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ABSTRACT

Magnetic reconnection in partially ionized plasmas is a ubiquitous and important phenomenon in both laboratory and astrophysical
systems. Here, simulations of partially ionized magnetic reconnection with well-matched initial conditions are performed using both
multi-fluid and fully-kinetic approaches. Despite similar initial conditions, the time-dependent evolution differs between the two models. In
multi-fluid models, the reconnection rate locally obeys either a decoupled Sweet-Parker scaling, where neutrals are unimportant, or a fully
coupled Sweet—Parker scaling, where neutrals and ions are strongly coupled, depending on the resistivity. In contrast, kinetic models show a
faster reconnection rate that is proportional to the fully-coupled, bulk Alfvén speed, v;. These differences are interpreted as the result of
operating in different collisional regimes. Multi-fluid simulations are found to maintain v,;L/v} =1, where v,; is the neutral-ion collision
frequency and L is the time-dependent current sheet half-length. This strongly couples neutrals to the reconnection outflow, while kinetic
simulations evolve to allow v,;L/v’; < 1, decoupling neutrals from the reconnection outflow. Differences in the way reconnection is triggered

may explain these discrepancies.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0039860

I. INTRODUCTION

Magnetic reconnection is the breaking and rejoining of magnetic
field lines in a highly conducting plasma.' * This fundamental plasma
process transforms magnetic energy into the kinetic energy of bulk
flows, plasma heating, and particle acceleration. Reconnection occurs
ubiquitously in magnetized heliophysical, laboratory, and astrophysi-
cal plasmas.

Historically, most studies on reconnection have investigated fully
ionized plasmas.' * However, reconnection is also an important pro-
cess in partially ionized plasmas in nature and the laboratory.’
Reconnection in the partially ionized low solar atmosphere is associ-
ated with chromospheric jets,’;‘(’ Ellerman bombs,”* and UV bursts.*’
Reconnection may also play an important role in astrophysical sys-
tems, such as the interstellar medium, molecular clouds, or protoplan-
etary disks. """

In weakly ionized plasmas, the majority of the mass density
resides in a neutral species, e.g., atomic hydrogen or helium on the
Sun. This neutral species is collisionally coupled to the ionized compo-
nent thorough a complex variety of collisional processes including
elastic scattering, charge exchange, excitation/de-excitation, and
ionization and recombination. In general, these processes have both

non-trivial species and energy dependencies, which significantly com-
plicate the underlying physics involved.

To simulate partially ionized plasmas, a hierarchy of models has
been used, including single-fluid, multi-fluid, and kinetic approaches.
In the simplest single fluid models, all species, neutrals, ions, and elec-
trons, are assumed to be well-coupled via collisions so that only a sin-
gle bulk-fluid momentum equation is required. This is equivalent to
the low-frequency assumption, @ < v,;, where v,; is the neutral-ion
collision frequency. For collisional reconnection, the characteristic fre-
quency is @ ~ v} /L where v = B/\/uy(min; + myn,) and L is the
current-sheet half-length. The single-fluid equations can be further
simplified by neglecting plasma pressure, 8 = 4,nkT /B> = 0, which
leads to the well-known ambipolar diffusion term in the generalized
Ohm’s law.'"'? However, when these assumptions are violated, a
more complete model must be used.

The multi-fluid approach divides the system into two or more
separate, interacting fluids. In the most general case, this would
include an individual fluid for each component. In the HiFi com-
putational modeling framework,'”'* a two-fluid model consisting
of a neutral fluid and a Hall MHD plasma fluid has been exten-
sively used to study reconnection in the chromosphere.'®*' The
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advantage of multi-fluid models is that the plasma and neutral
fluid are allowed to decouple at small spatial scales and at high fre-
quencies. HiFi simulations have demonstrated that decoupling
between the neutral and charged components plays an important
role in reconnection.'®

Finally, the kinetic approach self-consistently evolves the particle
distribution function for each species. Particle-in-cell (PIC) techniques
are an efficient approach to kinetic simulations and are highly suited
for modeling collisionless or weakly collisional plasmas. Kinetic
approaches are able to accurately model transport coefficients (e.g.,
resistivity, viscosity, or heat flux) at all scales, including below the
mean-free-path where fluid models are invalid. Recent PIC simula-
tions have demonstrated that the transition from collisional to colli-
sionless reconnection in partially ionized plasmas occurs at smaller
scales than previously predicted.””

Each of these methodologies has advantages and disadvantages,
but to date, there has been no direct comparison between these differ-
ent approaches despite inconsistent results in the literature. In particu-
lar, the questions such as when fast reconnection occurs and what the
peak reconnection rate is are not well understood. Experiments™ and
PIC simulations” have concluded that the reconnection rate scales as
%'/2, where y = n;/(n; + n,) is the ionization fraction, and occurs on
scales smaller than the ion inertial length d; = ¢/w,;. In contrast, ana-
Iytic three-fluid results predicted an ionization-fraction independent
reconnection rate at scales smaller than the bulk inertial length
d* = diy~"/2”* Previous multi-fluid simulations have not reported
fast, Hall-mediated reconnection and suggested that if it does occur, it
is on scales smaller than d*."*"”

Here, a direct comparison and benchmark between multi-fluid
and PIC simulations of partially ionized reconnection is performed.
The reconnection rate is found to be faster in PIC simulations, espe-
cially for moderately ionized cases with y=0.1. The reconnection
rate in multi-fluid simulations is shown to obey either a fully coupled
or decoupled Sweet-Parker scaling depending on the resistivity used;
whereas in kinetic simulations, the rate is proportional to the bulk
Alfvén speed. However, in all cases the sheet aspect ratio is observed
to follow a local, fully-coupled Sweet—Parker scaling. This effect is not
well understood, but suggests that neutrals play an important role in
determining the current sheet structure even on small scales. Overall,
it is suggested that the differences between models are the result of
operating in different collisionality regimes; multi-fluid simulations
evolve to maintain v,;L/v}; = 1, where ions and neutrals are coupled
in the outflow, while some kinetic simulations, and previous labora-
tory experiments,” may have v,,L/v;, < 1, where ions and neutrals
are decoupled in the outflow.

Il. NUMERICAL METHODS

In this paper, numerical simulations of magnetic reconnection in
partially ionized plasmas are performed using both fully kinetic PIC
and multi-fluid techniques. These two approaches are fundamentally
different. By directly comparing the simulation results, the relative
importance of kinetic effects on plasma transport and reconnection
can be more clearly understood. This section contains a summary of
the problem setup as well as the numerical methods and techniques
used in each set of simulations.
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A. Problem setup

To study the fundamental microphysics associated with partially
ionized reconnection, a prototypical Harris sheet geometry is used in a
Cartesian coordinate system, (X,¥,z), where X is the inflow direction,
y is the out-of-plane direction, and z is the outflow direction. The ini-
tial magnetic field varies as

B = Bytanh (g)i (1)
and the plasma density as

n; = n, = ny + no sech? (g) (2)

Neutrals are included by imposing a uniform and stationary back-
ground with number density n, =n,(1 — y)/y, where y=n;/
(n, + n;) is the ionization fraction. All species are initialized with a
uniform temperature kgT = 2.5 eV. The background density is cho-
sen such that B, = 2,1, T/B2 = 0.3. These initial conditions satisfy
neither force balance (due to ion-neutral and Coulomb friction) nor
ionization balance. However, force balance is quickly realized within a
collisional relaxation time (/;,}) ~ Q' = eBy/m;c for the parameters
chosen). In this manuscript, inelastic processes, including ionization
and recombination, are neglected to be consistent with previous theo-
retical studies.”””" The neutral and ion species are assumed to be
3He’" and jHe'", respectively.

With the exception of one kinetic case (described below), all sim-
ulations in this manuscript used a domain size of L, = 200d;, by
L, = 400dj;, where diy = c/p is the ion inertial length defined using
no. Periodic boundary conditions are used in z and perfectly conduct-
ing and reflecting boundary conditions in X. The initial current sheet
thickness was taken to be 8y = 1d;y for kinetic simulations, dy = 4dg
for the matched multi-fluid simulations, and 6y = 8d; for the multi-
fluid simulations with higher resistivity.

Previously, it was observed that the kinetic reconnection rate was
system size dependent at low ionization fraction.”” To test the sensitiv-
ity of a reference case, y, = 0.1, to both system size and initial current
sheet thickness, an additional kinetic simulation was performed with
L, = 800d;, and 9 = 2d;y (all other parameters are the same). This
case is denoted by « in Figs. 4-6. There is negligible difference with the
L, = 400d; cases, suggesting that the simulations in this manuscript
are not sensitive to d, or system size, at least for y, > 0.1.

All kinetic simulations in this manuscript use reduced parameters
mi/me = 40 (with m, = m; + m,) and @peo/Qeo = 2 (¢/Vine0 = 4)
in order to reduce the computational cost. The grid size is
3162 x 6250 for the L, = 400d;, cases and 3162 x 12288 for the
L, = 800d; case. An average of 1000 particles per species per cell are
used (~6 x 10'° total particles for L, = 400d;,). A uniform, Courant—
Friedrichs-Lewy (CFL)-limited, time step is used and is equal to
0.279w, ! for the L, = 400dj, cases. Collisions are performed every
five time steps. Finally, to seed single X-line reconnection, a long wave-
length perturbation is applied and described by the vector potential
0A, = 0.004ByL, cos (mx/Ly) cos (2mz/Ly).

The multi-fluid simulations performed with HiFi had a resolu-
tion of 64 spectral elements along the outflow direction and 32 spec-
tral elements along the inflow direction. The spectral element basis
functions were eighth order for the matched simulations, and sixth
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order for the higher resistivity simulations. Static mesh packing was
used to concentrate resolution around the region of the current sheet.
As a consequence, there were several spectral elements across the cur-
rent sheet along the inflow direction even for the thinnest current
sheets obtained.

As shall be described below, the manner in which collisional and
dissipative processes are included in PIC and fluid simulations is fun-
damentally different. In order to match the two methods as closely as
possible, the effective transport coefficients are approximated from the
initial Maxwellian distribution functions in the PIC simulations and
then used within the fluid simulations.

B. Kinetic simulations

Kinetic simulations are performed using the VPIC (vector
particle-in-cell) PIC code.” VPIC is a fully explicit, electromagnetic PIC
code that evolves the single-particle distribution function by integrating
along the characteristics of the Vlasov equation. VPIC is highly opti-
mized and has been previously used to study collisional reconnection in
both fully ionized™ ** and partially ionized”* plasmas. Coulomb colli-
sions are included using a standard particle-pairing algorithm.”**’

To include collisional processes between plasma species and neu-
trals, a Monte Carlo collision algorithm is used.” It is assumed that
each collisional process may be written as a reaction of the form

ngA+ngB+--- = nxX +nyY +---, (3)

where each reactant species (A, B, ...) and each product (X, Y, ...)
species is modeled kinetically. Parameters for the HiFi simulations are
given in SI units in Table I. At each collisional time step, the macro-
particle list for each species is sorted by cell index, and, within each
cell, the Ng macroparticles for each reactant species S € {A, B, ...} are
identified. From these macroparticles, a random selection of

N:fE[(NS e 1) ()

sets of macroparticles are tested to potentially undergo reaction (3).
This strategy allows generic reactions to occur, but in the case of sim-
ple binary collisions, A+ B — ---, then this is simplified as
N = fnsng. The sampling fraction, f, is chosen dynamically as
described below. To see if a set of macroparticles p = {p;} with associ-
ated statistical weights w = {w;} collides, a uniform random number
is tested against the probability of a collision

TABLE I. HiFi simulation parameters in physical units. These values were chosen to
keep Ain/d; = 0.5 as based on a cross section for ion-neutral momentum transfer
of 4 x 10~"® m?. In all simulations, k3T = 2.5 eV.

n; By L, d; Mo

Case (m™) (T) (m) (m) (Q-m)

Al 0.3 221x10"° 1.22x107% 21.3 0.097 7.55x 107°
A2 02 7.51x10"% 7.1x107° 364 0.17 1.29x107*
A3 01 1.48x18% 316x107° 82 037 291x10*
A4 0075 7.90 x 107 23 %1072 112 0.51 3.99 x 10~*
A5 005 333x107 15x107% 173 079 6.14x107*
A6 0.025 7.90 x 10 729 x107* 355 1.6 1.26 x 1073
A7 001 1.23x10% 2.87x107% 902 41 3.21x1073
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K(p) dt
£ dVmin(w) []w

i

©)

Peotiige =

where K(p) is the reaction rate-constant for the set of macroparticles.
If a collisional process is under-resolved, Py, may be greater than 1
for some sets. In this case, the sampling fraction is increased on the
next collisional time step by max(Pcyige). If a collision is successful,
each reactant macroparticle’s momentum and/or statistical weight is
updated with probability

min(w) .

Pupdate (pz) = (6)

Wi
This ensures that conservation properties of the underlying collision
kinematics hold exactly for equal macroparticle statistical weights and
in an average sense for unequal weights. Although unused in this
work, ionization and recombination have been implemented, and for
non-number preserving processes, product macroparticles are gener-
ated at the center-of-mass and with statistical weight min(w).

In general, the underlying kinematics depends on the type of col-
lisional process. For non-relativistic, species-preserving, binary colli-
sions, the momentum update for a particle of species S = {a, i} is
given by

267 [vo — Vg .
Av = w |:Vp — Vo + aTVL ) (73)
Myp
vs =7 vst—=Av | + (1 — 9)Vem. (7b)
mg

Here, m,3 = mympg/(m, + mg) is the reduced mass, Ve is the cen-
ter-of-mass velocity, v, is a randomly chosen unit vector orthogonal
to v, —vp, 0(E) = tan 0(E)/2 where O(E) is the scattering angle,
7(E) is the coefficient of restitution, and E = 1myp|vy — vp|* is the
collision energy. For elastic collisions, y = 1, and for inelastic collisions,
the change in kinetic energy is AE = (y* — 1)E.

In this kinetic treatment, the differential scattering cross sec-
tions, da /00, are prescribed rather than bulk fluid transport coeffi-
cients. To compute transport coefficients, moments of the
Boltzmann collision integral must be evaluated for each process,
but for sub-thermal drifts the coefficients depend only on the
reduced transport cross sections

Wy o [[O0ap
aaﬂ(E)—ZnL 20 (1 —cos"0)sin0d0, (8)

which describe the total (n =0), momentum transfer (n=1), and
viscosity (n=2) cross sections. For example, the collisional
momentum transfer rate for non-drifting Maxwellian distributions
is given by’

8 Mg [ 5 o ()
Vap = n/;v‘,(/;vﬁ mz_ Jo x“e xaaﬂ (xkpT,p) dx, 9)

where T,5 = (mgT, + m,Tp)/(my + mp) and vyp = \/kpTop/Map.
For the processes included, the included transport cross sections,
along with #n =1 and n =2 moments, are shown as function of colli-
sion energy in Fig. 1(a). For comparison with fluid models, these cross
sections have been integrated over a thermal distribution to obtain the
momentum transfer rates, /,3 which are shown in Fig. 1(b).
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FIG. 1. Dimensionless cross sections and momentum transfer rates used in VPIC
for ion-neutral elastic, {s,v};, charge-exchange, {o,v}; ., and neutral-

neutral elastic, {a, v}, , scattering. (a) Lines show the total [af},), solid], momen-

tum [afﬁ), dashed], and viscosity [ogg) , dotted] integrated cross sections. (b)

Momentum transfer rates obtained by integrating over non-drifting Maxwellian distri-
butions according to Eq. (9).

Since reduced parameters (m;/m, and . /Q,) are used in PIC
simulations, collisional cross sections must be scaled in order to main-
tain the same ratio between plasma and collisional scales (e.g.,
Jmfp/d;). For binary collisions, it is assumed that each cross section
may be written as

do(E)  ,06(E/R))
a0 M a0

where E is the collision energy, g, is the Bohr radius, R, the Rydberg
energy (~13.6 eV), and 95 (x)/J0 the dimensionless differential cross
section. This normalization choice introduces two new dimensionless
parameters, the fine structure constant, o = 4 /2R}, / mec2
= /2R, /Teo(vineo /), and the linear density, noa3. These constants
are determined by the choices Tyy = 2.5 eV and 4;,/djp = 0.5, along
with the typical value of o', ~ 150a2 ~ 4 x 10~ m?.

The methodology described above is general, and a complete set
of collisional processes has been implemented within VPIC. However,
in this manuscript only elastic processes are included in order to focus
on the simplest case of partially ionized reconnection. Furthermore,
electron-neutral collisions are neglected as the Coulomb collisional
cross section is larger than the electron-neutral cross section across
the energy range of interest. These choices are appropriate for model-
ing moderately ionized, y = 0.01, systems at ~eV temperatures.

(10)

C. Multi-fluid simulations

The HiFi framework'~ '” uses the spectral element method with
an implicit time advance to solve systems of partial differential equa-
tions written in conservative form. We use HiFi’s plasma-neutral
module’” to perform 2D multi-fluid simulations of magnetic recon-
nection where the neutral and charged components are evolved sepa-
rately. The system of multi-fluid equations are derived in Ref. 33. This
model assumes quasineutrality in that the ion number density, n;,
equals the electron number density, #,. Similarly, we assume that the
ion pressure, p;, equals the electron pressure, p,. This module has been
used to model reconnection in the solar chromosphere.'®*'
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The equations that are evolved by HiFi for the simulations in this
paper have been modified from the equations solved by Refs. 16-21 to
more closely match the physical effects included in the VPIC simula-
tions and allow us to isolate the roles of kinetic effects. The simulations
use the normalizations described in Sec. 2.1 of Ref. 18, except that the
ion mass, m;, is taken to be the mass of‘Z‘He1+ (ie., 6.65 x 107 kg).
In this section, we follow Refs. 16-18, 32 and 33 and summarize the
multi-fluid model evolved by HiFi.

The ion and neutral continuity equations evolved by HiFi are

07’1,‘
o + V- (nvi) =0, (11)
on,
B + V- (n,vy) =0, (12)

where n; and n,, are the ion and neutral number densities, and v; and
v, are the ion and neutral velocities. Strict quasineutrality is assumed
such that n; = n,, where n, is the electron number density.
We assume an Ohm’s law of the form
] xB Vp,

E4+vixB=pyJ+————
en, en,  en,

Mmele

V2], (13)

where E is the electric field, v; is the ion velocity, B is the magnetic
field, # is the resistivity, J is the current density, p, is the electron pres-
sure, v, is the electron viscosity, 7, is the mass of an electron, and e is
the elementary charge. While recent simulations with HiFi’s plasma--
neutral module have included resistivity due to both electron-ion and
electron—neutral collisions calculated as functions of local plasma
parameters;' ' here, a constant and uniform resistivity that approxi-
mates the expected resistivity in the VPIC simulations is used instead.
The magnetic field is decomposed into the form

B =V x (A¥) + By, (14)

where A, is the magnetic flux and B, is the out-of-plane magnetic field.
The evolution of A, governs the evolution of B, and B, and is given by

0A,
— = —E,. 15
En 'y (15)
By applying Eq. (13), Eq. (15) becomes
0A
T2V (%V]) — —V.B, + VB,
ot nee
xB - Bx
+nl, + JxB: ~ J:Bx. (16)
en,
Similarly, the evolution of B, is found by evaluating
OB
6—:+V~(E><§r):0. (17)

The ion and neutral momentum equations are
%(m,—nivi) + V- (mnyviv; +P; + P,)
=] x B+R}" + I'*m;(v, — vi) + R}, — R, (18)
0
5 (mingVa) + V- (mingv,v, + Py)
= —R"+T"m;(vi —v,) — R}, + R} (19)
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Momentum transfer due to identity-preserving collisions
between ions and neutrals is given by

R;n = m,—,,n,-l/,-n(vn — Vi). (20)

The reduced mass for collisions between particles of arbitrary
species o and f is myp = m,mg/(m, + mg). The frequency for a
particle of species o to collide with a particle of species f is

given by
8kBTd/3
B = Ny /—7 21
Vafp = 1p&af Ty 1)

where X,5 = X5, is the collisional cross section, T,z = (mpT,
+m,Tg)/(my + myg), and kg is the Boltzmann constant. For colli-
sions between 4 He’" and 4 He'", a cross section of ;, = 4 x 107"
m? is used.

The charge exchange reaction rate is

I'* = X nin,ve,. (22)

The representative speed of charge exchange reactions is

4 4
Vex = \/;U% + %U%” + 02, (23)

The most probable thermal speed of species o is given by vy
= +/2kpT,/m,. The cross section for charge exchange reactions
between neutral and singly ionized helium is approximated as

S = 6.64 X 107" — 4.48 x 1072’ In v, m?, (24)

.. . —1 .
where v, is in units of m s™ . The terms RS} and R{} represent fric-
. . . 33
tional forces due to charge exchange reactions and are given by~

2
mizcxninnv
R = — Tn Vin

%(nva i) + 30,

2
M N, U

& __

ni Vin
4 4 v 4R |+ on vl - (26)
. Tn in 4 Ti

The pressure tensor for species o is given by

Px= pal + Ty, (27)

where p, is the isotropic pressure and | is the identity dyadic tensor.
The viscous stress tensor for species  is

me = & [ Vv, + (Vv ], (28)

where &, is the viscosity coefficient. Note that Eq. (28) does not
include the V - v, term;'" however, this is consistent with previously
published results using HiFi.'"*' The ion and neutral viscosity coeffi-
cients &;and &, = 5.1 x 107 kgm ' s~ ' are uniform.

The plasma-neutral module of HiFi evolves the plasma pressure,
Pp = Pi + Pe> and the neutral pressure, p,,. Plasma pressure evolution
is given by~

scitation.org/journal/php

1 9py b
— | T PpVi T Vi h; +h,
y718t+v (yilppv+v 7, +h; + >
=vi- [V-(ppl +m)] +J-E—v;-(J xB)
+Q" + Q" + RS- (v — Vi)
l—*cxmi

M

(vi— V)" + Q — Q (29)
with m, = 7; + 7. Neutral pressure evolution is given by

1 Opy Y
N\ FnVn n - n hn
— v (y_lpv +v, W, + )

=V [V (pul + 1) + Q" + Q)

1
5 T mi(vi = V) R (vi— V) + Q5 — Q. (30)

The heat fluxes for the magnetized components o € {e, i} are
given by

by = [1bb + K ,(1~ Bb)] - Vks T, (31)

where the coefficients x| , and |, correspond to thermal cqnduction
perpendicular and parallel to the magnetic field direction b, respec-
tively. The values for 1 ., and K| , are calculated from Ref. 11. Neutral
thermal conduction is isotropic and is given by

h, = —k,VkpT,. (32)

The heating of species « resulting from interactions with species
p is given by~

1
Q;/} = ER;/} (Vg — V) + 3ma/3rlxl/1/;(T/3 —Ty). (33)

The terms Qj; correspond to heat transfer to species o from species f§
due to charge exchange reactions.””

The energy equations includes contributions from ion-neutral
friction, charge exchange, Ohmic heating, viscous heating, and thermal
energy transfer between species. The energy equation for the plasma
includes anisotropic thermal conduction and Ohmic heating. The
energy equation for neutrals includes isotropic thermal conduction.
The energy equations evolved using HiFi for this paper do not include
terms related to ionization, recombination, or optically thin radiative
losses.

11l. COMPARISON BETWEEN PIC AND MULTI-FLUID
SIMULATIONS OF RECONNECTION

A. Simulation results

Using the methodologies described above, detailed comparisons
between PIC and multi-fluid simulations of magnetic reconnection are
performed. The PIC simulations presented have been previously
described in Jara-Almonte et al.”” and parameters and initial condi-
tions for the multi-fluid simulations have been chosen to closely match
this previous study. In addition to a well-matched set of cases, it is
instructive to have a set of well-understood reference cases in the colli-
sional regime against which Hall and kinetic effects can be compared.
To that end, an additional set of multi-fluid simulations was per-
formed where the resistivity was increased by a factor of approximately
2.35. This choice is somewhat arbitrary but, as discussed in Sec. 1L B,
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FIG. 2. Current sheet morphology for the different models tested and for initial ionization fractions y, = 1 [(@)—(c), (j)~()], 0.1 [(d)~(f), (m)-(0)], and 0.025 [(g)~(i), (p)—(r)]-
Times shown are selected to be near the maximum reconnection rate. In all cases the simulation domain spans 100dj, in x and £200dj, in z, but only the inner +10djy
extent in x is shown here to highlight the current sheet structure. Ticks are uniformly drawn every 10dj in both x and z. [(a)—(i)] The out-of-plane current density, J,, normalized
to its maximal value, |J,uax|. [()-(r)] The out-of-plane magnetic field, B,, normalized to the asymptotic reconnecting field, Bo. See text for discussion.

it ensures that d; < 6 < d* which changes the reconnection regime.
Within this set of simulations, only Sweet-Parker current sheets are
formed.

In Fig. 2, the internal current sheet structure is shown; for exam-
ple, cases at y, = 1, 0.1, and 0.025 and near the time of peak reconnec-
tion rate. Significant qualitative differences can be seen between the
various models. In the fully ionized regime, y, = 1, the most apparent
difference is that the Sweet-Parker current sheet in PIC simulations
becomes unstable to the plasmoid instability whereas the multi-fluid
simulations do not. This is due to the fact that the Coulomb collision
operator in PIC self-consistently captures the T, *? dependence of the
collision frequency, which leads to runaway heating in the current
sheet and an increase in the Lundquist number.”* Within closed PIC
simulations, this effect prevents a long-time study of the resistive
regime.”” That is why, only the multi-fluid model is used for bench-
marking the resistive regime in this work.

Although previous HiFi studies have included this T~/ depen-
dence,'” the assumption that p, = p; = p,/2 is violated in fully ion-
ized PIC simulations where T; ~ 2T, within the current sheet; a more
complete fluid model would be required to model this effect. In this
manuscript, however, the emphasis is on the partially ionized regime.
In this limit, ion-neutral charge exchange rapidly equilibrates the local

ion and neutral temperatures, and the large thermal mass of neutrals
prevents significant heating.”” As a result, PIC simulations in the par-
tially ionized regime have electrons that are only slightly hotter than
ions, T, = (1-1.2) T, and the assumption that p,=p; is a good
approximation.

As shown in Figs. 2(d) and 2(g), it is typical for the reconnection
current sheet in PIC simulations of partially ionized reconnection to
have significant internal structure that is not captured in the corre-
sponding multi-fluid simulations. It is common for small-scale mag-
netic islands to form, and these are hypothesized to be related to ion
flow recirculation near the X-point during fast reconnection.”” With
the exception of these outflow islands, PIC simulations rapidly collapse
down to a central X-point. In contrast, when well-matched multi-fluid
simulations are performed, secondary tearing in the central current
sheet leads to the formation of a single magnetic island in the center of
the domain. To limit the effects of this, additional random density fluc-
tuations are included in the initial conditions for the multi-fluid cases.
These fluctuations explicitly break the symmetry in z and allow a single
X-line to form. However, secondary tearing still plays an important
role and the primary X-line is shifted far from the domain center.

The reconnection rate in all cases was measured and shown as a
function of time for the L, = 400dj cases in Fig. 3. A major difference
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FIG. 3. Reconnection rate as a function of time for cases with L, = 400dj. (a) PIC
simulation results. (b). Matched multifluid simulation results. (c) Results from multi-
fluid simulations with increased resistivity. See text for discussion.

between the different models is the timescale required in order for the
reconnection rate to be maximized; in PIC this occurs within
= ZOOQF1 (SOOQF1 for the L, = 800d;y, 09 = 2djy case, not shown),
while multi-fluid simulations require several thousand Q; . This dis-
crepancy is directly related to the differences in initial current sheet
thickness, see Sec. I A. It was found that when multi-fluid simulations
were initialized with a thin current sheet, 09 = d;, as in PIC, Ohmic
heating within the current sheet led to a rapid increase in the current
sheet thickness which reduced the peak reconnection rate. By initializ-
ing the multi-fluid simulations with an initially thick current sheet and

scitation.org/journal/php

allowing it to self-consistently thin down, this effect can be mitigated.
Although this is a major difference between the models tested, as dis-
cussed in Sec. 1T A, a PIC case with dy = 2d;y was performed to test
the influence of initial thickness on the PIC results and little difference
was found.

In addition to a difference in time scales, the reconnection rate
achieved also differs significantly between models. In order to probe
the physics underlying this difference, the time of peak reconnection
rate is selected from each case for further analysis, and the peak rate is
shown as a function of the upstream ionization fraction in Fig. 4(a).
As has been previously reported, kinetic simulations obey a x'/? scal-
ing at moderate ionization fraction, but become dependent on system
size at low y possibly due to boundary effects.”” In contrast, the recon-
nection rate in both sets of multi-fluid simulations is both smaller than
kinetic simulations and has a weaker ionization fraction dependence.

In order to understand the reconnection rate scalings in the
multi-fluid simulations, it is instructive to recall the two fluid limits of
partially ionized reconnection:** decoupled ions and neutrals, and fully
coupled ions and neutrals. In the decoupled limit, neutrals play no role
and the classical Sweet-Parker solution is obtained where the recon-
nection rate, R = E, /Bua, depends on the local Lundquist number,
Scs = poLva/n, as R =~ SESI ?, and the current sheet thickness is given
by 6 ~ LSqg /2 Here, L and & are the measured half-length and half-
thickness of the current sheet. In the fully coupled limit, the ion Alfvén
speed, vy = B/, /Hym;n; is replaced with the bulk Alfvén speed v}
= v4y/? (here, the superscript + refers to quantities that should be
evaluated with the total mass, m;n; + m,n,, rather than the ion
mass m;n;). Subsequently, the Sweet-Parker solution is modified as
R~ 11/45551/2 and d = &5, = Lx‘l/“SESl/Z.

The current sheet width and length were measured as the half-
width at half-max of the out-of-plane current density, J,, along the
inflow and outflow directions. Using the measured density and tem-
perature (for the kinetic cases) at the X-line, the current sheet
Lundquist number Scg was computed, and in Fig. 4(b), the measured
reconnection rate is compared with the decoupled Sweet-Parker rate.
For the matched multi-fluid simulations, a constant value of ~0.3 is
obtained suggesting that the reconnection rate is constrained by
decoupled Sweet-Parker physics. In generalized Sweet-Parker models,
the scaling constant can differ from unity due to, e.g., effects from
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FIG. 4. Comparison between HiFi fluid simulations and VPIC particle-in-cell simulations of partially ionized magnetic reconnection. (a) The maximum reconnection rate, R =
E, /Bua yp (b) The reconnection rate normalized to the decoupled Sweet-Parker rate, 1/+/Scs. (¢) The current sheet thickness normalized to the fully coupled Sweet-Parker
thickness, dgp = L[V“Sg;/ 2 The fully ionized kinetic case (yq = 1, 0/d5p = 3.5) is not shown for clarity. In all figures, the purple star denotes the VPIC case with
L, = 800djy, dp = 2djp.
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compressibility and pressure gradients,”” or outflow asymmetry.” In
contrast, for the resistive multi-fluid simulations, a 7'/* scaling is
obtained, as expected of a fully-coupled Sweet-Parker model. Finally,
the kinetic simulations show the same /> dependence since, as dis-
cussed below, L (and thus Scs) does not significantly change with ioni-
zation fraction. These different scalings suggest that the physics
controlling the reconnection rate is fundamentally different in each set
of simulation.

In addition to the reconnection rate itself, Sweet-Parker models
also predict the current sheet aspect ratio or equivalently the current
sheet thickness when given L. In Fig. 4(c), the current sheet thickness
normalized to the fully coupled Sweet-Parker thickness, 05y, is shown
as a function of ionization fraction. With the exception of the fully ion-
ized kinetic case, all simulations satisfy 0 ~ g, within a factor of two.
This suggests that the current sheet structure is determined by fully
coupled physics, despite the different physics underlying the reconnec-
tion rate. While this is an empirical observation, the underlying phys-
ics is not well understood. In particular, the current sheets in the
kinetic simulations are sufficiently small scale such that ion and neu-
tral outflows are locally decoupled at low y, and thus it is not clear
why 0gp is still a relevant length scale.

Although 6 ~ 5, holds approximately across all cases, the man-
ner in which this is achieved differs significantly. Figure 5 demon-
strates how the scaling of é and L differs in each set. In kinetic
simulations, ¢ and L are relatively insensitive to ionization fraction,
suggesting that the current sheet structure is primarily determined by
local physics. Conversely, in the matched multi-fluid simulations, the
current sheet thickness is found to scale with dj = d ;(1/ 2,
Maintaining 0 ~ dj ~ J5p requires that the current sheet length
increase at low ionization fraction. If compressibility effects are
neglected, then this would imply L ~ dj as well, and the current sheet
would be self-similar across j,. Instead, the scaling L ~ dipy, s
observed in the multi-fluid simulations. This additional factor can be
accounted for by taking into account local changes in the ion and neu-
tral density (ie., y # yo and n; # nj), and noting that the relation
0 ~ Jgp is based on local parameters, while dj is evaluated using the
initial Harris sheet density.

The scaling 6 ~ dj is interesting because it was previously pre-
dicted by Malyshkin and Zweibel** who argued that this expansion of
the current sheet would be balanced by a corresponding decrease in
the outflow velocity and lead to an ionization fraction independent
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reconnection rate. To test this, the peak ion outflow velocity was mea-
sured in all simulations and shown in Fig. 5(c). In all models, the out-
flow velocity decreases with the ionization fractions, and for the
matched multi-fluid simulations, the scaling is consistent with within
30% with the predicted }{(1,/ ? decrease. However, the prediction of a
constant reconnection rate strictly follows only under an assumption
that L itself is ionization fraction independent (e.g., set by kinetic phys-
ics in the Hall regime). This is clearly not the case in the multi-fluid
simulations. In these simulations, density variations partially compen-
sate for the increased current sheet length, and the reconnection rate
scales as 13/4, see Fig. 4(a).

B. Physical regimes

As described above, the various sets of simulations show dis-
tinctly different behavior and scalings for the reconnection rate and
current sheet structure. The reason that scalings are different is a direct
result of distinct changes in the collisional and reconnection regimes
for each set of simulations. Six different physical regimes for partially
ionized reconnection have been identified based on two physical
parameters: the effective collisionality, 7, and the ratio of the
Sweet—Parker width to the bulk inertial length, 5§P d*>* In the model
of Malyshkin and Zweibel,” the effective collisionality is approximated
by the solution to [Eq. (60) therein]

A

~ V”;Lmin{l, 27+ 1)}. (34)
Ua

For I < 7%, the Alfvén transit time through the current sheet is faster
than v;,! and neutrals are fully decoupled. Conversely, for 7 > 1 the
Alfvén transit time is slower than v,;! and neutrals and ions are fully
coupled throughout the outflow. In the intermediate regime,
I'T‘y < 7 < 1, multi-fluid effects and dissipation by ion-neutral fric-
tion are important.

Although Eq. (34) and the regimes identified are the result of a
lengthy derivation, it may also be heuristically estimated from the
well-known Kulsrud-Pearce dispersion relation for shear Alfvén waves
in a partially ionized plasma.” For y < 1, shear Alfvén waves are cut-
off in the intermediate (multi-fluid) region 2y'/? < v,/ ki <1/2.
Wavenumbers below (above) the cutoff region correspond to fully
coupled (fully decoupled) regimes. Up to factors of 2, the regimes
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FIG. 5. Dependence of the (a) current sheet half-width ¢, (b) half-length L and (c) peak ion outflow velocity on the upstream ionization fraction, yo. Dashed lines show refer-
ence scaling laws (not fits), and the lower purple line in (a) shows the value of the initial electron inertial length, dg in kinetic simulations. See text for discussion.
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identified by Malyshkin and Zweibel* are equivalent to these cutoffs
when setting kj = L.

Finally, the two reconnection regimes identified are the resistive
and Hall regimes. The boundary between the two was suggested to
occur at dgp/d* = 1 based on an extrapolation of fully ionized recon-
nection physics,”* but previously it has been shown that in simulations
the boundary does not occur at Jg/d* =1 but instead at
8/d; ~ 1.7

The parameters v,;L /v’ and dg,/d* have been evaluated for all
simulation cases and are shown relative to the predicted regime
boundaries in Fig. 6(a). For all HiFi cases, and nearly all VPIC cases,
1 < /x(¥ 4+ 1) such that 7 = v,;L/v}. As seen in previous studies,
even the resistive cases fall well below the 0%,/d* = 1 boundary and
all cases would be expected to undergo Hall reconnection. As demon-
strated above, the resistive cases follow a fully coupled Sweet-Parker
scaling, and thus are categorized incorrectly by Fig. 6(a). Note that the
existence of the quadrupolar structure in the out-of-plane magnetic
field, a result of the Hall effect, in Figs. 2(1), 2(0), and 2(r) does not nec-
essarily contradict being in the resistive regime. Previous results have
shown that the Hall fields remain even in resistive regime, albeit at
reduced magnitudes.””*’ By modifying the boundary to &5,/d; = 1,
the resistive cases are lifted into the fully-coupled resistive regime.
After this modification, the matched multi-fluid simulations fall into a
transition region between 1< w,,L/v} <2,that is roughly aligned
with the predicted boundary at v,,L/v} = 1, Fig. 6(b).

It is significant that, while the multi-fluid simulations appear to
maintain v,;L/v} = 1, the current sheet length in PIC simulations is
insensitive to y and v;,L/vs ~ 2 —4 always (not shown). In this
study, since 4i/d; = 0.5 and f3; ,, = 0.15 are held constant, it cannot
be determined whether the current sheet length in PIC simulations is
set by kinetic (i.e., d;) or collisional (i.e., v4 /v;,) processes. If the length
is controlled by the latter, however, then one possible explanation for
the difference between the kinetic and multi-fluid simulations is in a
fundamental difference in how fast reconnection is initiated.

In the case of a slow, global collapse of a fully-coupled
Sweet-Parker current sheet, one might expect the long wavelength
Alfvén cutoff, v,;L/v} ~ 1, to play an important role in preventing
the current sheet collapse to small scales. On the other hand, if recon-
nection is initiated by a localized perturbation, then one might expect
the short wavelength Alfvén cutoff, v;,L/vs ~ 1, to play an important
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FIG. 6. Simulation results relative to some of the regimes of partially ionized reconnection. (a) Regimes identified using the parameters suggested in Malyshkin and Zweibe
(b) Modification of the reconnection parameter from d5,/d* to dgp/d; more clearly organizes the data. Boundaries of the experimental data from Lawrence et a
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role in preventing the perturbation from growing to large scales. Thus,
these results are nominally consistent with a hypothesis that fast
reconnection starts at global scales in multi-fluid simulations, but is
instead locally triggered in kinetic simulations. Future well-controlled
studies (e.g., fixed y, variable Z;,/d;) are required to definitively test
these ideas.

The idea that v;,L/v4 = 1 plays an important role in setting the
current sheet length at small scales is also consistent with previous
experimental results.”” The approximate boundaries of that study are
shown in Fig. 6(b), where § ~ 05, is assumed for the experimental
data. In the experiments, the electron temperature was higher than in
this study, T, «p ~ 6 €V, and electron neutral collisions are only neg-
ligible for x=0.03 (based on an electron-neutral momentum
exchange cross section of &6 x 102 m?). When this condition is sat-
isfied, experimental data satisfy v;,L/vsa ~ 1 — 3, although for
7 =0.03, v;,L/vy is larger.

IV. CONCLUSIONS

Here, multi-fluid and kinetic models of partially ionized magnetic
reconnection have been directly compared for the first time. The dif-
ferent models are shown to have systematic differences in both the
current sheet structure and scaling of the reconnection rate. As has
been previously shown, kinetic simulations™ and laboratory experi-
ments”’ have demonstrated a reconnection rate scaling of /2, ie.,
E, ~ Bvy. Conversely, the reconnection rate in multi-fluid simulations
obeys either a fully coupled or a decoupled Sweet-Parker scaling
depending on the resistivity. In both cases, the reconnection rate is
smaller than in kinetic simulations and laboratory experiments.
Interestingly, the local current sheet appears to obey the scaling rela-
tion 0 ~ J%, in all cases. This implies that even on small scales where
there is significant decoupling between ion and neutral flows, neutral
physics plays an important role in determining the current sheet struc-
ture. This suggests that even a weak frictional coupling between ions
and a (static) neutral background could modify the current sheet
structure, and is an interesting topic for future study.

To understand these results, it was argued the multi-fluid simula-
tions operate in different physical regimes from the kinetic simulations
and experiments. In multi-fluid simulations, the current sheet length
appears limited by a constraint that v,,L/v} = 1, which is violated in
both kinetic simulations and experiments. One possible explanation is
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that the mechanism by which Hall reconnection is triggered, either
globally or locally, differs in the two models. If this is the case, then, in
the partially ionized limit, the reconnection “rate” and “onset” prob-
lems may not be cleanly separated as they are in the fully ionized case.
In particular, the problem of when and how the onset of reconnection
happens remains a major open question even in fully ionized plas-
mas.”' Understanding when and how fast reconnection can occur has
significant implications for reconnection in the solar chromosphere,
interstellar medium, molecular clouds, and other partially ionized
systems.ny 0
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