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This paper employs an analytic reconnection model to investigate the conditions under which Hall
currents can influence reconnection and Ohmic dissipation rates. It is first noted that time dependent
magnetohydrodynamic systems can be analyzed by decomposing the magnetic and velocity fields
into guide field and reconnecting field components. A formally exact solution shows that Hall
currents can speed up or slow down the reconnection rate depending on the strength and orientation
of the axial guide field. In particular, merging solutions are developed in which the axial guide field

is the dominant driver of the reconnection. The extent to which Hall currents can alleviate the
buildup of back pressures in flux pile-up reconnection models is also examined. The analysis shows
that, although enhancements of the merging rate can be expected under certain conditions, it is
unlikely that Hall currents can completely undo the fundamental pressure limitations associated with
flux pile-up reconnection. @005 American Institute of PhysidDOI: 10.1063/1.1826094

I. INTRODUCTION can alleviate the strong back pressures that limit the merging
rates of flux pile-up reconnection solutions.

Magnetic reconnection is a fundamental resistive process |t is interesting to note that attempts have already been
that accounts for topological change in magnetic plasmasnade to elude the pressure limitation of flux pile-up models.
Since astrophysical and laboratory plasmas are highly contardine and Alleh point out that the strength of the back-
ducting it is often difficult to construct reconnection mecha-ground velocity field can be adjusted to alleviate the strong
nisms that are fast enough to explain observations of rapifuild up of magnetic pressure in the current layer. Unfortu-
magnetic collapse. This is a recurring problem in applyingnately, this remedy is compromised by the much stronger
reconnection theory to real phenomena, for instance, the extynamic pressures required to sustain the merging. More re-
plosive energy release of solar flares. cently, Dorellt° has suggested that Hall currents, in combi-

In constructing reconnection models it has been customnation with strong axial guide fields, can help ease the pres-
ary to assume a resistive form of Ohm’s law in which inertialsure problem. Dorelli's suggestion is consistent with
effects and Hall currents are neglecte@his long standing numerical simulationd®*2which imply that the form of the
practice has been questioned in a recent series of analytic amadial field (and specifically its gradiepis critical in deter-
computational studies.” Hall currents, in particular, seem mining the reconnection rate. Our results suggest that al-
likely to have a strong influence on magnetic merging soluthough Dorelli's prescription allows the pressure limitation
tions. on the reconnection rate to be eased somewhat, it is unlikely

The purpose of the present paper is to examine a familyo be eliminated entirely unless a far more complicated back-
of exact analytic Hall reconnection models based on breakground field structure is invoked.
ing the flow and field variables into background and distur-  The details of the general analytic description are given
bance components. These solutions extend earlier fftiolg,  in Secs. Il and IIl. In Sec. IV we demonstrate that Hall cur-
including large scale background components in the perperients can both increase or decrease the reconnection rate by
dicular (axial) flow and magnetic fields. In fact we show that altering the thickness of the reconnecting current sheet.
large scale axial guide components are naturally incorporate8peed up in the reconnection rate is achieved when the sheet
in a time-dependent MHOMagnetohydrodynamjcframe-  thins, but this occurs at the expense of the Ohmic dissipation
work that includes Hall currents and inertial effects within arate. In contrast, thicker sheets lead to slower reconnection
generalized Ohm’s law for the plasma. Our present focusiates, but higher Ohmic dissipation rates. Which type of so-
however, is to examine how Hall currents affect reconnectiodution results depends on the symmetries of the merging
rates and Ohmic dissipation rates, and for this purpose it ifroblem—in particular the sign of the axial guide field com-
convenient to adopt a simplified analytic treatment in whichponent. As regards the pressure problem, our analysis in Sec.
time dependence, and viscous and inertial effects are n&/ suggests that, for the simplified analytic models described

glected. We also address the issue of whether Hall currentyy Dorelli™® and developed further here, Hall currents are
limited in their ability to alleviate the pressure restrictions on

Electronic mail- math0097 @waikato.ac.nz flux pile up merging. It is po_SS|_bIe, hov_vever, that the pres-
PElectronic mail: pgwatson@kato.ph.utexas.edu sure problem could be eliminated in a more general
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approach—indeed numerical experiméﬁ@ suggest that B(x,y,t) = V g(x,y,t) X 2+ Z(x,y,1)Z. (4)

the pileup can become independent of plasma resistivity

without the amplitude of the axial field becoming too large.!n components we have that=(¢y,~¢x, V) and B=(4,

An alternative interpretation of the analytic results presented % Z), Where subscripted variables denote partial deriva-
here, where it is the gradient of the axial field that scaledives. Note that the current density

strongly with 7 rather than the amplitude, could !ead to this J= (Zy,_ZX,_Vzl//) (5)
type of behavior, but only at the expense of adding a second

(undeterminegd small length scale to the background field comprises both axial and planar contributions.

profiles of the model. This possibility is addressed in Secs. vV In considering the advection of the magnetic field by the

and VI. flow, it is useful to introduce the Poisson bracket notation
typified by
II. MHD RECONNECTION EQUATIONS [, d]= by = .
A. The generalized Ohm's law The curl of the momentum equation yields the planar com-
We consider an incompressible magnetic plasma irPonents of the velocity field
which V-.v=V -B=0. The governing equations are the di- V2, + [V2, ] = [V2, ] + 1V, (6)

mensionless momentum and induction equations, in which
magnetic fields, lengths, and particle densities are scaled athile

cording to _typical reference v,alues; velocities and t,ime_ are W, +[W, ] =[Z, ] + V2 7)
measured in units of the Alfvén speed and the Alfvén time,
respectively. gives the axial component.

The dimensionless momentum equation takes the form ~ The curl of Ohm's law yields the magnetic induction
equation. The third component reduces to

ﬂ+(v-V)v——v +J X B+ 1V (1) 2
P TP v e+ [, d] = 92+ di[ 9, 2]
202 2
whereJ=V X B is the current densityy is the plasma vis- + (Vo + [V, o] + [2,V]) (8)
cosity, andp is the plasma pressure. The induction equationypile the first and second components determine the axial
is derived from the generalized Ohm’s law field
E+vXB=9J+d(JXB-Vp) Z+[Z,¢]= 7]VZZ+[W,1//]+di[V21,/1,IT/I]
+d§(§ LV (W +JV)), @ + BV [V22, 614 V242D, (9)

This system completely determines the planar reconnection
where we have replaced the tensor form for the electron pregsroplem.

sureV -p, with the diagonal tern¥Vp,, wherep, is a scalar.

Here C. Hall current contributions
2
= C—, = L, d.= ¢ , (3) Of central interest is whether Hall currents can lead to
dmvplo Cawpi Cwpe enhanced magnetic merging rates. Before specializing to par-

dicular reconnection solutions, it is instructive to make some
preliminary observations based on the general system of pla-
nar reconnection equations introduced above.

wpe and wy,; are the electron and ion plasma frequencie
Wy =4Te me=myw,°/m,, cis the speed of lighty, is the
Alfvén speed,o is the plasma conductivity, and is the - . - .
typical plasma length scale. The dimensionless numbers First note that the evolution equation fgrcan be writ-

d, andd, are, respectively, the inverse Lundquist numbert€n in a form that manifests the modified advection provided
and the ion and electron skin depths, and indicate the relatiy the Hall term

magnitudes of the collisional, Hall, and inertial terms. The  y + [y, ¢ — d 2] = PV + A3 (V24 + [V2ih, 4] + [ 2, V).
high conductivity of plasmas implies that the resistivityis (10)
very small: for example, typical values for a coronal plasma
based on characteristic reference parametersyarg0 4> The change in the advection bracket effected by the axial

d;=10"%5 andd,=1078 guide field,[ ¢, ¢]— [, ¢—d; Z], reflects the fact that thB
field is advected by the electron fluid, rather than the mass-
B. The planar reconnection equations averaged velocity of the electron-proton gas. Whether the

Hall term speeds up or slows down the convective transport
clearly depends on the properties of the axial figld

In fact, as detailed in the Appendix, there are two distinct
use stream and flux function representations fontlaad B comptzne_nts" to the axial .f'(:.“ld' One component, the Iar_ge
. scale “guide” component, is independent of the reconnection
fields ; : o

dynamics, while the other component is induced by the re-
V(X,y,t) = V o(X,y,t) X Z+ W(X,y,1)Z, connection of the planar field. The induced field follows

In what follows solutions for the velocity and magnetic
fields v and B are sought over the planar domain=X,y
=1, wherez is an ignorable coordinate. It is convenient to
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from Eq.(9), where it is clear that even =0 initially, the  B. The disturbance fields
presence of the terrdi[V2y, ] will drive a growth in Z.

This field may, In twrn, feed b_ack into the adve_ctlon of thestituting forms(12)«15) into the planar reconnection equa-
planar reconnecting field altering the reconnection rate. Thﬁons To within a nonessential quadratic funchiome find

induced axial field also adds planar components to the CUltom (6) that
rent densityd, which can lead to an increase in the Ohmic

Solutions for the disturbance fields are derived by sub-

dissipation rate N Eg’ 17
o
— 2 — 2.1\2 2 2
W, = nJ Jdv= nJ (V)= + 25+ Z7]dV. (11 while (7) yields
Although the presence of an axial guide componfent de- W= — EZ+ }(5+ &’)Q_ (19)
pends only on the initial conditions of the problem, it can, a o« @

depending on its magnitude and orientation, lead to Signiﬁ_'I'he lanar components of the induction equation now reduce
cant changes in the reconnection rate. These possibilities aje P P q
discussed in detail below.

E-(a*+ dd)xg' = ng" - BAxZ', (19

IIl. INFLUENCE OF THE HALL CURRENT wherea* = (a?- 8%/ a and€ is the steady state flux transfer
A. Introduction rate ¢;. The axial component is given by

We now turn to a class of reconnection solutions that
makes explicit the division between guide fields and recon-
necting field components. In the Appendix it is shown thal . .
time-dependent reconnection solutions can be develope hese equations must be simultaneously resolved &dZ

from the planar MHD equations using a moment expansioﬁ0 ob;am regc(;nneé:t[[?]n soluthns. h(':rﬁlgt]h and .V\I/a‘?spdav?. Id
technique. The essential point is that the resulting system Caﬂreg\ y considered the casgloln whie € axial guide nelds
nish(y=6=0), while Dorelli~ considers head-on merging

be interpreted in terms of localized reconnection fields tha a ) L L
=0) in the presence of finite axial fields. Below we exam-

are superposed on large scale background guide fields. h | f steadv-state sh q
particular, the stagnation flow potentidk—axy can be used Ine the more general case of steady-stale sheared reconnec-
tion in which all guide field components are present.

to provide a prototype guide field.

The simplest exact solution, of sufficient generality for
our purposes, is obtained by takiag=v=d.,=0. The poten-
tials are given by

—a*xZ = 9" - za*xg’ + Bdixg”. (20
o

C. Equation for the planar disturbance field

B(x,y) = — axy+f(x), (12) By eliminating the axial field&(x) it is possible to obtain
a single differential equation for the disturbance potential
P(X,y) = Bry+g(x), (13)  9(). On introducing the variables
together with the axial fields s= (‘ﬁ)llzx, K= :32+di2, ot = a* + &, (21)
WXY) = yxy+W(X), (14) 7 “
we obtain
Z(X,Y) = Xy + Z(X). (15)

(s+ kG +[(L+A)-1]G' +BSG=As -1, (22

Provided that we taker>0 to maintain a global inflow, \;nare

these forms describe steady-state reconnection maintained by .

a one-dimensiongl1D) current sheet aligned to theaxis. A= a* 5 a* (1 _ By ) Go=2g(s. (23
L g -

_ i
+1 -+ +
aa

There is, however, an important constraint on the solu- a a
tion that derives from the condition that the plasma pressure
must satisfyp(x,y)>0. The pressure is determined by inte- A ) . ) X .
grating the separate components of the inviscid momenturﬂ“e equation is written in a form that isolates the axial guide

Eqg. (1). The exact expression, valid throughout the solution |e!d am_plituples;x and_& in the coefficientsA and B'. If the
domain —1<x,y< 1, can be written as axial guide fields vanish theA=B=1 and the solution con-

tains a single parametes that measures the competing ef-

P(X,Y) = Po— 3[a?(+y?) +g' (X2 + Z(x,y)?] fects of the Hall current and the resistivityf we also let
~ Byg (%), (16) k—0, thep our res_ca]ing filters out all thg p_arameters_ from

the equation, and it is clear that the resistively dominated
Clearly, since the background pressure amplitymieis  solution must possess a single small length ssal®(1), or
bounded, the flow and field magnitudes |g’(x),, and in terms of our original variablesx=¢=(7/a*)2 This
|Z(x,y)| cannot be too large if the pressure is to remain posiscale, in separating the outer advection region from the cur-
tive. It is this constraint that eventually limits the merging rent sheet that sustains the merging, defines both the sheet
rate of flux pile-up reconnection modéfs:® thickness and the reconnection spegd = (7a*)*2.

Several key points emerge from E@2). First note that
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The equation is more complicated when we have axiathe inclusion of a suitably oriented axial guide field can lead
guide fields, but we still expect the coefficient of the highestto solutions in which the current sheet is thinned and the
derivative to have a major impact on the solution. This sugfeconnection rate is appreciably enhanced.
gests qualitative changes should be apparent when

,32di2 B. Hall MHD annihilation with axial guide field: B=0

(a*+ &d)n We now consider a simple example where we retain the

axial guide fields(y, 6# 0), but let 3— 0. This type of so-
lution corresponds to the “head-on” annihilation of straight
field lines in the reconnection plane and is the case consid-
ered by Dorell!? In this limit k=0, a* = a, a*=a+&d; and

Eqg. (22 reduces to

In addition, there are various conditions ArandB that must
be satisfied if we wish to obtain physically relevant solu-
tions. For example ik >0 andA>0 we requireB>0 to get
localized solutions.

IV. ANALYTIC HALL CURRENT SOLUTIONS a a a
SG’+[<1+—+)82—1iG’+—+S?’G=—+Sz—1. (26)
Although it is not possible to obtain a general analytic a a o
solution of (22), many of the essential features can beyp;g equation has the solution
brought out by examining special cases. These examples
clarify much of reconnection physics, as well as highlighting G(s) = \’Eda\A(ir) (27)
some inherent difficulties. We begin by summarizing the case 2)'

in which the axial guide fields are turned off.
g where we have retained only the off@connectingpart of

A. Hall MHD with no axial guide fields:  y=&=0 the general solution and démy is the Dawson function,
In the casey=6=0 Eq.(22) reduces to daw(z) = e—ffz edt.
(s+ k)G + (282 - 1)G' +s°G=s°-1, (25) 0

and we must taker*=a* in (23). Solutions to this problem In terms of the original variables we have
are developed in the work Craig and WatSoand we , E ,_ a+ &0
present only a summarized discussion here. 9'(0= %daw(,ux), M= 2n (28)
First note that competing effects of the Hall current and
resistivity are combined in the Singie paramete-ic dI2/ . [ln factitis Simpler to derive this solution direCtly fro(ﬁg)
When this parameter is small the problem is resistivelywith 5=0]. Although we may solvé20) for Z(x), we see that
dominated and foik< 1 the solutions are found to display it does not feed back on the planar field in this case. This
only very modest departures from the purely resistige ~COMponent cannot affect the reconnection rate but it will
=0) solution. Hall effects begin to dominate onge-1, and  modify the Ohmic dissipation rate, as discussed in Sec. Il C.
oscillatory behavior develops outside the primary reconnec- As emphasized by Doreflf, we note that solutiori28)
tion layer. Oncex becomes much larger than unity the solu- identifies
tion reverts to a simple standing whistler wave, with a wave-
length proportional ta,. €= (
The key results in this regime are that the Hall effect
thickensthe sheet andncreasesthe peak magnetic field. as the thickness of the current sheet centereck=®. The
These effects are an artifact of the Hall coupling between thanfluence of the Hall term in this example is to enhance the
axial disturbance fiel@ and the planar reconnecting fiedd  electron inflow speedprovided 6> 0) leading to a thinner
In the context of saturated solutioHs:>where the peak field sheet and an enhanced reconnection rate. However, we could
is limited to a maximum value dictated by the driving hydro- equally well chooseS<0 to effect a broadening of the sheet
magnetic pressures exerted at the boundaries, these resutsd a reduction in the merging rate. This demonstrates the
imply a slowing of the reconnection rate. Although the re- point made in Sec. IV A above, namely, the sensitivity of the
connection rate slows for large values of the Hall parametersolution to the symmetry properties of the axial guide field in
the appearance of oscillations leads to marked increases the Hall MHD limit.
the Ohmic dissipation rate due to the presence of multiple Irrespective of whether we thin or broaden the sheet, a
current sheets and the increased contributions of the growingjgnificant modification of the solution due to the Hall
axial field to the Ohmic dissipation rate, sgéd). mechanism requireéd; = a. Sincea defines the strength of
These results are at odds with the findings of many nuthe driving flow it is expected to be of order unity in a fast
merical simulations of Hall MHD that observe marked in- reconnection mechanism where Alfvenic exhausts are antici-
creases in the reconnection rate as the Hall effect begins fmated, and dynamic and magnetic pressures are expected to
dominatesf’5'16’l7AIthough the significantly enhanced recon- be comparable. Remembering tlia& 1 for a typical plasma
nection rates observed in these experiments could be an are see that> 1 is required to achieve an appreciable effect.
tifact of transient effects, we believe that a more likely ex-The implication—unless the veracity of the alternative inter-
planation lies in the differing symmetries assumed in thepretation of Sec. V can be demonstrated—is that a large axial
analytic and numerical merging solutions. As shown belowguide field and consequently high magnetic pressures are

1/2
7
2
o+ 5d|> ( 9)
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required. We conclude that changes in the reconnection rate
are likely to be minor unless the flow magnitude is itself very
weak, that isa<1.

C. Axial field driven reconnection: o*lat—0

Another case where we can make some analytic progress
is the limit a*/ a*— 0 (either by assumingr*=0 or a*
<a*). Now we arrive at a regime where the reconnection is
driven purely by the contribution of the axial guide field to
the electron velocityy* = 5d; (note we must now fix>0 to
ensure inflow of the field carrying electrondn this case
(22) reduces to

Phys. Plasmas 12, 012306 (2005)

]
(s+ kG +(°-1)G' =-1, (30)
. (b)
and the solution can be expressed as a quadrature of the form 8
S
1«k-11 7t
G(s) = j (1+ KUZ)_(1+K)/2K2F1(_ S =i KU2>dU.
0 2" 2k 2 ol
(31 a5l .
] o _ S : s
When(K—l)/(ZK) is a negative mteger,_ th(nT hypergeometrl_c T4 : L
function can be expressed as a terminating series, making @ —_—
closed form solutions possible. The first few valuesccdre 23 /-’
£ - A
k=1: G=tan(s), Z=—/[stanls-In(s+1)]+2Z,; e
Bd 1M
0
1 3s 3 & $£+3 0 10 20 30
k== G=5—, Z=—|-5—+Inl—||+Z; s
3 £+3 Bdi| $+3 3
FIG. 1. Magnetic disturbance fields for axial field driven reconnection with
1 55(52 + 15) a*/ a*—0. (a) The planar disturbance field(s) vs s for various values of
K= gi G= W, «. There is little qualitative change in the structure of the solution in going
(s°+5) from k=0 to x=1/3, however, ag approaches unity the field peak moves
out to infinity andG is no longer localized. Note, the apparent thickening of
E 32(32 -5 1 £+5 the sheet ax is increased is a somewhat misleading artifact of our rescal-
Z=— ? +—=Inf—— |+ Zy, ing. The true behavior of the width of the sheet in terms of the physical
,Bdi 3(s°+ 5) 3 5 variables is more complicate¢tb) The corresponding normalized axial dis-
turbance fieldBd;/£)Z(s) vs s. These solutions foZ have a weak loga-
1 75(354 + 702 + 735 rithmic growth away from the sheet far<1, but oncex=1 they begin to
k=—=: G= 3 , grow linearly or faster.
7 15(s%+ 7)

Z_£{32(534+7052—147)+1| <52+7>]+z-
Tad| T 152+ 73 5" o

growth away from the reconnecting current layer. This im-
plies that for this type of steady solution, the largest contri-

~ S
k=0: G=\2da\/\< ’/—), ZZZO;
V2

bution to the magnetic pressure from the axial field occurs
well away from the current sheet.
Looking at Fig. 1a) we might assume that the sheet

where the solutions foZ are obtained fron{20) by setting
a*=0 and remembering=%d,/(57).
Figures 1a) and 1b) show plots of the field$(s) and

thickness increases monotonically ass increased—once
again implying adecreasingreconnection rate as the effect
of the Hall current is increased. This is not actually the case,

Z(s) for these solutions. There are several features to not&S Our rescaling of the problem is obscuring the true behavior

First, the change in the qualitative structure of the plana
field G(s) is relatively modest as we vary from =0 (the
resistively dominated limjtto x=1/3. However, oncex ap-

pf the sheet width with varying.
The true situation is somewhat more complicated since it
depends on competing Hall effects represented by the in-

proaches unity the solution undergoes a fundamental changiiced and guide components of the axial field. To see this it
and the localized nature of the solution breaks down entirelyis useful to define the sheet width as the location of the
Also, the axial disturbance field has a weak logarithmic maximum ofG(s): we have that
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8 V. PRESSURE LIMITATIONS IN FLUX PILE-UP
.| MERGING
Al The chief problem with the reconnection solutions of the

preceding section is the massive field intensities at the cur-
5r T rent sheet predicted by the various models. The magnitude of
the planar field at the onset of the current sheet for the mod-
els outlined in Secs. IV B and IV C above is given by

at ]
& . az_BZ

+5d;, (35

ol Bsz|g'(x:€)|~—(77a+)1/2, ot = -

1t 1 remembering that

0 ds 0(+ 1/25 &

0 0.2 0.4 0.6 0.8 1 "'X)=—qg'(s)=|{ — | —G(s)=—=5G 36
. g'(x) e () (ﬂ) e () (a2 (s (36

FIG. 2. Aplot of the normalized sheet width xgor axial guide field driven  and noting that the peak value @f(s) is O(1).
reconnection. If the parametess 8, y, , and 7 are fixed then increasing Suppose, for example, that the reconnection &tis

corresponds to increasirdy. If « andd; are small then the effective inflow . . . L
a*=4d, is weak and the sheet is broad. Increasinstrengthens the inflow held fixed asy 1S systematically reduced. Then to maintain

and this initially leads to thinner sheets. However, a point is reached neafn€ reconnection rate—assuming all other parameters are
x=0.4, where the competing effect of the coupling of the induced axialalso held constant—requires a huge flux pile-up figld

disturbance field takes over and it begins to thicken the sheet. =~ Y2 The build up in pressure is even more dramatic—as
we require the background pressugto satisfy p,> 3B2
~ 7t according to(16).
One possibility to keep the pressure at physically realis-
12 12 >\ 1/2 tic levels is to limit the size of magnetic disturbances washed
€=x,= (%) S, = (l) s, = ('B—) s, (33 into the reconnection region. Basically, the disturbance field
&d K& on the outer boundary of the advection regis 1 must
always be small enough to maintain plausible valuesBfor
wherex,, ands,, are the positions of the maximum &f in It is this constraint on the disturbance field amplitude that
terms of thex ands variables, respectively. Howeves,, is limits the merging rate of flux pile-up solutions to physically
itself a function ofx [see Fig. 1a)] that we can obtain by plausible levels. Above this level, the current sheet pressure
solving is sufficient to stall the inflow, saturating the reconnection
rate.
1 g In view of the historical importance attached to fast re-
k=11 . . . . o
2Fl<— -, T K§2“> =0. (34) connection solutions in the formal limig— 0, it is not sur-
2 2 2 prising that attempts have been made to overcome the pres-
sure restriction without saturating the reconnection rate. Two
A plot of (normalized x,, versusk is shown in Fig. 2. We papers in particular, by Jardine and Affeand by Dorelli*°
now see that the sheet width initially decreaémsd the re- deserve special mention. Although these two papers deal
connection rate increaseas « is increased from zero, until with very different problems and are motivated by different
Xm reaches a minimum arounek=0.4. After thatx,,, begins to  considerations, they do share a common theme in that the
increase agaiaccompanied by a decrease in the reconnecflux pileup observed in the planar field near the current sheet
tion rate, finally tending to infinity ask— 1. can be eased by a suitable modification of the merging
Recall that the Hall term makes its presence felt throughmechanism. Jardine and Alildeal with a purely resistive
the axial magnetic fieldZ(x,y)=3dxy+Z(x) in two distinct ~MHD merging problem. Their main concern is to develop
ways. First, the guide field compone#ity acts to increase nonzero vorticity solutions, where the global length scale of
the effective electron inflow velocitfassuming5> 0), while  the background flow can be self-consistently determined.
at the same time the disturbance compor&r) couples to  However, their work implies that the flow amplitude can be
the reconnecting planar fietd These effects were isolated in scaled(by adjusting the vorticity at the inflow boundarje®
the discussions of Secs. IV A and IV B, but now compete forthat a=aq7 * in order to ease the planar magnetic pressure
dominance. If we fixx, B, y, 6, and 7, then increasingc is  buildup. As (35) with 8=6=0 confirms, this does indeed
equivalent to increasing;. Now it is clear that increasing  eliminate the build up oBg, but only at the expense of mas-
corresponds to increasing the effective electron inflow velocsive dynamic pressurgsi2~ 72 in the background flow?
ity o=od,, which leads to thinner sheets and faster recon-  More recently, Dorelfi’ has investigated magnetic merg-
nection. The direct coupling betwe@handg tends to have ing in the context of Hall MHD. His solutiongand those
the opposite effect, leading to broadened profiles for the plapresented hejediffer significantly from Jardine and Allen’s
nar fieldG. Therefore the solutions in this case show a mix-in that the background flow is vorticity-free and hence the
ture of the different behaviors of the solutions outlined inglobal scale of the background flow and field is not uniquely
Secs. IV A and IV B above. determined. In common with Jardine and Allen, Dorelli con-
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cludes that it is possible to mitigate the pressure constraintally. However, it seems likely that the special cases consid-
imposed on the planar field—in his case by using the axiaéred above contain most of the basic features: in particular,
guide field to thin down the current sheet width. However, aghey pinpoint the competing effects of the coupling of the
can be seen froni35), the axial guide field must have the guide and disturbance components of the axial magnetic field
scaling 5= 87! if flux pileup is to be completely elimi- to the planar field.
nated. This huge guide componegitx,y) = 8xy does not ap- An important question concerns the relevance of the ana-
pear in Dorelli's expression for the pressure, which is re-lytic models to reconnection in physically realizable configu-
stricted solely to the inflow axig=0. But substituting for rations. Note that the clear separation of the magnetic and
Z=6Xy in (16), confirms that a severe constraint on the presvelocity fields into disturbance and guide components is an
sure still persists away from the coordinate linesy=0. analytic artifact that is seldom achievable in magnetic recon-
It seems clear, therefore, that Dorelli's suggestion, alongiection simulations. Specifically, since the nonlinear feed-
with Jardine and Allen’s, simply transfers the pressure assdack of the reconnecting magnetic field on the velocity in-
ciated with the reconnecting field component into the flowflow is not represented in the analytic solution, it is
and axial guide fields. In practice, it appears that the besimpossible to capture the complicated transient behavior as-
strategy is to weight uniformly the individual contributions sociated with the nonlinear saturation of the current sheet.
to the static and dynamic pressures in Efp)—in other  Although saturation effects could, in principle, be modeled
words scale the background flow and axial field fieldby retaining higher moments in the expansion of the solu-
strengths so that they mimic the build-up of the reconnectindion, such an approach seems unprofitable given the com-
field Bg. This requires that botlx and § scale asB, which  plexities of the moment system.
from (35) with & fixed, leads to the build-uBs= &7 /5. To our knowledge detailed studies of the saturated cur-
Note that in the case of negligible guide field the prescriptiorrent layer have been performed only for magnetic merging in
a=Bg accords with the classical Sweet—Parker model—thathe classical, resistive MHD approximation. In such cases the
is, the exhaust speed of material ejected from the sheet ey assumption of a quasi-one-dimensional current layer still
determined by the Alfvén speed associated with the magneticolds good, and resistive scaling laws based on the analytic
field B, at the onset of the current lay®r*>®This does not model—assuming a saturated level for the magnetic field in
eliminate the pressure problem altogether, but according tthe sheet—can still be applied for quantifying the bulk
(35) it moderates the build up of the sheet fi@lgleading to energetic§:13 To what extent the inclusion of a generalized
thinner sheets{ ~ 7?3, and faster inflows. Such scalings Ohm’s law, or a truly collisionless description of the recon-
have been repeatedly observed in the presaturation regimesecting current layer, modifies these conclusions is largely
of resistive MHD magnetic reconnection simulatidng° unknown at present. Related work on reconnection in weakly
As a final note we point out that associatidgvith the  collisional plasmas with strong guide fiefdsuggests that in
magnitude of the axial field depends on the fact that we haveome regimes the large scale quasi-one-dimensional sheets
normalized the lengths in our model such that the backean become unstable. This transition may signal the switch
ground field and flow are based on a global length scaleover from one-dimensional current sheets to the cross shaped
However, asé multiplies the hyperbolicky term it really  current structures observed in Hall MHD reconnecfidhi??
represents thgradientof the axial field. If the length scale Watson and Porcefit also find that the effects of electron
of the domain is considered to be microscopic rather thamnertia can postpone, or even eliminate, saturation. These
macroscopic, then clearly théy contribution to the pres- findings suggest that there remains considerable scope for
sure near the off-axis corners of the domain will be muchinvestigating, analytically and numerically, the interplay be-
smaller and will therefore lead to much less severe pressuttaveen weakly collisional current sheets and the large scale
constraints. The drawback with this interpretation is thatadvection region that supports the merging.
there is no way to determine this second microscopic scale of
the solution within the context of the present model. Even so
this modification could provide a link between the formally VIIl. CONCLUSIONS
exact solutions presented here, and in Dorelli, and numerical \We have considered the impact of Hall currents on pla-
simulations that suggest resistivity independent reconnectiofar models of current sheet reconnection. We began by not-
rates in the Hall dominated reginé:**? ing that current sheet models based on a generalized Ohm’s
law can be interpreted as a superposition of transient recon-
necting components onto large scale background guide fields
(see the Appendix A simplified analytic description con-
firms that the influence of the Hall term is intrinsically linked
In this paper we have only examined a subset of thé¢o the symmetries of the reconnection geometry and to the
possible solutions of the full governing E22). These so- orientation of axial guide fields. As a consequence, Hall cur-
lutions show, however, that the addition of axial guide com-rent reconnection allows a far richer spectrum of magnetic
ponents to the magnetic and velocity fields introduces a difmerging solutions than classical resistive MHD.
ferent level of complexity to the Hall reconnection solutions Suppose, for instance, that the axial guide components
first presented in Craig and Wats?)AIthough it is not pos- are turned off. Then the reconnection of the planar field in-
sible to write down a closed form analytic general solution toduces axial disturbance field components, which, in turn,
(22), it is a simple matter to integrate the equation numeri-feed back on the planar solution and thicken up the current

VI. MORE GENERAL SOLUTIONS AND THE
BREAKDOWN OF THE ANALYTIC MODEL
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sheet. This leads to enhanced Ohmic dissipation but only aure of the guide field away from the coordinate axes. In the
the cost of diminishing the reconnection résee Sec. IV A model presented here the best that can be achieved is to
When axial guide fields are present the picture is morébalance the advection of the planar field, governed by the
complicated. The analysis of Secs. IV B and IV C shows thatlectron fluid, to the build up in magnetic pressure in the
the guide field can, depending on its orientation, act to insheet. As discussed in Sec. V, this prescription moderates the
crease or decrease the effective advection of the planar fielgileup, Bs~ 73, and leads to faster inflows and consider-
If the advection is enhanced then the influence of the guid@bly thinner current sheetd,~ 7?3, in the presaturation
field will tend to increase the reconnection rate. However, thgghase of the merging. Alternatively we might interpgeas
direct coupling of the axial disturbance fiefdto the planar the gradient of the axial field and consider that our solution is
field g is still present and this tends to inhibit the merging. Inonly valid on a microscopic region that straddles the recon-
general these two effects compete—and which one ultinection region. This can dramatically ease the pressure con-
mately wins depends critically on the parameters of thestraint if the region size is small enough, but since we have
merging problem at hand. no way of determining this microscopic scale from the ana-
Given that the strength of the guide component is problytic solution itself, the scale must be stpriori from ex-
ably limited by pressure constraints, the guide field enhancegernal considerations. Under this interpretation we are left
ment of the inflow is likely to be important only if the ad- with the problem of welding our analytic “inner” Hall cur-
vection of the planar field by the global velocity field is rent solution onto a large scale outer solution, which does not
weak. This might occur during the early phases of a resistivgignificantly affect the merging dynamics. Although this
instability—in the tearing mode, say, prior to the build up of Mmight be a formidable task, it could provide a useful link
strong fluid velocities—or perhaps in strongly anisotropicbetween analytic Hall current models, such as that presented
configurations, such as the reconnection of weak poloiddnere, and the numerical simulations of Hall MHD reconnec-
field in a toroidally dominated system. tion.
To date the majority of numerical simulations of Hall
MHD have indicated that Hall effects speed up reconnectionACKNOWLEDGMENT
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dependent simulations, the distinction between guide fiel
and disturbance components cannot be sensibly maintained:
the reconnecting fields eventually build up sufficiently to APPENDIX A: MOMENT EXPANSION SOLUTIONS
modify the background flow. However, the effect of different  consider the planar system of Sec. Il B. If reconnection
symmetries on the merging rate has been confirmed in @ to be effective then, in view of the smallness of the resis-
series of numerical experimerftst was observed that strong tiity, current sheets involving small length scales must de-

shear flows across the reconnection layer induced large axigk|op. If the current layer is such tha> d, then it is natural
fields that thicken the current sheet and slow the reconnegy consider an expansion of the form

tion rate. In contrast, in head-on reconnection the current

sheet became thinner and the merging rate was enh&ated ¢ . P (x.t)
the expense of the Ohmic dissipatjon Wi > y" WR(x,t) AL
It is also possible to add the effects of electron inertia ¢ | Sn| Pxt) (A1)

and time dependence into the model. These effects have al-
ready been examined in the related problem of weakly col-
lisional reconnection in the limit of a strong guide fiéfdn in which low order components provide the dominant con-
this problem there are two main regimes: a regime wherdributions.
finite Larmor radius effects dominate, and growing oscilla-  Two key results follow from the moment decomposition.
tory solutions, much like those found in Craig and Wat8on, In the first place the system closes on neglecting second and
develop; and an electron inertia dominated regime, where higher moments, a fact which lies at the heart of all known
single peak localized solution naturally saturates. Watson anadnalytic  reconnection  solutions for incompressible
Porcell?* found that the oscillatory solutions become un- plasmas—and this includes 3D reconnection médéfsand
stable, and the same is probably true of the oscillatory solusolutions involving plane cylindrical coordinates with angu-
tions found in the work by Craig and Watoand discussed lar moment$>2® This result also has echoes in the local
here in Sec. IV A. However, the electron inertia dominatedexpansion involved in the finite time collapse of a compress-
solutions do remain stable. The implication is that quasi-oneible X-point plasmaﬁ7
dimensional reconnection—the classical current sheet Second, if we proceed as below and limit attention to the
model—may break down in certain collisionless limits. “closed” moment system we find that the first order moments
Finally, we addressed the question of whether Hall cur-are autonomous, in the sense that they evolve independently
rents can alleviate the buildup of strong hydromagnetic presef the behavior of the zeroth order fields. What this means is
sures in flux pile-up reconnection. In agreement with Dorelli,that the first order moments can be interpreted in terms of
we find that flux pileup in the planar field can be be elimi- slowly evolving global fields: these “guide” or “background”
nated by invoking a sufficiently strong axial guide field. fields control the transient, high frequency fields associated
However, this solution is compromised by the strong preswith the zero moments. This ordering is somewhat unusual,

Z"(x,t)
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as in a typical expansion procedure we usually associate tigec. Il A, i.e., p=¢%(x) + pL(X)y=¢°(x) + axy. The second
zeroth-order terms with global background quantities and théorm yields slowly evolving background fields, such as those

first order terms with the small scale perturbations. outlined in Ref. 13. In this case if we assume similar forms
for W2, ¢, Z' and consider only odd solutions we find that
The closed moment expansion
. . ¢t ag exp(— \t)
By setting the second order and higher moments to zero WA exp= \q)
and considering just the first two terms in the moment ex- = sin(kx) Yo OXAT M , (A12)
pansion we obtain for the zeroth moments s Bo eXp(— Aat)
zt 8 exp(— N\t
Bt (D) = (W) + VB (A2) XA
whereX;=vk? and \,= 7k?/(1+d?k?). If these solutions are
1\ — /70 e
WE + (WO = (Z0) + W, (A3) o represent global background fields then the wavenuiber
0 01 o 01 5 0 0 1 should be taken to be of order unity. In this case the decay of
Y + ) = it A Z) + A + (™) the resulting guide field is negligiblgecauser and 7 are
+(ZOWh), (A4) typically very smal).
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