refs. 32 and 36), there
is no twisting of the electron current sheets and skewing of the Hall magnetic field. The
electron currents and Hall magnetic fields have structure very similar to the antiparallel
reconnection case for both T; > T, in this study and T; = T.%738,

We also examine how some observational signatures of reconnection vary with the degree
of ion-coupling. First, an important observational clue to the degree of ion coupling has been
the existence of an ion current along the out-of-plane direction surrounding the electron
current sheet. As a spacecraft approaches the center of the reconnection current sheet,

therefore, the reconnection magnetic field would reduce in magnitude over two different
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length scales. The lack of an ion scale reduction in the field (termed § B;) provided important
evidence that the Phan et al.® event was electron-only reconnection. We find that the
transition between electron-only and ion-coupled reconnection is characterized by a gradual
increase in the ion out-of-plane current and thus 0B;, with 0 B; ultimately reaching values
of about thirty percent of the asymptotic reconnection magnetic field.

Second, the width of the ion exhaust along the current sheet normal puts significant
restrictions on both the ion flow speed and the coupling of the ions. In our simulations for a
domain size of about 5 ion inertial lengths, a very small but discernible ion outflow exhaust
occurred with a width of about 2 ion inertial lengths. On the other hand, to achieve frozen-
in ion outflows required a minimum simulation domain of about 40 ion inertial lengths and
a resultant exhaust width was about 8 ion inertial lengths.

Finally, the link between exhaust width and ion outflow velocity has implications for
our understanding of turbulence, where turbulent fluctuations lead to reconnection between
magnetic bubbles. As mentioned in the introduction, to avoid confusion we call magnetic
flux structures about to undergo reconnection as “magnetic bubbles,” and already recon-
nected magnetic flux structures as “magnetic islands.” Using geometric arguments for two
reconnecting magnetic bubbles, we derive a relation between the bubble radius and the max-
imum reconnection exhaust width. Because the exhaust width ultimately determines the
degree of ion-coupling to the reconnection, this degree can be linked to magnetic bubble size.
In order to have any ion response to the reconnection, it is clear that the exhaust width must
be greater than around one ion inertial length. Using our geometric relation then requires
the magnetic bubble diameter to be greater than about 10 ion inertial lengths. For fully
coupled ions an exhaust width 2 5 ¢/w,; is required; thus, fully frozen-in ion exhausts would
require a magnetic bubble size of at least several 10s of ion inertial lengths.

We note that there is some ambiguity associated with a threshold for “discernable” ion
flows due to reconnection. To say the least, the ability to determine if a given ion flow is
associated with reconnection will depend on the global conditions driving the reconnection.
A strongly turbulent system would likely have ion shear flows surrounding the reconnection
site as well as significant asymmetry in inflow conditions. In our simulations we were able
to discern ion outflows of around five percent of the Alfvén speed in the inflow region.

Note also that the magnetic reconnection occurring in this study is well-developed recon-

nection, where the island width is at least 10 — 20 electron inertial lengths. If the island
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width is much smaller, then the reconnection may be in a more transient onset phase. In
that case the reconnection properties may be changing faster than the transit time of elec-
trons through the diffusion region. If so, then time derivatives cannot be ignored and a
Sweet Parker like analysis of the diffusion region is not applicable. This will be a topic of
future research.

An important extension of the current work will be to study three dimensional effects on
the physics controlling the ion coupling to reconnection. Three dimensional effects can gen-
erate significant instabilities in the current sheets (e.g. Refs. 63, 64 and references therein).

In addition, reconnection in finite length x-lines%>-¢6

may modify the conditions necessary for
ion coupling. Finally, reconnection in fully 3D equilibrium geometries can have a significant
impact on the process of reconnection (e.g. Refs. 67-69 and references therein).

The three dimensional nature of turbulence may also have an impact on the reconnection
occurring as an element of turbulence. Quasi-two dimensionality is often used as a simplified
model due to the propensity for turbulence to admit a dominance of gradients nearly per-

70,71

pendicular to the mean magnetic field, as evidenced in simulation”®" and observational™ ™

75,76 72,77

studies. However, modeling studies and observations also point to the existence of an
admixture of fluctuations that vary along the mean magnetic field. These fluctuations may
impact the frequency and properties of reconnection. While studies of reconnection as an
element of turbulence in two dimensions are numerous (e.g. Ref. 10 and references therein),
few studies have been performed in 3D. A few studies employing weakly three dimensional
reduced MHD simulations found distinctive effects, including that X-points were not always

collocated with current sheets”™ 76

. The average reconnection rate was lower for X-points
farther from current sheets. Future studies of reconnection in turbulence in 3D systems will
help determine if these 3D effects fundamentally alter the transition from ion-coupled to

electron-only reconnection.
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