HTML AESTRACT * LINKEES

PHYSICS OF PLASMAS VOLUME 11, NUMBER 8 AUGUST 2004

Scaling of forced magnetic reconnection in the
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Two-dimensional, nonlinear, Hall-magnetohydrodynami{d&4HD) numerical simulations are used

to investigate the scaling of the rate of forced magnetic reconnection in the so-called Taylor
problem. In this problem, a small amplitude boundary perturbation is suddenly applied to a tearing
stable, slab plasma equilibrium. The perturbation is such as to drive magnetic reconnection within
the plasma. This type of reconnection, which is not due to an intrinsic plasma instability, is generally
termed “forced reconnection.” Hall effects are found to greatly accelerate the rate of magnetic
reconnection, relative to the well-known Sweet—Parker rate. In the nonlinear Hall-MHD regime with
arbitrary guide field, the peak reconnection rate is found to be independent of the resistivity, and to
scale likedy/dt~[ B/(1+ B)]S"‘df’ZEﬁ, whereg is the plasma beta calculated using the guide field,

d; the collisionless ion skin depth, aril, the amplitude of the boundary perturbation. 2004
American Institute of Physics[DOI: 10.1063/1.1768956

I. INTRODUCTION which is such as to drive magnetic reconnection at the reso-

. o . .nance. This type of reconnection, which is not due to an
Magnetic reconnection is a phenomenon which occurs in

a wide variety of laboratory and space plasmas, €.g., m intrinsic plasma instability, is generally termed “forced re-

a L
netic fusion experimentsthe solar corond,and the Earth’s %onnectlon. « B

. ) . : The so-called “Taylor problem” has already been thor-
magnetotai? The reconnection process gives rise to a

. o : . oughly investigated within the context of resistive MHL.
change in magnetic-field-line topology with an accompany_léurthermore a recent numerical investigation of this

[ I f i lerati f ch . ; . .
ing release of magnetic energy and acceleration of charge roblem® using Hall-MHD equations in the low “guide

particles. Conventional resistive-magnetohydrodynamicaj. =~ . A L . .
(MHD) theory is capable of accounting for magnetic recon- ield” (i.e., equilibrium magnetic field directed perpendicular

. . . . to the reconnecting fiejdand cold ion limit has established
nection, but generally predicts reconnection rates which ar : . . :
. e following scaling law for the maximum nonlinear recon-
many orders of magnitude smaller than those obseh@ul.

the other hand, more sophisticated plasma models whicHectlon rate:

treat electrons and ions as separate fluids yield much faster R ¢%2=2 (1)
reconnection rates which are fairly consistent with
observations:® whered; is the collisionless ion skin depth ar#, the am-

At this stage, it is helpful to make a few definitions. Let plitude of the boundary perturbation. The above nonlinear
di=c/wp; andde=c/w,e<d; be the ion and electron colli- reconnection rate is generally much faster than that obtained
sionless skin depths, respectively. Suppose dfisthe width  from resistive MHD, i.e®
of the reconnecting layer and is determined by resistivity. A =3 @
conventional resistive-MHD treatment of the plasma is ap- max 770

propriate whens>d; . In this model, the ions and electrons \yhere 4 s the resistivity. Incidentally, the above expression

move together as a single fluid. A Hall-MHD treatment of the . responds to the well-known Sweet—Parker reconnection
plasma is appropriate wheth<5<d;. In this model, the  5ie1112Nqte in particular, that in expressigh) there isno

ion and electron motions decouple on length scales belowgpendencen the mechanism by which magnetic-field lines
d;. In fact, the only difference between Hall MHD and re- g6 proken(i.e., on the resistivity This result is consistent
sistive MHD is the presence of the Hall term in Ohm's law in \yith earlier numerical studies of two-fluid magnetic recon-
the form_er case. Note that electron !nertla can be safely N€;action in the low guide-field limitsee Refs. 13 and 14, and
glected in the Hall-MHD model provided thae-d.. references therejiwhich have established that the reconnec-

This paper investigates a model two-dimensiof#)  ion rate is accelerated above the resistive-MHD rate through
magnetic reconnection problem which was first proposed byq action of thavhistler waveis independent of the mecha-

Taylor. In this problem, a stable, slab plasma equilibriumpigmy by which magnetic-field lines are broken, and is con-
with a central magnetic-field resonance is subject to & Sudgqjied by the ion dynamics. There remains, however, some
denly imposed, small amplitude boundary perturbationgepate as to the exact dependence of the nonlinear reconnec-
tion rate on the collisionless ion skin depth. Wang, Bhat-
3Electronic address: rfitzp@farside.ph.utexas.edu tacharjee, and Ma report ad!? scaling, both Fitzpatrick
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and Matthaeu$ report ad®? scaling, whereas Shast al’ Writing the magnetic field in the form

find no (direch scaling withd, . Recently, Shagt al® have B=Vyl2+B,2, 3)
suggested that all the aforementiorgdscalings can be ac-

counted for in terms of a unified theory in which the plasm
inflow rate is fixed at=0.1 of the Alfven velocity calculated P )

using the “upstream magnetic-field strength.” The upstream =~ V-V¢+dil$,B,]+ 7V, (4)
field strength is defined as the reconnecting field strength at

the edge of the “dissipation region,” i.e., the region, centered  JB;,
on the resonant surface, where resistive MHD breaks down st

and the electron and ion flows decouple. The first aim of this

gthe compressible Hall-MHD equatiotis? reduce to

=—V-VB,+di[V2y,y]+[V,,¥]-B,V-V

paper is to test whether or not this hypothesis can account for +7V?B,, ®
the scaling of the nonlinear reconnection rate reported in P,
Ref. 10. =~ (V:V)V-VP-B,V B,— V24V i+ uV3V, (6)

The second aim of this paper is to extend the investiga-
tion of Ref. 10 in order to determine the scaling of the maxi- v,
mum nonlinear Hall-MHD reconnection rate in thegh W:—V-VVZ+[BZ,¢]+MV2VZ, (7)
guide-fieldlimit. This limit is generally applicable to mag-
netic fusion experiments, whereas the opposite limit is more )
appropriate to astrophysical applications. In the high guide- "5t — —V:VP-TPV-V+«V°P, ®)
field limit, the whistler wave is suppressed and magnetic ) ) o )
reconnection is instead accelerated by #ieetic Alfiven ~ WhereV is the ion velocity in thex-y plane,V, the ion
wave'® Rogerset al X report that the nonlinear reconnection Velocity along thez axis, P the plasma pressured;
rate in this limit is agairindependendf the mechanism by = (¢/@pi)/a the (normalized collisionless ion skin depthy
which magnetic-field lines are broken. On the other handthe plasma resistivity(effectively, the inverse Lundquist
Grassoet al?° report that the nonlinear reconnection rate "UmbeJ, x the plasma viscosity the plasma heat conduc-
doesdepend on the field-line breaking mechanism. We hopdVity, I'=5/3 the ratio of specific heats, anfiA,B]

to establish which of these two results holds for the Taylor= VAUV B-z. In deriving the above equations, we have ne-
problem. glected density variations, nonscalar pressure, and aniso-

The numerical investigation of magnetic reconnection intfOPic transport. We have also adopted a cold ion ordering.
the high guide-field limit is rendered particularly problematic
by the severe time-step limit associated with the compres-
sional Alfven wave. This wave propagates very rapidly, butg. Reduction scheme

does not play a central role in the reconnection process. o ducti is desianed to eliminate th
Hence, it is a standard practice to numerically evolve a “re- ur reguction process IS designed to eliminate the com-

duced” set of equations which exclude the compressionaP'essional Alive wave, which becomes increasingly diffi-
Alfvén wave. In this paper, we present a reduction schemé&UIt t0 handlc_a numerically as the out-o_f-pl_gne magnepc-fleld
which yields a set of reduced equations valid in both the higrst€"9thB; rises, and only plays a significant role in the
and low guide-field limits. In comparison, the conventional €cONNection process for a period of a few Ativiimes after
reduction scheme yields equations which are only valid i€ onset of the boundary perturbatfdnThis general ap-
the high guide-field limif! Our reduced equations enable us Proach was first employed by Stradbs.

to investigate forced magnetic reconnection with an arbitrary Let

guide field using a single system of equations. P(x,y,t)=P@O+B@p,(x,y,t)+pu(x,y,t), (9)
BZ(XayIt):B<O)+bz(x1y1t)' (10)

Il. DERIVATION OF REDUCED EQUATIONS Here, P(© and B(®) are constants, wheregs, p,, andb,

A. Basic equations are allO(1). Thefundamental ordering scheme adopted in

Standard right-handed Cartesian coordinateg,g) are our reduction process is

adopted. It is assumed that there is no variation alongzthe  P(@>B()s1, (11
axis, i.e.,dl 9z=0.

Consider a magnetized, two-specietectron and ioj
guasineutral plasma with singly charged ions of masand
constant, uniform number density,. It is convenient to
adopt a normalization scheme such that all lengths are me
sured in terms of some scale lengthall magnetic fields in
terms of some scale field streng®lg, all velocities in terms
of the characteristic Alfve speedV,=By/+/monom;, and all
pressures in terms (Bél,uo. This normalization scheme is
described in more detail in Ref. 10. V=V ¢z (12

This scheme ensures that the compressional Alfwave
propagates far more rapidly than any other wave in our sys-
tem of equations, and hence effectively decouples from these
g_ther waves when the plasma motion is relatively slow.

On time scales much longer than the transit time for the
compressional Alfve wave, which is assumed to be effec-
tively instantaneous, the plasma motion is almiystom-
pressible Hence, we can write
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Taking the curl of thev equation, to lowest order our Hall- pz(x)+cé[Z(x)]2+[By(x)]2=const, (25)
MHD equations(4)—(8) reduce to

Wy ,
i Lo o]+ dily.b, ]+ V7Y, (13

where B,= —dy/dx. Note that Mirnovet al® have inde-
pendently performed similar analysis to the above in the lin-
ear regime.

C. Zero guide-field limit

ab, ,
Tz , _gOy.
ot (6.0 di[VZ y] [V, ] =BTV-V In the zero guide-field limitB(®)— 0, which corresponds

to B—, we adopt the modified ordering

+7Vb,, (14
0 P=P©+py, (26
J
—r “[6 VIV 9]+ uV20, (15) B,=b,, (27)
v where P(®=1 is a uniform constant ang,, b, are O(1).
Nz —[¢,V,]+[B,, ¥]+uV2V,, (16) As before,_ the purpose of this ordering scheme is to make the
ot compressional Alfve wave propagate much faster than any
0 other wave in the system.

%ZM,PJ— V-V kV2p,, (17) From Eq.(.17),_ the above ord'ering schem_e implie; that
ot B V-V=0. In this limit, the remaining two-fluid equations

readily yield Eqs(20)—(23), with c,=1 anddz=d;.
We conclude that Eq$20)—(23) hold in the zero, small,
and large guide-field limits, as long as the compressional

0)yg® i , . ;
andI'P'™/B'™, respectively. , , Alfven wave propagates more rapidly than any other wave in
To lowest order, we expect the compressional Atfve the system

wave to maintain approximate force balance within the
plasma, provided that the plasma motion is sufficently slow.
In other words, to lowest order we expect E6) to imply D. High- B limit

VP=-B,VB,— V2V . (18) In the highg (i.e., low guide-field limit, g>1, our re-
duced equation$20)—(23) simplify somewhat to give the
following equations:

whereU=V?¢. Note thatV-V cannot be neglected in Egs.
(14) and(17), since it is multiplied by the large facto&®

Applying our fundamental ordering scher(iel), we obtain

Vp,;=-Vb,. (19 Py ,
Finally, V-V can be eliminated from Eqg14) and (17), E:[¢’¢]+di[¢’z]+nv 4 (28)
making use of the above force balance equation, to yield our 57
set of reduced equations: E=[¢,Z]+di[V21ﬁ, W1+, 0]+ nV2Z, (29)
Iy
—i Lo dl+dglyZ]+ V2, (20) U ) )
= ~ Lo VIFHIV Y]+ VU, (30)
0z (k+B7n)
O L 21 4Vl eV, ]+ P 2, v,
PN S CAARS FAGEIA £ (3D

E where Z=b,. The above system of equations can be ob-
E:MLUH[VZ% ¥l+ VU, (220 tained directly from Eqs(4)—(8) by assuming incompress-
ible flow and a negligible guide field, i.e., negligible equilib-
Z 5 rium B,. As explained in Ref. 1@and references thergin
7=[¢,VZ]+C,3[Z,¢]+MV Vz, 23 this system describes magnetic reconnection which proceeds

) at an accelerated rateompared to resistive MHDdue to
where U=V<¢, cz=VB/(1+B), dg=cgdi, and Z  the action of thewhistler wave

=b,/cgz. Here,
rpo E. Low- 8 limit
= oz (24) S o
[B(97? In the low3 (i.e., high guide-fielyl limit, <1, our re-

duced equation$20)—(23) simplify somewhat to give the

is the conventional plasma beta paramétaultiplied by I) following equations:

calculated using the guide fieBf®). Thus,3>1 corresponds
to a low guide-field ordering, andice versa Note that our i )

fundamental ordering scheni&l) does not constraip to be ot =L, 1+ pd .21+ nV74h, (32)
either much less than or much greater than unity. The initial
equilibrium associated with the above set of equations satis- 4

fies —L =LA Z1+ pd V20l + VBV, 91+ V72, (33)
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+ =— 3+ E(t)sin(ky),
O L1+ V2 + V2, (34 Y=Ly D=2t E(Dsintky) (39
” Z(*+1y,t)=0, (40)
oV —
—Z= 1d=E(t
= =LoNV+BLZ, Y]+ uV2V,, (35) 1y =T di )Cos{ky)’ )
where ps= \/Edi. These are the familiar “four-field equa- U(=1y.1)=0 w2

tions” first obtained by Hazeltinet al?* The four-field sys-
tem describes magnetic reconnection which is accelerated by Vv,(+1y,t)=0. (43
the kinetic Alfven wave?®

Let

F. Zero- B limit E()=Eq1-e "~ (t/ne "] (44)

In the zerog limit, with 8=0 but p finite, the four-field ~ for t=0, with Z(t)=0 for t<0. Note that botE(t) and
equations simplify further to giv&=p.U, and d= (t)/dt are continuous at=0, and= (t)— =, ast—oo.

y All fields are assumed to be unperturbed a.
J
_ 2 2

E_[‘ﬁ"/’]ers[‘/"U]“L AN (36) . Reconnection diagnostics

9U The magneticO and X points are located atx(y)

E=[¢,U]+[V2¢, ]+ uV3U. (37 =(0,L/4) and (0,8/4), respectively. Theeconnected mag-

netic fluxis written as
These are the familiar “two-field” equations used by Grasso

Y H _ H
and co-workers to investigate kinetic Alfvevave acceler- (O)=2y(X poin=y(O poind], (45)
ated magnetic reconnectiéh. whereas thenagnetic reconnection rate defined as
dw(t)
G. Discussion R(t)= T (46)

Using a standard reduction process designed to eliminate
the compressional Alfwe wave, we have derived a set of IV. NUMERICAL RESULTS
four red.uced equatiqr(QO}—(ZS), which dgscribe HaII.-MHD A. Introduction
magnetic reconnection in two dimensions. The important
feature of these equations is that they contaith the whis- Equations (20)—(23), plus the initial equilibrium de-
tler waveand the kinetic Alfven wave. Although these two scribed in Sec. Ill A and the boundary conditio(@9)—(43),
waves are thought to play similar roles in the reconnectioiave been implemented numerically in a finite-difference
process, hitherto they have only been studied separately ugode which is second order in both space and time. As de-
ing different sets of equatiorts. scribed in Ref. 10, a phenomenological fourth-order diffu-
sion, or “hyperresistivity,” term is added to Eq$§20) and
(21) for numerical reasons. The code makes use of a semi-

Il. SETTING UP THE TAYLOR PROBLEM . L . 27
implicit algorithm modeled after that of Harned and Miic

A. Plasma equilibrium in order to circumvent the highly restrictive Courant—
Suppose that the plasma is bounded by perfectly conEreidrichs—Lewy condition on the_Whist_ler/kingtic-Alﬂwe
ducting walls located at=+1 and is periodic in the di-  Wave. The_ computational grid is uniform in tlyedlr_ectmn._
rection with periodicity length.. The initial plasma equilib- However, in order to help resolve the reconnecting region,
rium satisfies the grid points in the direction are more closely packed in

the vicinity of the magnetic resonance. All of the simulations
discussed in this paper employ a uniform time stepsof
=102 normalized time units, as well as a 26628 com-
putational grid. The hyperresistivity is set to=2.5x 10 °,
which is large enough to maintain numerical stability, but not

so large as to significantly affect the peak reconnection

ized units,B, is the equilibrium magnetic-field strength in
the x-y plane measured 4x|=a anda is half the distance 10
rate:” The parameterg and « are both set to the extremely
value 107, and are, thus, not expected to play an im-

between the conducting walls. Note that the above pla\sm%W
portant role in the reconnection process.

PO(x)=— (39)

and ZO(x) = ¢(O(x) =UO(x) =V{9(x)=0. In unnormal-

equilibrium iscompletely stabléo tearing modes.

B. Boundary conditions B. Overview

Suppose that the conducting wallxat 1 is subject to a Figure 1 shows the magnetic reconnection rate versus
small (compared with unitydisplacemeng (t)sin(ky) in the  time for a pair of calculations in the nonlinear Hall-MHD
x direction, wherek=2/L. An equal and opposite displace- regime. The two calculations are identical apart from the
ment is applied to the wall at= — 1. The appropriate bound- magnitude of the guide field: one is performed in the low
ary conditions at the walls are the following: guide-field limit (8>1), whereas the other is performed in

Downloaded 13 Mar 2005 to 128.83.63.111. Redistribution subject to AIP license or copyright, see http:/pop.aip.org/pop/copyright.jsp



Phys. Plasmas, Vol. 11, No. 8, August 2004 Scaling of forced magnetic reconnection . . . 3965

2x10-4 ] 012 P T
i ] 0.1 f ]
1.5x104 __ —_ : ,’\'—*Jl :
[ 008 | .
10-+ |- ] [ ]
a [ : = 0.06 |- h
5x10-° | . i -
[ 0.04 | e ]
0 [ ,! “-\ & \\ : ',..«“"f""j :
L %{/ ./ \ _/: 0.02 _— - - _-

0 1 0 20 30 O Il. | Y YO S I S W S N ST T T N R ST

t 0 20 40 60 80 100

FIG. 1. The magnetic reconnection rdevs time in the nonlinear Hall-

MHD regime. Calculations performed with=8.0, 7=1.0, »=10"°, u FIG. 3. The full island widthw vs time. Calculations performed with

=107, k=107, dg=0.5, and=,=10"2. The solid curve corresponds to =8.0, 7=1.0, 7=107% =107, k=10"7, and E,=10"2. The solid

B=10 and the dashed curve correspondgte10 2. curve corresponds t;=0.5 andg= 10%. The dashed curve corresponds to
dg=0.5 andB=10"2. The dotted curve correspondsdg=0.0.

the high guide-field limit(8<1). In contrast, Fig. 2 shows
the magnetic reconnection rate versus time for a calculation
in the nonlinear resistive-MHD regime. The parameters for  go:0nd. Hall-MHD reconnection is far moimpulsive

this calculation are the same as those for the calculations, 5ture than resistive-MHD reconnection. Eor instance. in
shown in Fig. 1, except that the collisionless ion skin depth iSFig. 1 there is initially very little response to the applied

set to zero. Note that the value gfis immaterial in Fig. 2, boundary perturbation. However, about eight Alivémes

since the.gwde field hgs no effect on the reconnection rate "Otter the onset of the perturbation the reconnection rate sud-
the resistive-MHD regime.

An examination of Figs. 1 and 2 reveals a number Ofdenly rises precipitously. Conversely, in Fig. 2 the onset of

. . . . driven reconnection is fairly gradual in nature. Note, also,
interesting features of nonlinear Hall-MHD magnetic recon-th tin Fig. 1 th ’ te d idly t |
nection. First, and most obviously, Hall effeageatly in- atin Fg. € reconnection rate drops rapidly to a rela-

creasethe reconnection rate compared to that obtained in thgvely low and rather unsteady value after the initial surge of

resistive-MHD regime. Indeed, the peak reconnection ratéeconnection. By contrast, in Fig. 2 the reconnection rate

shown in Fig. 1 is about 30 times that shown in Fig. 2. falls far more slowly after attaining its peak value.
Third, it can be seen from Fig. 1 that the reconnection

rate in the Hall-MHD regime isfairly insensitiveto the
guide-field parameteg, provided that the collisionless ion
5x10° ————T1 1 ] skin-depth parametet,= \/3/(1+ 8)d; remains fixed. Note
i ] that the two calculations shown in Fig. 1 hagesalues dif-
fering by four orders of magnitude. Nevertheless, the two
reconnection rate curves are fairly similar, especially during
the initial surge of reconnection, with the high-guide field
(low-B) case reconnecting slightly faster.

Figure 3 shows the full magnetic island widtV
=4\/¥ versus time for the three calculations displayed in
Figs. 1 and 2. Note that the theoretical final saturated island
: width in all three cases i8V/;=0.347. We can make the
following observations. In the nonlinear Hall-MHD regime,
there is an initial surge of fast reconnection during which the
island grows substantially, achieving about 25% of its final

T width, followed by a period of much slower unsteady growth
100 200 300 that eventually asymptotes to conventional Ruthefford
t growth (which takes place on a resistive time sg¢ale the
FIG. 2. The magnetic reconnection r&e/s time in the nonlinear resistive- nonlinear resistive-MHD regime, the island growth ?‘ISO
MHD regime. Calculations performed with=8.0, ==1.0, =106, ,  €ventually asymptotes to Rutherford growth, but there is no
=107, k=107, dg=0.0, and= =102, initial surge of fast reconnection.
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FIG. 4. Scaling of the peak magnetic reconnection Ryg, with the resis-
tivity # for various values of. Calculations performed with=38.0, 7=1.0,
u=10"7, k=107, dy=1.0, andE,=10"2 The open triangular data
points correspond t@=10%. The open square data points corresponds t
B=10". The open circular data points correspond@e 10°. The solid
triangular data points correspond o= 10". The solid square data points
correspond to8=10"2. The short-dashed line is a fit ®,,,<7°. The
long-dashed line is a fit t&y,ec 7.

FIG. 5. Scaling of the peak magnetic reconnection R{g,, with the
boundary perturbation amplitudg,, for various values of3. Calculations
oPerformed withL=8.0, 7=1.0, »=10"%, ©=10"", k=107, and dg
=1.0. The data points are as described in the caption to Fig. 4. The short-
dashed line is a fit tRy,Es The long-dashed line is a fit @ma,e 53,

In this regime, the reconnection rate clearly becomes inde-
pendent ofy. Note that the scaling of the reconnection rate is
the same for all values @8, both large and small. However,

This section examines the scaling of theakmagnetic  the reconnection rate does rise slightly@secreases.
reconnection ratédR,,, in the nonlinear Hall-MHD regime, Figure 5 shows the scaling of the peak reconnection rate
with the resistivity 5, the amplitude of the boundary pertur- Ry,. With boundary perturbation amplitudg,, keeping all
bation, =g, the collisionless ion skin-depth parametgy, other parameter&exceptp) fixed. It can be seen that when
and the guide-field parametg Note that the reconnection Ej is relatively small the reconnection rate scalesE@
rate is a direct measure of the inductielectric fieldgener-  This is again a linear scaling—see Ref. 10. HoweverZgs
ated in the reconnecting region. The electric field is, ofis increased the system eventually enters the nonlinear re-
course, responsible fqgrarticle accelerationwhich is gener-  gime. In this regime, the reconnection rate scales approxi-
ally the most important byproduct of magnetic reconnectionmately asEg. Note, again, that the scaling of the reconnec-
Hence, the peak reconnection rate is a sensible metric tton rate is the same for a§ values, with the reconnection
choose in order to characterize the reconnection procesgte being slightly higher at smafl.
since it essentially measures the strength of the accompany- Figure 6 shows the scaling of the peak reconnection rate
ing particle acceleration. This is especially the case for nonR,, with the collisionless ion skin-depth paramete,
linear Hall-MHD reconnection in the Taylor problem, be- keeping all other parametefexceptp) fixed. It can be seen
cause, as is apparent from Figs. 1 and 3, the reconnectidghat whend is relatively small the reconnection rate is in-
rate isextremely sharply peaked time. In this situation, we dependent ofl;. This is a resistive-MHD result—see Ref.
would clearly expect virtually all of the particle acceleration 10. However, asl; is increased the system eventually enters
to take place during the initial surge of fast reconnectionthe Hall-MHD regime. In this regime, the reconnection rate
with the strength of the acceleration being closely related t@cales approximately af,;’z. However, this scaling breaks
the peak reconnection rate during this surge. Note also that@own asd; approaches the system si@e., d;—1). Note,
significant amount of island growth, and associated releasagain, that the scaling of the reconnection rate is the same for
of magnetic energy, takes place during the initial reconnecall 8 values, with the reconnection rate being slightly higher
tion surge. at smallg.

Figure 4 shows the scaling of the peak reconnection rate It follows from Figs. 4—6 that the peak reconnection rate
Rmax With resistivity % keeping all other parametetexcept in the nonlinear Hall-MHD regime with arbitrary guide field
p) fixed. Data are shown for various widely differing values scales approximately as
of the guide-field parametegs. Note that asB is varied the R d¥2=52 47)
parameted,, rather thard;, is held constant. It can be seen max =g =0
that wheny is relatively large the reconnection rate scales aprovidedd, remains significantly less than the system size.
»*3. This is a linear scaling—see Ref. 10. Howeverggds  In the above formula, we have neglected the relatively weak
decreased the system eventually enters the nonlinear regingzaling with 8 when the parametet is held constant.

C. Scaling of the peak reconnection rate
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FIG. 6. Scaling of the peak magnetic reconnection ®Rte,, with the FIG. 7. Scaling of the peak magnetic reconnection R{g,, with the
collisionless ion skin-depth parametdy, for various values op. Calcula- collisionless ion skin-depth parametet; . Calculations performed with
tions performed withL=8.0, ==1.0, =10"° w=10"7, «=10"7, and =8.0,7=1.0,7=10°, u=10"7, k=107, E,=101, and3=1C%. The

E,=10"2. The data points are as described in the caption to Fig. 4. Theshort-dashed line is a fit tByq,ecd”.
short-dashed line is a fit tByq,ecd} .

theory is only applicable when the collisionless ion skin
Shay et al. have advanced a theory of nonlinear two- depthd; is much less than the island widW\. This is cer-

fluid magnetic reconnection which depends crucially on a@inly not the case for any of the calculations described in
parameter known as the upstream magnetic-field stréfigth.this paper so far, which may account for the Shay model's
This is the magnitude of the reconnecting field evaluated affck Of success. Figure 7 shows the scaling of the maximum
the edge of the dissipation region, i.e., the region surroundMagnetic reconnection raRpy, with the collisionless ion
ing the resonant surface where resistive MHD breaks dowrkin-depth parametef,; (which in this case is virtually iden-
According to Shayet al, the reconnection rate should be fical tod;), for a set of calculations in which the ratw//d,
directly proportional to the upstream field strength. Unforty-iS made as large as practically possible. In fact, in these
nately, this quantity is very difficult to evaluate in the Taylor calculationsW/d,~10 in the nonlinear Hall-MHD regime,
problem. In all of our Hall-MHD simulations, we observe &t the end of the initial surge of fast reconnection. It can be

that even a long way from the resonant surface the plasme€en that the data shown in Fig. 7 are consistent with an

H 3/2 . .
exhibits significant oscillations between the ion and electrorfSYMPOticRyq,~d;” scaling, although the exact asymptotic

flows on thed; scale, and is, thus, not very well described byscalin.g withdg is di}‘ficult to _determine with any accuracy.
resistive MHD. Incidentally, such oscillations were first pre- Certainly, a comparison of Figs. 6 and 7 would not appear to
dicted by Mahajan and YoshidWe can(somewhat arbi- indicate that theds scaling in thew/dz>1 regime is radi-
trarily) attempt to define the width of the dissipation region, ¢@lly different from that in theV/ds<1 regime. Moreover,
5, as the distance between thgoint and the first zero of the the PreV'OUSW 'mentloned strong Scallng of the pgak recon-
ion current(measured on a straight line which runs Ioerloen_nect|on rate Wlth the perturbation amplitude persists in the
dicular to the resonant surface and passes thoughXthe W/dg>1 regime. These facts cast further doubt on the ap-
point). Using this definition, we find thaf (evaluated at the Plicability of the Shay model to the Taylor problem, even in
time of the peak reconnection ratie proportional tod; but the limit W/dz>1.
shows very little scaling with eithe€, or 7. Now, the up-
s.tream magnetic—field strength is _directly pro.por.tionalc?to V. SUMMARY AND DISCUSSION
since we find that the reconnecting magnetic field always
varies roughly linearlywith x) across the dissipation region, We have derived a set of reduced equati@@—(23),
even in the nonlinear regime. Hence, according to Shayvhich describe Hall-MHD magnetic reconnection in two di-
et al,'® the scaling of the maximum reconnection rate shouldnensions. These equations contain both the whistler wave
be Rmax—dsz. However, we instead obtalﬁmax~d3ﬁ’25§. We and the kinetic Alfve wave, and are valid for arbitrary
conclude that the Shay modeknnotaccount for the scaling guide-field strength. At present, our equations neglect elec-
of the reconnection rate in the nonlinear Hall-MHD Taylor tron inertia and ion pressure. However, adding these effects
problem. In particular, this model is quite unable to accountvould be a fairly straightforward exercise. Using our equa-
for the observed strong variation of the reconnection ratdions, we have investigated the scaling of the rate of driven
with the amplitude of the boundary perturbation. magnetic reconnection in the Taylor problem. In this prob-
Shayet al. have recently suggest®dhat their general lem, a small amplitude boundary perturbation is suddenly
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