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Properties of energy release and transfer by magnetic reconnection in the presence of a guide field
are investigated on the basis of 2.5-dimensional magnetohydrodynamic (MHD) and particle-in-cell
(PIC) simulations. Two initial configurations are considered: a plane current sheet with a uniform
guide field of 80% of the reconnecting magnetic field component and a force-free current sheet in
which the magnetic field strength is constant but the field direction rotates by 180° through the
current sheet. The onset of reconnection is stimulated by localized, temporally limited compression.
Both MHD and PIC simulations consistently show that the outgoing energy fluxes are dominated by
(redirected) Poynting flux and enthalpy flux, whereas bulk kinetic energy flux and heat flux (in the
PIC simulation) are small. The Poynting flux is mainly associated with the magnetic energy of the
guide field which is carried from inflow to outflow without much alteration. The conversion of
annihilated magnetic energy to enthalpy flux (that is, thermal energy) stems mainly from the fact
that the outflow occurs into a closed field region governed by approximate force balance between
Lorentz and pressure gradient forces. Therefore, the energy converted from magnetic to kinetic
energy by Lorentz force acceleration becomes immediately transferred to thermal energy by the
work done by the pressure gradient force. Strong similarities between late stages of MHD and PIC
simulations result from the fact that conservation of mass and entropy content and footpoint
displacement of magnetic flux tubes, imposed in MHD, are also approximately satisfied in the PIC
simulations. © 2010 American Institute of Physics. [doi:10.1063/1.3299388]

I. INTRODUCTION effect on the late configuration which involves the investiga-

tion of the validity of global constraints that might influence
the accessibility and structure of the late states. The basis for
these investigations is the configuration of the so-called
“Newton challenge” problem,14 generalized to include a
guide field. In this approach, reconnection is initiated in a
plane current sheet through a finite compression resulting
from spatially and temporally limited plasma inflow (equiva-
lent to an indentation of the boundaries).

2D simulations that include a guide field in the initial
current sheet mostly assume uniform B, which does not af-
fect the balance between finite plasmé pressure inside the
current sheet and the magnetic pressure of the reconnecting
field component (here, B,). This seems justified for studies of
the influence on reconnection rate and the physics of recon-
nection, which may be influenced primarily by the magni-
tude of B, at the x-line or separator. However, in low-8
plasmas such as the solar corona, current sheets tend to be
force-free or nearly force-free, such that current density and

Magnetic reconnection is considered the fundamental
process underlying the energy release occurring, for instance,
in solar flares and magnetospheric substorms. This release
process consists primarily of the conversion of magnetic en-
ergy contained in stressed magnetic fields into particle ki-
netic energy. Traditionally the basics of magnetic reconnec-
tion have been studied in two-dimensional (2D)
configurations, neglecting the dependence on one Cartesian
coordinate (here chosen to be the y coordinate) with and
without an initial magnetic field component in the y direction
(“guide field”). Classical, resistive, magnetohydrodynamic
(MHD) models (e.g., the linear tearing model of Furth et al!
and the steady-state model of Petschek?) show no depen-
dence of the reconnection rate or mode structure on the mag-
nitude of the guide field. In these models incompressibility
was also assumed. Often, the presence of a strong guide
field, for instance in many laboratory experiments, is taken
as reason to justify an incompressibility approach (e.g., Ref.

3). However, for small or moderate guide fields this assump-
tion need not be satisfied.

Previous investigations of the role of a guide field have
focused mainly on the influence on the reconnection rate
(e.g., Refs. 4-9), which might also be relevant for where and
when reconnection is initiated, or on the spatial structure and
dissipation physics (e.g., Refs. 4, 6, and 10-13). In this paper
we focus on two other aspects of the role of a guide field: (1)
the influence on energy transfer and dissipation and (2) the

“Electronic mail: jbirn@lanl.gov.

1070-664X/2010/17(1)/012109/11/$30.00

17, 012109-1

magnetic field vectors are nearly parallel or antiparallel. In
such current sheets the magnetic pressure associated with B,
is balanced by the magnetic pressure Bi/Z,U,O inside the cur-
rent sheet and the strength of the guide field decreases from
the center of the current sheet toward the outside. Such con-
figurations are consistent with uniform plasma pressure
which may be significantly lower than the magnetic pressure.
This may have significant effects on the energy transfer, as
demonstrated recently in Ref. 15. We will therefore consider
both force-free initial states and current sheets with uniform
B

y
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TABLE I. Initial parameters for seven PIC runs.

Run guide field T,/T; m,/m; B N n.Xn,

0 0 1/5 1725 0.2 2.5% 107 400X 200
Al 0.8 1/5 1725 0.2 5% 107 400 X 400
A2 0.8 1 1725 0.2 2.5% 107 400 X 200
B1 Force-free 1/5 1725 0.25 2.5%107 400 X 200
B2 Force-free 1 1725 0.25 2.5% 107 400 X 200
B3 Force-free 1/5 1/100 0.25 1x108 800X 400
C Force-free 1/5 1725 1.00 2.5% 108 400X 400

In the following Sec. II we describe the initial states and
the numerical approach. Section III then illustrates some
characteristics of the dynamic evolution, following the onset
of reconnection. Section IV demonstrates characteristic re-
sults on the energy transfer and dissipation, and Sec. V pro-

p=p, (force-free field), (5)

where an arbitrary background pressure p,=0.1 is included
in Eq. (4). The plasma density was chosen as

1

vides results on the validity of the global conservation laws p= cosh2(z/L) +pp, (uniform guide field), (6)
and the characteristics of the late near-equilibrium states. In

Sec. VI we then look for non-MHD effects in the particle- with p,=0.2 and

in-cell (PIC) simulations, specifically, anisotropy of the par- p=1 (force-free ficld), 7)

ticle pressures and characteristics of velocity distributions in
the outflow regions.

Il. INITIAL STATES AND NUMERICAL APPROACHES

In the following we use mostly dimensionless quantities,
based on the magnetic field strength of the reconnecting field
component in the inflow region B,, a characteristic density

such that the initial temperature was uniform in the constant
guide field case.

The boundary conditions include a finite driving period
as in the Newton challenge problem,14 with temporally and
spatially localized inflow at z=* L, . In the MHD case the
inflow speed is given by

p.> and the ion inertia length \;=c/ w,,;, with other units given v.= F 0(t)cos’(mx/2L,) for z= = L, (8)
by approfpri_ate combinations of these, for instance, velocity
v.=B./\Nuop,, time t,=\;/v.=1/w,;, where w, =eB./m; is (1) = d{/dt = 2aw tanh(wr)/cosh*(wt), )
the ion cyclotron frequency, pressure pcng/ Mo, and electric
field E.=v_B,. MHD units were chosen for consistency with {(1) = a tanh*(wr). (10)

the PIC simulation units.

The initial current sheet configuration and the boundary
conditions were chosen for comparison with the Newton
challenge problem.14 The initial state consists of a plane cur-
rent sheet with a profile as in the classical Harris sheet'®

B,=tanh(z/L) B.=0, (1)

with L=2, however, also including a guide field. We consider
two cases: a uniform guide field and a force-free sheet

By=B; (uniform guide field), (2)

B, = 1/cosh(z/L) (force-free field), (3)

with B.=0 in both cases. In the force-free case (3) the current
is aligned with the magnetic field direction, the magnitude of
the total magnetic field is constant, while its direction rotates
around the z axis, such that the guide field is unity at z=0
and vanishes for large |z|. For the PIC simulations we chose
a system in which the initial current is carried by the elec-
trons.

The corresponding plasma pressure follows from pres-
sure balance; it is given by

1

P= 7 cosmir) +Pe (uniform guide field), )

The inflow speed and hence the boundary electric field reach
a maximum at w?=0.65 and subside after wt=2.5. In the
PIC simulations, in addition to the inflow speed, the bound-
ary electric field components E, and E, are prescribed in a
similar fashion.

The parameters a and @ and the box size, given by |x]
=L, and |z| =L., were also chosen to be the same as in the
Newton challenge problem, with

a=2 w=0.2,

(11)
L,=16 L,=8.

The PIC simulations are based on a fully electromag-
netic PIC code,’ using 200X 400 grid cells with 25 million
particles or, in some higher-resolution cases, 4002 cells in x,z
with 250 million particles. Again for comparison with the
Newton challenge, a mass ratio m;/m,=25 was assumed in
most cases. However, to study the influence of this assump-
tion on the results, in one case this ratio was increased to
100. The initial parameters of different PIC runs are listed in
Table I. Here B refers to the ratio of plasma to magnetic
pressure in the exterior (inflow) region.

In the MHD case, symmetry boundary conditions were
employed at x=0, z=0, and x=L,, a nonuniform grid in z
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FIG. 1. (Color online) Initial pressure distribution (top) and ion flow speed
Vi at two characteristic times for case Al with initially uniform guide field
B),:O.S, as defined in Table 1.

was used with about one half of the cells inside the current
sheet and up to 200> grid cells. A localized resistivity model
was given by

—_—s
7= Pan/COsh? 7 7=\ (x/s5,)> + (2/5,)°, (12)
centered at the location of the magnetic null (x-point) x
=0, z=0, where B,=0 and B,=0. Values for 7,,, ranged
from 0.005 to 0.5, and the scales for the localized resistivity
(“resistive spot”) were chosen as

se=1 s,=1. (13)

The grid size and the number of grid points were varied to
ensure that they did not affect the results.

lll. CHARACTERISTICS OF THE DYNAMIC
EVOLUTION

Figure 1 illustrates the characteristic evolution resulting
from the forced reconnection for case Al with initially uni-
form guide field B,(,=0.8, as defined in Table I. The top panel
shows the initial pressure distribution (color) and magnetic
field lines (black contours). The other two panels show the
ion flow velocity component v;, (color) and the magnetic
field lines at two different times indicated in the figure. These
panels illustrate not only the fast outflow at the time of rapid
reconnection but also an asymmetry in x, which occurs fre-
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FIG. 2. (Color online) Evolution of the reconnected flux (a) for cases Al
and A2 with initially uniform guide field By=0.8 and (b) for cases B1, B2,
and B3 starting from a force-free field, as defined in Table I. The corre-
sponding MHD runs are based on localized resistivity defined by Egs. (12)
and (13) with 7,,,,=0.05.

quently in the PIC simulations. This asymmetry may involve
a small embedded magnetic island (r=60), which, however,
disappears at later times.

The evolution of the reconnected flux (given by the gain
in magnetic flux in the outflow, or reduction in magnetic flux
in the inflow region) is shown in Fig. 2 for the cases A and B
listed in Table I, together with corresponding MHD runs
(green dash-dotted lines). Figure 2(a) corresponds to cases
Al and A2 with initially uniform B, and Fig. 2(b) to initially
force-free cases B1, B2, and B3. Figure 2 demonstrates that
the ion/electron temperature ratio and the mass ratio have
very little influence on the evolution, that is, on the recon-
nection rate, given by the derivative of the curves, dF,../dt.
The MHD runs exhibit slightly slower growth, due to our
choice of relatively modest resistivity with a maximum
Dmax=0.05.

IV. DISSIPATION AND ENERGY TRANSFER

In this section we discuss energy release and transfer
based on equations for the individual energy contributions,
using a form that is applicable to both MHD and particle
simulations. The equations given, for instance, in Ref. 18, are
generalized to include heat flux and anisotropic pressure.
Electromagnetic energy release and transport is governed by
Poynting’s theorem (neglecting electric field energy)

J B?

———=-V.S-j-E=-V-S—j-E'-v-(j XB),
120 J J v-(j XB)

(14)

where S is the Poynting vector, denoting (electro)magnetic
energy flux
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S=E X B/pu,, (15)

and E’ is the electric field in the plasma rest frame defined
by

E'=E+v XB. (16)

In addition there is internal (thermal) energy transport, gov-
erned by

u

E:—V-[H+Q]+v-(V-l_’)+j-E’, (17)
where u is the kinetic (quasithermal) energy density in the
plasma rest frame defined by the trace of the pressure tensor

3
1
”=§E Py, (18)
=1

and H denotes enthalpy flux
H=uv+P-v, (19)

describing not only the convective transport of thermal en-
ergy but also contributions from the work of the mechanical
stresses P-v, e.g., compression or expansion. Q represents
heat flux and P is the full pressure tensor.

The third form of energy is bulk kinetic energy, gov-
erned by
(2]

——v =—Vo(5vv)+v-(jXB—V~l_’), (20)

containing the bulk kinetic energy flux
= % pvzv, (21)

In these equations we have added electron and ion contribu-
tions to ease the comparison between PIC and MHD simu-
lations. If the pressure tensor P in Egs. (17) and (20) is
isotropic the term v- (V- P) is replaced by v-Vp. However, in
general the pressure tensor in particle simulations may not
even be gyrotropic. Equations (14), (17), and (20) combined
yield the energy conservation law

i(“l v2+B—2)——V~(S+H+K+Q) (22)
ot 2p 2uo) '

There are three different terms that govern the transfer of
energy from one form to another. The first one is Joule dis-
sipation j-E’, equivalent to Ohmic heating 7,2 in the resis-
tive MHD model, providing a transfer from magnetic to in-
ternal (thermal) energy. (In the Appendix, we show that this
transfer in a two-fluid model involves an intermediate trans-
fer from magnetic to electron kinetic energy.) In the colli-
sionless model that underlies PIC simulations E' is given by
(e.g., Ref. 19)

m,| dj
neg[a—iw-(jwvj)].
(23)

The first term on the right-hand side of Eq. (23), the Hall
term does not contribute to Joule dissipation j-E’. Therefore
the remaining two terms, both of which result from electron

1 1
E'=—jXxB-—V.P,+
ne ne

Phys. Plasmas 17, 012109 (2010)

inertia, are responsible for collisionless dissipation (e.g., Ref.
20). However, in contrast to Ohmic heating, this term need
not be positive everywhere.

The second term, v-(j X B), represents acceleration (or
deceleration) by Lorentz forces as a mechanism of transfer
between magnetic and bulk kinetic energy, while the third
term v-(V-P) provides the transfer between bulk kinetic en-
ergy and thermal energy, representing work done by pressure
forces. For isotropic pressure p this term becomes reduced to
v-Vp. In approximate force balance j X B~V -P, the combi-
nation of these two terms also provide a mechanism of trans-
fer between magnetic and thermal energy. This is in fact how
compressional heating may transfer magnetic to thermal en-
ergy also in collisionless plasmas. While this is in principle a
reversible process it may contribute to irreversible heating
when combined with the unidirectional transport from inflow
to outflow in reconnection. We note that the heat flux Q does
not contribute to energy transfer. It acts as a means to redis-
tribute thermal energy, particularly along field lines, where
heat conductivity is much larger than across the field.

Examples for the energy outflow in the PIC simulations
are shown in Fig. 3 for runs Al (initially constant B,, left
column) and B1 (initial force-free state, right column),'using
an initial temperature ratio 7,/7T;=1/5. The results for both
cases are quite similar. For a more quantitative evaluation of
the relative importance of the transfer terms we have inte-
grated the transfer terms over boxes indicated by the black
rectangles in Fig. 3, defining

D,=fj-E’dF, (24)
Dszv-(jXB)dF, (25)
Dp=fv~(V~P)dF, (26)

where dF=dxdz and we use Eq. (16) for E’, j=ne(v;-v,),
and the full pressure tensor P. The evaluation was done near
the times of fastest reconnection when approximately 1/2 of
the total flux was reconnected. The location and size of the
boxes were chosen to cover the major inflow and outflow
without disturbance from reflected flow. The results for the
transfer and the different forms of energy inflow and outflow
are listed in Table II for the PIC runs defined in Table I. The
last two columns contain the net flux of bulk kinetic energy,
AK=K,—K;, and heat flux, AQ=0Q,—QO;,, summed over
both particle species which was evaluated only for cases B
and C. The column for Joule dissipation (D;) also contains
(in brackets) the dissipation evaluated from the divergence of
the electron pressure tensor. The rough consistency with the
dissipation evaluated by Eq. (24) not only provides a validity
check but also indicates that the inertia term in Eq. (23)
contributes less to dissipation than the pressure term. This is
consistent with earlier findings about the dissipation in guide
field reconnection.'’
Table II demonstrates the following features:
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0
X

FIG. 3. (Color online) Energy outflow for PIC simulations A1 (left) and B1 (right) near the time of fastest reconnection, showing (from top to bottom)
Poynting flux S,, ion enthalpy flux H;,, electron enthalpy flux H,,, ion bulk kinetic energy flux K;,, and electron bulk kinetic energy flux K. Black rectangles
indicate the boundaries of boxes used to integrate incoming and outgoing energy fluxes discussed in Sec. IV.

(1) The net heat fluxes into or out of the box AQ (summed compressional heating is not carried away by thermal
over both particle species), which are evaluated here conduction.
only for the force-free cases, are relatively small. This (2) The net outgoing bulk kinetic energy fluxes AK (again
shows that the energy generated by Joule heating or summed over both particle species) are also small com-

TABLE II. Dissipation and energy transfer for the runs listed in Table I. D, denotes Joule dissipation, defined by Eq. (24); D, is the transfer by Lorentz forces
(25); Dp the work done by pressure gradient forces (26); S the magnetic energy (Poynting) flux, defined by Eq. (15); and H enthalpy flux (19). The last two
columns contain the net flux of bulk kinetic energy AK=K,,,—K;,, Eq. (21), and heat flux, AQ=Q,,— Qi,, summed over both particle species. The latter was
evaluated only for cases B and C.

Case D, D, Dp Sin Sout Hin H; oue H, i, H, ou AK AQ

0 0.48(0.30) 1.46 1.43 2.03 0.69 0.59 2.46 0.24 0.79 0.31

Al 0.61(0.72) 1.48 1.57 5.69 5.24 0.62 2.87 0.13 0.85 0.19

A2 0.62(0.93) 1.36 1.60 5.11 5.69 0.38 1.82 0.22 1.56 0.04

Bl 1.48(2.16) 1.94 2.05 4.36 3.86 1.15 2.46 0.28 2.00 0.33 0.29

B2 0.97(1.75) 2.01 2.39 4.28 3.09 0.72 1.98 0.96 2.45 0.23 0.10

B3 1.00(1.34) 1.95 2.01 4.69 4.59 1.12 3.03 —0.02 0.95 0.83 —0.09
C 0.12(0.37) 0.47 0.50 0.19 0.89 0.18 1.93 0.24 0.69 0.07 —0.04
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pared to the other energy fluxes, despite the fact that
acceleration by Lorentz forces provides a significant
transfer from magnetic to kinetic energy D;. The reason
is the approximate balance between the effects of the
Lorentz forces (D;) and pressure gradient forces (Dp),
such that the transferred energy leads to compressional
heating and an increase in enthalpy flux H, rather than
bulk acceleration.

(3) Joule heating (D;), which is relatively small in case 0
without guide field, is somewhat larger in the guide field
cases, although still smaller than the adiabatic transfer
(D =Dp). The probable reason is the fact that, in the
presence of a strong guide field, particles can stay longer
in the acceleration region close to the separator line,
experiencing more acceleration and providing larger cur-
rent density and thereby larger Joule dissipation.

(4) As to be expected, in the presence of a guide field, a
significant (even dominant) portion of the incoming
magnetic energy (Poynting) flux simply becomes redi-
rected.

(5) There is approximate balance between the heating terms
(D;+Dp) and the gain in enthalpy flux (Hy,—H;,). This
indicates that the energy transferred to heat is not depos-
ited but results in the increase in enthalpy flux.

(6) In contrast, reduction in Poynting flux (S,,—S;,<0)
does not balance the transfer from magnetic to kinetic
energy (—D;—D;). This shows that the systems are not
in a steady state and that the magnetic energy within the
box decreases. This is related to the fact that the com-
pression that is mainly responsible for the increase in the
enthalpy flux also causes an increase of the guide field,
such that the outgoing Poynting flux carries larger guide
field than the incoming flux. In the initially force-free
cases (B and C) this is enhanced by the fact that the
guide field strength decreases in time in the inflow re-
gion as reconnection proceeds.

(7) A significant portion of the energy transfer goes to elec-
tron enthalpy flux (H, ), even when the electrons ini-
tially are much colder than the ions (cases Al, BI, B3,
and C). However, this effect decreases somewhat for
more realistic electron mass (case B3).

(8) Reducing the electron/ion mass ratio, however, has no
significant effect on dissipation and overall energy trans-
fer properties, as shown by comparison between cases
B2 and B3.

(9) High B in the inflow region (case C) reduces energy
transfer rates. As we will see in Sec. V, this also affects
the amounts of energy and magnetic flux released.

V. LATE STATES AND GLOBAL CONSTRAINTS

At late times the simulations approach near-equilibrium
configurations. The results are illustrated in Fig. 4 for ini-
tially uniform B, (PIC simulation A1) and Fig. 5 for initially
force-free fields (PIC simulation B1). The PIC results are
shown in the left columns and the corresponding MHD re-
sults in the right columns. Figures 4 and 5 show, from top to
bottom, (a) the density p, (b) the pressure p, given by the
trace of the pressure tensor

Phys. Plasmas 17, 012109 (2010)

3
1
P= 521 ij’ (27)
]:

and the sum of electron and ion pressures in the PIC case, (c)
the magnetic field component By, (d) the current density
component J,, and (e) the temperature given by T=p/p.

Overall, Figs. 4 and 5 show very good agreement be-
tween PIC and MHD results, demonstrating the same char-
acteristic features. Note particularly the characteristic ex-
change in the roles of plasma pressure p and the magnetic
field component By, (or its corresponding pressure contribu-
tion) between Figs. 4 and 5. In the case of initially uniform
B, (Fig. 4), the pressure becomes concentrated nearly uni-
formly in the center of the magnetic islands formed by re-
connection, while B, (as well as the current density Jy) are
enhanced in rings around this center. The opposite is the case
for the initially force-free case (Fig. 5) whereas the current
density J, maintains the same ring structure. This behavior is
understandable from the fact that in 2.5-dimensional equilib-
rium, the current density J, is given by

d B*(A)
Jy= a{p(A) + —ZZ} , (28)

where indeed plasma pressure p(A) and magnetic pressure
B%(A)/Z,uo play interchangeable roles. Here A represents the
flux function or y component of the vector potential, defining
the magnetic field via

B=VAXy+Bj, (29)

where ¥ is the unit vector in the y direction.

The similarities between the late PIC and MHD results
in Figs. 4 and 5 suggest that these configurations are gov-
erned, at least approximately, by integral conservation laws
similar to those identified in the case without guide field.”!
For 2.5-dimensional ideal MHD configurations, when the
magnetic field is given by Eq. (29) and a gauge is chosen in
which the A value is conserved within a moving plasma el-
ement, one can identify (e.g., Ref. 15) mass conservation

M= f pds/B=M(A), (30)
conservation of an entropy function
Szfp”yds/BzS(A), (31)

and when footpoints of field lines are fixed at the boundary,
the footpoint displacement

Y:fdy:fods/B:Y(A), (32)

which can be related to magnetic helicity.IS The integration
in Egs. (30)—(32) is extended along each field line from one
boundary footpoint to the other and field lines that close
within the box are excluded.

These conservation laws are based on ideal MHD. As
discussed by Birn et czl.,15 they can be generalized, however,
to allow for changes in topology, provided that nonideal
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MHD

FIG. 4. (Color online) Late configurations of runs with initially uniform B,=0.8: (left) PIC simulation A1 (Table I) at t=160, (right) corresponding MHD
simulation at =400 with 7,,,,=0.005. From top to bottom: density p, pressure p, the magnetic field component B,, the current density component J,, and the

temperature given by T=p/p.

MHD effects are strongly localized. In symmetric configura-
tions, such as considered here, the segments of magnetic flux
tubes that become newly connected should have equal
amounts of mass and entropy so that the sums remain the
same as before reconnection. In the PIC simulations, this
symmetry might be violated at intermediate states (e.g., Fig.
1) but it is well satisfied at late stages, as demonstrated by
Figs. 4 and 5.

To investigate the validity of the conservation laws, we
have evaluated mass M, entropy S, and displacement Y as
functions of A by numerically integrating Eqs. (30)—(32) for
both, PIC and MHD, simulations. Figures 6 and 7 show the
results for cases Al (initially constant By) and B1 (force-free
initial state), respectively. Red (dash-dotted) lines represent
PIC results and blue (solid) lines the corresponding MHD
results while the dashed lines show the initial functions. The
top rows show, from left to right, M, Y, and S, and the
bottom rows density p, magnetic field component By, and
pressure p. For the PIC simulation the pressure p was again

defined by the trace of the full pressure tensor, given by Eq.
(27). However, using p=p,~°p??, suggested by double-
adiabatic theory, instead made no visible difference.

The mass and displacement functions M(A) and Y(A) in
Figs. 6 and 7 show remarkable agreement with each other
and with the initial distribution, despite the fact that most
field lines at the late times have undergone reconnection.
This demonstrates the absence of slippage. The entropy func-
tions S(A) for the PIC simulations show a slight increase
which is more pronounced in the initially force-free PIC case
B1 (top right panel of Fig. 7). This indicates that Joule dis-
sipation at the reconnection site provides somewhat larger
nonadiabatic heating than in the case without guide field.”!
This is consistent with the dissipation rates listed in Table II.
The relatively larger entropy increase in the force-free case is
probably due to the fact that this case has initially lower
plasma pressure inside the current sheet, such that a pressure
enhancement from nonadiabatic heating causes a larger rela-
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FIG. 5. (Color online) Same as Fig. 4 but for initially force-free fields B1 (PIC) and a corresponding MHD run with 7,,,,=0.005.

tive change in pressure and entropy. We note that some dif-
ferences in the pressure functions P(A) are also due to the
fact that the PIC simulations have evolved slightly more than
the MHD simulations. This can be inferred from the small
local peaks visible in M(A) and S(A), as discussed below.
The guide field functions By(A) in Figs. 6 and 7 change
considerably from the initial functions. The basic changes
are similar for MHD and PIC; however, the late functions in
Fig. 6 differ somewhat quantitatively, in part also due to the
fact that the PIC simulation has proceeded farther, i.e., re-
connected more flux.

We note that M(A), Y(A), and S(A) should diverge at the
separatrix when the B-field remains regular. This is related to
the fact that the flux tube volume per unit magnetic flux

V= f ds/B, (33)
diverges logarithmically on field lines approaching a regular

x-line or separator, where the (poloidal) magnetic field goes
to O linearly. This singularity is evidenced by the local peaks

in Figs. 6 and 7, thus indicating the flux value at the x-point.
In the PIC simulation this location has proceeded to slightly
larger values of |A|.

In Fig. 6, case A, the entropy curve for the MHD case
(blue solid line, top right panel) shows a similar increase as
the curve for the PIC case (red dash-dotted line), whereas the
MHD entropy function agrees better with the initial one in
case B (Fig. 7). This result stems mainly from our choice of
a wider resistive spot in x in case A, using s,=4 and 5,=2
instead of Eq. (13) with #,,,=0.0025. This influence can be
simply understood from the total dissipation, which is given
approximately by E,J,d,d,, where E, is the reconnection rate
(electric field at the reconnection site), J, is the current den-
sity, approximately given by J,~dB,/dz, and d, and d_ are
the widths of the dissipation region in x and z, respectively.
In our case, the width of the resistive spot is wider than the
current layer at the reconnection site. Therefore d, is essen-
tially given by the half-width of this current layer, such that
Jyd,~ B,, the magnetic field just outside the dissipation re-
gion which is of order unity. If we assume that fast recon-
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FIG. 6. (Color online) Integral quantities at late times as functions of A for the cases with initially constant B,. The top row shows, from left to right: mass
M, footpoint displacement Y, and entropy function S for PIC run A1 (red dashed-dotted lines) and MHD (blue solid lines) with 7,,,,=0.0025, using s, =4 and
5,=2 instead of Eq. (13). The bottom row shows, from left to right: density p, magnetic field component B,, and pressure p.

nection operates at a maximum rate of 0.1 (normalized by
the reconnecting magnetic field in the inflow region B, and
an Alfvén speed v,), then the total Joule dissipation depends
only on the length of the dissipation region d,. In our MHD
simulations we did not quite reach the maximum rate; there-
fore there is still a small dependence on 7 such that the total
Ohmic dissipation becomes smaller when 7 gets smaller.

VI. ANISOTROPY

In the previous sections we have focused primarily on
properties that can be compared between PIC and MHD
simulations. In this section we look at features that are not
obtainable in MHD, specifically the evolution of anisotropy
and characteristics of the distribution functions responsible

-6 -4 2 0 -6 -4

FIG. 7. (Color online) Same as Fig. 6 but for the initially force-free cases B1 (PIC) and MHD with 7,,,,=0.005.
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FIG. 8. (Color online) Ion pressure components parallel (top) and perpen-
dicular (center) to the magnetic field and ion velocity distributions (bottom)
integrated over the black rectangle indicated in the top panels at =60, for
the force-free initial case B1.

for the anisotropies. Figures 8 and 9 show the ion pressure
components parallel (top) and perpendicular (center) to the
magnetic field, together with cuts through the ion velocity
distributions (bottom panels) in the outflow region [black
rectangles in Figs. 8(a), 8(b), 9(a), and 9(b)], at the time of
the fastest reconnection, =60, and for the late, near-
equilibrium state, =176, respectively. The figures demon-
strate considerable anisotropies. Furthermore, Fig. 8(c)
shows that what appears as anisotropy in the outflow in Figs.
8(a) and 8(b) is actually the result of a two-component popu-
lation. One, more isotropic, component is apparently the
population directly convected across the separatrix without
encountering the acceleration site, whereas the other, more
field-aligned component shows the effects of acceleration
along the magnetic field. At later times, however, the two
populations mix and become more appropriately describable
as anisotropic.

VIl. SUMMARY AND CONCLUSIONS

Using PIC and resistive MHD simulations, we have in-
vestigated effects of a guide field on reconnection in a sce-
nario akin to the “Newton challenge” problem,14 in which a
plane current sheet is deformed by nonuniform external in-
flow over a limited time. Despite strong anisotropies in the

Phys. Plasmas 17, 012109 (2010)

2 4
Vy

FIG. 9. (Color online) Same as Fig. 8 but at r=176.

PIC simulations and differences between electron and ion
behavior, MHD and PIC simulations agreed in several im-
portant aspects:

1. The outgoing bulk kinetic energy fluxes are insignificant
in comparison to the fluxes of electromagnetic (Poyn-
ting) and thermal (enthalpy flux) energy.

2. The conversion of magnetic energy to enthalpy flux re-
sults from an approximate force balance between pres-
sure gradient and Lorentz forces for the outflow into a
closed region. (We note that this result is different when
the outflow is into an open region, such as the region
above the reconnection site associated with flares in the
solar corona or tailward of the reconnection site in the
geomagnetic tail for magnetospheric substorms.)

3. Direct Joule dissipation is less significant than quasia-
diabatic heating. This does not change with more realis-
tic electron mass and does not significantly depend on
the dissipation mechanism, at least in the regime of fast-
est reconnection. This can be simply understood from
the total dissipation, given approximately by E,J,dd.,
where E, is the reconnection rate (electric field at the
reconnection site), Jy is the current density, and d, and d,
are the widths of the dissipation region in x and z, re-
spectively. Using J,~ dB,/dz~ B,/d, and assuming that
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fast reconnection operates at a (normalized) maximum
rate of 0.1 the total joule dissipation depends only on the
length of the dissipation region d,. However, for very
large d, the reconnection rate is expected to go down.

4. The local PIC and MHD simulations are consistent with
large-scale three-dimensional MHD simulations in that
the released energy goes primarily to redirected Poyn-
ting flux and enthalpy flux. For 7;=T; in inflow region
ion and electron outgoing enthalpy fluxes are similar.
But even for 7, <7, stronger electron heating makes the
two comparable.

5. The final states approached in MHD and PIC simula-
tions are quite similar. This results from the fact that the
global constraints governing MHD are approximately
satisfied also by the PIC simulations, at least on the
Alfvénic time scales considered here. This is surprising
considering that the PIC simulations showed anisotro-
pies, asymmetries, and differences between ions and
electron energy fluxes not included in MHD.
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APPENDIX: RELATIONSHIP BETWEEN ONE-FLUID
AND TWO-FLUID DISSIPATION

In Sec. IV we have discussed energy transfer, conver-
sion, and dissipation on the basis of one-fluid equations, for
an easier comparison between PIC and MHD results. In that
formulation the term j-E’ provides a direct transfer from
magnetic energy, governed by Eq. (14), to thermal energy,
governed by Eq. (17). In a two-fluid model, however, this
energy transfer, which may be interpreted as Joule dissipa-
tion, is more complicated. The energy equations for two spe-
cies equivalent to Eq. (17) are

1%
u‘v=_V’[usvs+1_)s'vs+Qs]+vs'(V'I_)s)

s=i,e.
ot

(A1)

In addition there are two equations of motion for ions and
electrons

Phys. Plasmas 17, 012109 (2010)

dvg
ngm,—— ==V -P,+nq,(E+v, XB)

dt (42)

s=i,e.

We note that the moments in Eqs. (A1) and (A2) are defined
in the individual rest frames. We now see that the energy
transfer term j-E=(n,q;v;+n.q,v.)-E provides a transfer to
both ion and electron momentum balances. However, elec-
tron momentum balance, which constitutes the generalized
Ohm’s law, is typically dominated by the balance between
the electric field in the electron rest frame and the divergence
of the electron pressure tensor. This term then provides a
further transfer to internal energy. Here we have discussed
this dissipation mechanism just on the basis of the leading
terms. An exact derivation of the one-fluid [Eq. (17)] re-
quires the inclusion of all terms and the distinction between
the one-fluid moments, defined on the basis of the common
rest frame and the individual moments based on the indi-
vidual rest frames.
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