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Abstract. In this review paper we discuss several aspects of magnetic reconnection theory, focusing
on the field-line motions that are associated with reconnection. A new exact solution of the nonlinear
MHD equations foreconnective annihilatiors presented which represents a two-fold generalization

of the previous solutions. Magnetic reconnection at null points by several mechanisms is summa-
rized, includingspine reconnection, fan reconnectiandseparator reconnectigwhere it is pointed

out that two common features of separator reconnection are the rapid flipping of magnetic field lines
and the collapse of the separator to a current sheet. In addition, a formula for the rate of reconnection
between two flux tubes is derived. The magnetic field of the corona is highly complex, since the
magnetic carpet consists of a multitude of sources in the photosphere. Progress in understanding this
complexity may, however, be made by constructinggkeletorof the field and developing a theory

for the local and global bifurcations between the different topologies. The eruption of flux from the
Sun may even sometimes be due to a change of topology causenhdrging flux break-outA
CD-ROM attached to this paper presents the results of a toy model of vacuum reconnection, which
suggests that rapid flipping of field lines in fan and separator reconnection is an essential ingredient
also in real non-vacuum conditions. In addition, it gives an examplténairy reconnectiorbetween

a pair of unbalanced sources as they move around, which may contribute significantly to coronal
heating. Finally, we present examples in TRACE movies of geometrical changes of the coronal
magnetic field that are a likely result of large-scale magnetic reconnection.

1. Introduction

Magnetic reconnection is a common phenomenon in the solar corona. Its presence
is most easily inferred indirectly from the formation of connections between bipo-
lar regions that emerged at different locations and times. These connections range
in lengths from hundreds of thousands of kilometers for coronal loops between
distant active regions — many even crossing the equator — down to only thousands
of kilometers in so-called coronal bright points that form between magnetic con-
centrations in the quiet-Sun network. For example, we refer to TRACE movies by
Schrijveret al. (1999) for a detailed movie of an emerging active region, and to
EIT/MDI studies of coronal bright points by Schrijvet al. (1997). These stud-

ies show that regions as far apart @s10° km can reconnect within about 10—

12 hours, even if the fields in question are not forced together very closely in the
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solar surface. These and past studies with, for exangiglaband Yohkoh have
demonstrated that apparently the mere presence of distant fields inevitably leads to
reconnection.

The high-resolution, high-cadence TRACE observations (see Hstrady 1999
for a description of the instrument) add new information because we can actu-
ally see loops deform and bend towards the nearby field. Even the macroscopic
consequences of actual reconnection in progress still escapes detection, because
generally loops fade in a matter of hours or even less, only to reappear in one
of the narrow thermal pass-bands visible to TRACE. This is generally after the
reconnection has been completed and the new loops are in place, roughly in the
shape they will retain for some time after the reconnection.

Both the observational and theoretical aspects of reconnection are huge sub-
jects, as can be seen from the vast literature on them (see a new book by Priest
and Forbes, 2000, for references). In this review we shall be able to touch on a few
aspects only briefly. Section 2 presents some new exact solutions, while Section 3
describes the mechanisms for reconnection at a three-dimensional null point where
the magnetic field vanishes. Then Section 4 discusses the highly complex topology
of the coronal magnetic field and Section 5 presents a simple toy model for vacuum
reconnection in response to the motion of magnetic sources in the solar surface.

2. Exact Solutions for Steady Two-Dimensional Flow

While most of this paper is concerned with three-dimensional reconnection, the
search for exact solutions is one of the key remaining areas of two-dimensional
reconnection that remains to be developed.

We have been having fun for the past couple of months looking with Slava Titov
for new exact solutions of the steady two-dimensional MHD equations, namely
Ohm’s law

E+vxB=nVxB, ()

whereE is the (uniform) electric fieldy the plasma velocityB the magnetic field
andn the magnetic diffusivity, and the equation of motion

2
p(V-V)V=—V(p+B—)+(B’V)E, (2)
2 u

wherep is the plasma pressure,the density (assumed constant), and
V-B=V.v=0.

2.1. MAGNETIC ANNIHILATION

The simplest exact solution is for magnetic annihilation and has been known for a
long time (Sonnerup and Priest, 1975). A stagnation-point flow
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Figure 1.(a) The magnetic field lines (solid) and streamlines (dashed) for magnetic annihilation. The
region of strong current is shaded and has a widtlft) The resulting magnetic field profile.

Ux = UyeX, Uy = —Uxey (3)
(with v, constant) carries in a unidirectional magnetic field

towards the origin (Figure 1), where a one-dimensional curjénj is concen-
trated. Equation (2) is satisfied identically and Ohm’s law (1) becomes

dB

a )

which determines the unknown functidx) as

B(x) = By, /_2}7“"“ daw (x _2“,;“) (5)

in terms of the Dawson integral function

E+v.xB=n

X
dawm(X) = e X / ¢ dr .
0
For this solution, it is possible to prescribe theomponent of velocityv,,) and
y-component of magnetic fields,.) at a fixed pointix = 1, say) on they-axis.
2.2. RECONNECTIVE ANNIHILATION

Much more recently, Craig and Henton (1995) generalized this to give a solution
for reconnective annihilation by adding new terms to (3) and (4) to give
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Vye

Ux = UyeX, Vy = —Uyxey — A/O(X) ’ (6)
ye
and
B, = v, 22x, B, =—v ky—A/()c) 7)
X xe Byg s y xe Byg 0 .

The equation of motion is again satisfied identically by this form and Ohm’s
law determines the unknown functiot,(x) to be

E
Ap(x) = —— daw (hx) (8)
nA
where
2 — E
2nBy,

The currentj (x) is still in the form of a one-dimensional sheet and the streamlines
represent an asymmetric stagnation-point flow that carries the field lines into the
sheet and reconnects them there (Figure 2).
In this case the)-component of velocityv,.) may be prescribed &t 0) in
addition tov,, and By,. In terms of a stream functioyy) and flux function(A),
such that
v oY IA  0A
(UX’ Uy): - A ) (Bx, B_})= ~ T T~ )
ay ox ay ax
the solutions are

A= Ap(x) + vxekxy , 9)
By,
Vye
K/f = B AO(X) + VyeXy , (10)

ye
which represent linear combinations of the one-dimensidAa(x)) and hyper-
bolic (xy) forms.

2.3. MORE GENERAL EXACT SOLUTIONS

We were fortunate to discover much more general exact solutions of the form
A= Ap(x) + A1(x)y , (11)
¥ = Yolx) + ¥a(x)y, (12)

involving four unknown functions ok. It transpires that Ohm'’s law reduces to
two equations for these functions and the equation of motion implies another two
functions. Furthermore, we can prescri®easB, . at(1, 0) in addition to imposing
Vxe, Uye, Bye @and we can also prescribe the value of a parametérhe Craig—
Henton solution has,, = v,,vy./By. andy = 1.

With the form (11) and (12) Ohm’s law becomes
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Figure 2.The field lines (dashed) and streamlines (solid) for reconnective annihilation. An asymmet-
ric stagnation point flow brings field lines in from the two sides to an infinitely long current sheet
(shaded), where they are reconnected.

E + yn(—Ay — ALy) + (Yg + ¥iy) = n(—Ag — Aly) ,

in which some terms are just functionsofind so sum to zero, while other terms
are of the formy times a function ofc and so they also sum to zero to give the
second of the required equations. If we set the constardad p to unity for
simplicity, the combinatiorM = (v- V)v — (B - V)B in the equation of motion
has itsx-component a function of alone, while they-component is of the form

My = f(x)+ yg(x) .

Thus, the equation of motion implies partly that
V-M=-V?p,

which determines the plasma pressure, and partly that

VxM=0,



6 E. R. PRIEST AND C. J. SCHRIJVER

which implies that the above function&x) andg(x) are constant$—! and —k,

say).
The resulting four equations are

—ynA} + Y1AL +7A] =0, (13)
Y2+ yy] + AR - A =k, (14)
E — y1AG+ ¥oA1+nAg =0, (15)
YW — YoV, — AgAL+ ApAy =1 . (16)

The first two equations determing (x) andA;(x). They are nonlinear, bagis the
dimensionless magnetic diffusivity (the inverse of the magnetic Reynolds number)
and is very much smaller than unity. A boundary-layer solution may therefore be
found by the method of matched asymptotic expansions. Equations (15) and (16)
are linear imy; and A, and so may be solved by standard techniques. At present
we are determining the properties of the solutions and extending them to three
dimensions (see Priest al,, 1999, for further details).

3. Reconnection at Three-Dimensional Null Points

Reconnection in two dimensions is now fairly well understood, but when we go
from two dimensions to three dimensions there are many new features. For exam-
ple, the structure of null points where the magnetic field vanishes is quite different
(Figure 3). An isolated field line calledspineapproaches (or leaves) the null point
from above and below along theaxis in Figure 3. Also, a set of field lines called
afansurface leaves (or approaches) the null from the side in thglane.

Several different types of reconnection are possible in three dimensions at a
null (Priest and Titov, 1996)Spine reconnectiomas the current and therefore
the dissipation concentrated along the spine, wheli@aseconnectiorhas them
concentrated in the fan surface. When two nulls are present, their fans in the generic
case intersect in a special magnetic field line calledaratorthat links from one
null to anotherSeparator reconnectiotihen tends to have the current concentrated
in the separator.

These results are based largely on geometric arguments and on kinematic stud-
ies, in which the motions of field lines in response to boundary motions are ana-
lyzed. The feedback in the equation of motion of the magnetic forces associated
with the presence of currents is neglected in this analysis, but it is not expected to
change the present qualitative understanding from the induction equation alone.



ASPECTS OF 3-D MAGNETIC RECONNECTION 7

(b)

b4
N Separator
]

(@)

Figure 3.The structure of (a) a three-dimensional null point and (b) the separator joining two nulls.
The fan surfaces are indicated schematically by shaded disks.

3.1. SPINE AND FAN RECONNECTION

Surround a null point by a cylindrical surface with its axis parallel to the spine and
consider first what happens in a vertical plane through the null where the magnetic
field lines have a simple X-type topology. If the footpoints of the field lines on
one side move down continuously, while those on the other side move up, then the
field lines in that plane will just reconnect in the classical two-dimensional manner
(Figure 4(a)). A similar process takes place in all the other planes through the spine,
but what happens to the flux surfaces? You form a flux surface by taking a series
of footpoints on a curve and constructing the field lines through the footpoints.
Suppose, for example, that you take a circle of footpoints on the curved surface of
the cylinder (Figure 4(b)) and move it down continuously through the fan (Figure
4(b—d)), while another circle on the opposite side of the fan moves upward. Then
two flux tubes approach one another and reconnect in the way shown in Figure 4.

In spine reconnection, you impose continuous footpoint motions across the fan
and this generates a singularity along the spine. By comparison, for fan recon-
nection continuous footpoint motions are imposed on the top and bottom of the
cylinder across the spine. This generates a singularity in the fan. The reason is
that small motions of the footpoints across the top produce rapid flipping of the
field line footpoints on the curved surface just above the fan around-thas,
whereas simultaneous motions of footpoints on the top produce rapid flipping
of their footpoints in the opposite direction just below the fan (Figure 5). Such
flipping is associated intimately with the reconnection and is a common feature of
the simple vacuum experiments described in Section 5.
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@

Figure 4. Spine reconnection, showing (a) motions of field lines in a plane through the spine and
(b)—(d) motions of flux surfaces in response to the motions of field-line foot-points on the curved
surface of a cylinder surrounding a null point with its spineakis) and fan{ = 0 plane). As the
foot-points (e.g., A, B and C) on the right-hand part of the surface move down and the corresponding
points on the left-hand part move up, so two flux surfaces approach the null point (b), touch at the
null point (c) and are reconnected to form two new flux tubes (d).

3.2. SEPARATOR RECONNECTION

Consider two null points with their fans intersecting in a separator (Figure 6). Just
as X-points in two dimensions can collapse to form a current sheet, so in three
dimensions a separator tends to collapse to a current sheet in response to footpoint
motions and therefore reconnection tends to take place in it. In a plane normal to the
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Figure 5.Fan reconnection, showing motion of (a) a field line and (b) a flux surface in response to
motions of footpoints across the top and bottom boundaries of a cylinder surrounding a null point at
the origin. In (a) a footpoint moves across the top of the cylinder from right to left and makes a field
line (which always lies in a vertical plane through thexis) rotate around theaxis. In (b) a row of
footpoints parallel to the-axis marches across the top from right to left in the negatigérection,

and the flux surface through those footpoints is distorted as it is reconnected.

Figure 6.Collapse of a separator to form a current sheet (shaded).
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flipping

Figure 7. Rapid counter-flipping of field lines caused by small footpoint motions on the left- and
right-hand sides of a box. One null point and its spine lies on the top side and another lies on the
bottom of the box. Footpoints move from 1 to 2 to 3 on the right-hand side and frem®1to 3 on

the left-hand side. This forces the field lines through those footpoints to flip from the back of the box
(1b and 2b) to the front (3f), and vice-versa, and to reconnect at the lower null point.

separator, the field lines have an X-type topology (Figure 6(a)), and so when these
field lines collapse they form a current sheet all along the separator (Figure 6(b)).
This process may well be driven or reinforced by the natural tendency for the null
points at the ends of the separator to collapse themselves (Petrrzll 1996).

Also, it can be seen that the current sheet tends to be inclinet4ab the two fan
surfaces. See Galsgaathl. (paper presented at SOHO-9 Workshop in Monterey)
for a numerical experiment illustrating this behavior. Once a current sheet forms,
reconnection will inevitably take place, but if the sheet is small the behavior of the
field lines outside the vicinity of the separator may be well described by a kinematic
or vacuum model.
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Suppose we surround the pair of nulls by a surface such as a cube and impose
footpoint motions on the surface. Then the nature of the reconnection depends on
the nature of the footpoint motions. For example, if smooth footpoint motions are
imposed across both spines, then the current will tend to be concentrated in both
fans and therefore especially in the separator. On the other hand, if continuous
motions are imposed across the upper spine, say, and the lower fan, then fan re-
connection at the upper null and spine reconnection at the lower null will occur, as
in Figure 7. Here the solid field line has a footpoint that moves from point 1 to 2
to 3 on the right-hand side of the cube, while the other end rapidly flips from the
back face to the front face by reconnecting at the lower null. At the same time the
dashed field line has one footpoint that moves frdno12 to 3, while its other
footpoint rapidly flips in the other direction from the front face to the back face.
This counter-flipping is an important feature of fan and separator reconnection.

3.3. RATE OF RECONNECTION IN THREE DIMENSIONS

The theories for the various mechanisms for reconnection in three dimensions
have not yet been developed enough to determine the rate of reconnection, but
at least we can generalize the Sweet—Parker estimate from two dimensions into
three dimensions. In two dimensions, one simply considers a diffusion region of
width 27 and length Z with magnetic flux being brought in from the sides with
field strengthB; at a speed; and expelled at the Alfvén speedh]. For a steady

balance between inwards advection and outwards diffusion
n

==, 17
b= 7)

and for a balance of mass flowing into and out of the sheet

v;iL = val . (18)
Eliminating! gives the standard Sweet—Parker reconnection rate
VA
Vi = —> , (29)
Ry
where
L
R, — Lva
n

is the magnetic Reynolds number based on the length of the current sheet and the
Alfvén speed.

Suppose that two flux tubes of field stren@hinclined at an anglé are ap-
proaching one another at a spaednd interact in a disc-shaped current sheet of
radius L and thickness 2 (The analysis may easily be repeated for other-shaped
sheets.) As in two dimensions the speed of approach of the field lines is simply the
speed of diffusion in the sheet of widthso that
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Figure 8.The three-dimensional reconnection of two flux tubes inclined at an &nglee field lines
of one tube are shown on the front side of a disc-shaped diffusion region and of the other tube behind
the disc.

w:?. (20)
The mass entering the sheet through two surfaces ofatéat speed; must bal-
ance the mass leaving at speggdsay, through the curved surface of ared 2« 2/,
and so

viwL? =27 Llvy . (21)

However, what is the outflow speegl? The magnetic field in the center of the sheet
iS B; cos%@ and so transverse pressure balance across the sheet as the magnetic
field decreases fromB; to B; cos%@ implies that the pressure in the center of the
sheet is enhanced by an amount
2 2 2
BE B o21p = B i1
2u 2u 2 2 2
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over the external pressure. Such a pressure will accelerate the plasma to ayspeed
such that

B?
1pvd = =~ si 1o

21
as it flows from inside to outside the sheet. Thus
vo = va SiN 36, (22)

whereva = B;/+/(up).
Equations (20)—(22) therefore determine the reconnection rate as

v .
v = RT%,/(Z sin 10) . (23)

Thus, the reconnection rate varies witand has a maximum value (when the fields
are anti-parallel) that is/2 times higher than in two dimensions, since plasma can
escape from the sheet in the third dimension.

How does the shape of the current sheet affect the reconnection rate? If the
circular shape is replaced by a square of didend the flow is still axisymmetric,
Equation (21) for mass conservation is replaced by

v L? = 2Llvg
and so there is no change in the reconnection rate. On the other hand, consider a

separator current sheet of width @&hd breadth 2 stretching a distancg, along
the separator from one null to another. For this, mass conservation becomes

v;LyL = vol L

if the flow is roughly two-dimensional and exits the sheet in a direction perpendicu-
lar to the separator. Therefore, we recover the usual two-dimensional reconnection
rate

UA

Vi = —5 . (24)
Rl/2

This gives the reconnection rate in a sheet of given lengyhbut in many appli-
cations it is the rate at which the fields approach that is given, in which case this
equation simply determines the size of the current sheet as

nva
V;
or in dimensionless form
L 1
— ==, (26)
Le M,' Rme

whereR,,. = L.va/n andM; = v; /va in terms of a given external scale.
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4. The Magnetic Topology of Coronal Magnetic Fields

On the Sun’s surface there are many magnetic fragments that act as sources for
the overlying coronal magnetic field and so the topology of the coronal field is
extremely complex. The way to try and understand this complexity is to focus on
theskeletorof the magnetic field, which we define to be a set of null points together
with a network of spine curves and a collection of separatrix fan surfaces.

4.1. TOPOLOGY DUE TO2, 30R4 SOURCES

In two dimensions separatrix curves divide the plane up into topologically distinct
regions (e.g., Figure 9(a)) in the sense that all the field lines in one region start at
the same source and end at the same sink. Separatrix curves intersect in X-type null
points, which are weak points in the field where current sheets tend to form and so
magnetic energy is dissipated by reconnection with magnetic field lines crossing
the separatrices from one region to another.

In three dimensions, in a similar way, separatrix surfaces divide the volume into
regions of different topology. This time the separatrices intersect in a curve known
as aseparator which starts at one null point and ends in another null point (Fig-
ure 9(c)). Again the null points and the separator are locations in the configuration
where the magnetic energy tends to dissipate due to the creation of current sheets.
Reconnection now transfers magnetic flux across the separatrix surfaces from one
region to another.

We have been building up an understanding of complex topologies by consid-
ering the structure of the magnetic fields due to two, three, and four sources. For
two unbalanced sources there is a null, a spine and a separatrix fan surface which
arches over to form a dome from the null point to the larger source (Figure 10).
This may at first sight seem to be an uninteresting case, since as the sources move
about the magnetic flux joining them remains constant. However, reconnection still
takes place, since individual field lines will change their connectivity, by a process
referred to adbinary reconnectionThis binary interaction of pairs of unbalanced
sources may well produce a substantial amount of heating in the overlying corona.

For three unbalanced sources the magnetic field is surprisingly rich, since there
are six different topological states (Figure 11), the simplest of which has two sep-
arate separatrix surfaces. Transfer from one state to another is eithelobsl a
bifurcation in which a pair of null points is created or destroyed or byl@bal
bifurcation when often a separator is created or destroyed without the number of
null points changing (see Brown and Priest, 1999, for details).

4.2. ERUPTIONS BY EMERGING FLUX BREAKOUT

It is even possible that eruptions (to produce jets, flares or CME’s) may be caused
not by an instability but by a change in topologydayerging flux breakoBungey,
1995). For example, consider the two-dimensional field due to a small dipole (with
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Figure 9.Separatrices in two- and three-dimensional magnetic fields.
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Fan Separatrix

Figure 10.Skeleton of two unbalanced sourcegafred, showing the null, the spine and field lines
(thick) in the fan and field linestitin) above and below it. The separatrix fan surface intersects the
plane of the sources in the dashed curve.

sources attr, on thex-axis) inside a larger dipole (with sources#l on the
x-axis), as shown in Figure 12. Initially, there are two null points on.tkexis
(Figure 12(a)). Now, consider what happens as the strength of the inner dipole
increases due to the emergence of new flux. First of all, the nulls coalesce (Fig-
ure 12(b)) and bifurcate to a new topology with a null ring so that in a vertical
plane there is an X-point above theaxis (Figure 12(c)). As the flux continues
to emerge, the field lines reconnect and the X-point rises. Eventually, it reaches
infinity and there is a bifurcation to another topology shown in Figure 12(d). A
similar process takes place when the sources are non-collinear, but now the X-line
becomes a separator, as shown in Figure 13 where the sources on the plane are
indicated by stars and the spines coming from the nulls by thick curves. Initially,
the skeleton has two separate domes (Figure 13(a)) with two null points. At a
critical point the nulls become connected and a separator is born by a global sepa-
rator bifurcation (Figure 13(b)). Subsequently, as the flux continues to emerge, the
separator, representing the intersection of the two domes, rises (Figure 13(c)) and
eventually there is another global bifurcation to a new topology with the separator
having erupted to infinity.

Although this model does cause flux to move outwards to infinity, it does so in
a continuous manner and so does not produce the rapid reconnection and explosive
rise needed for a solar eruption. Perhaps that additional feature would be present
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Figure 11.The magnetic topologies due to three sources seen from above. The sources are shown by
stars, the nulls by large dots, the spines by thick curves and the separatrix fans by dashed curves.

in a similar force-free model, when the energy stored in closed regions could be
released as they erupt.

5. Toy Model for Vacuum Reconnection

We have constructed a simple toy model for vacuum reconnection driven by the
motion of photospheric sources and have presented the results in the accompany-
ing CD-ROM. We calculate the potential magnetic field due to two, three or four
sources in the solar surface and then extend it to a many-source case in which the
surrounding fields generally limit the motions of the field lines in response to the
footpoint motions to much smaller amplitudes than in the few-source case. The
sources are slowly moved around and we assume that the field remains potential.
Although this is an oversimplified model, the resulting motion of the field lines is
instructive and it is a useful preliminary for a resistive MHD numerical model that
we are planning to undertake.

First of all, we consider a simple model bfnary reconnectiondue to the
motion of two sources (Figure 14(a)). The right-hand source is the larger and it
performs an orbit around the other source, during which we keep the directions
constant of most of the field lines from the larger source. The way in which the
field lines reconnect by changing from being open to closed and back to open can
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(a) (b)

Figure 12.Emerging flux breakout in two dimensions due to an increase in magnetic fhkwpand
rp.

be seen clearly. (Of course, if the field lines are potential, we cannot prescribe both
footpoints of a field line as the sources move around, and so the choice of which
field line directions at the source to keep fixed is entirely arbitrary.) Then we added
a third (Figure 14(b)) and fourth (Figure 14(c)) source and as the sources move
slowly around, a rapid counter-flipping of the field lines can be seen due to fan
reconnection or separator reconnection. The flipping occurs as they reconnect and
move close to the separatrix surface.

These simple experiments demonstrate a fundamental property of magnetic
fields in association with magnetic reconnection: for reconnection that occurs on
scales comparable to or larger than the characteristic separation of the magnetic
poles (i.e., excluding the reconnection associated with small-scale footpoint motion
resulting in what is generally described as field-line braiding), there are motions
of pairs of field lines towards and later away from the reconnection site. In the
simple simulations shown in Movie | on the CD-ROM, vacuum reconnection oc-
curs through null points as field lines move through separators (the intersections of
separatrix surfaces) whenever two pairs of field-line segments exchange connec-
tivity at the reconnection location. The simulations suggest that most of the time
field lines move through the coronal volume in response to source motions with
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Figure 13.Emerging flux breakout in three dimensions.

speeds comparable in magnitude to that of the footpoints themselves. Just prior to
reconnection, however, field lines approach the separator and slide past it often with
a substantially increased speed. That speed decreases again after reconnection as
the (new) field lines move away from the separatrix surface in their new domain of
source connectivity. The potential-field simulations of the quiet-Sun corona (i.e.,
in a mixed-polarity region) suggest that the velocities just prior to and just after
reconnection could easily be an order of magnitude larger than the source speeds
(to be confirmed by detailed resistive-MHD simulations). In an active region, the
velocities are generally much smaller because of the many surrounding sources
of like polarity (as in the last segment of Movie I), but, in favorable conditions,
substantial velocities can be expected there too.

6. Observations of Rapid Loop Motions

TRACE movies often show what appears to be the shifting of bright loops through
the coronal volume. Schrijvest al. (1999) pointed out that the interpretation of
this meandering is in many cases ambiguous: it may be caused by the geometrical
evolution of the field or alternatively by the weaving of the heating through the
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Figure 14.The configurations studied in the CD-ROM.

coronal volume, shifting around for periods of up to a few tens of minutes and
lighting up subsequent field lines. In fact both appear to occur.

In this section we concentrate on a sample sequence showing what appears to
be shifting loops. Movie Il on the CD-ROM shows a 9-h sequence of observations
taken with TRACE in the 171 A passband (sample images are shown in Figure 15).
If played at a sufficiently large speed, the movie gives the distinct impression that
loops are shifting through the corona, even though most individual loops can be
followed for only a limited duration.

The most prominent examples of the motion of loops are identified in Figure 15
as D1 to D4. The loops labeled D1 in Figure 15(a) and D2 in Figure 15(b) shift
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Figure 15.Four frames (numbers 95, 226, 276, and 354) taken from Movie Il on the accompanying
CD-ROM. The images are taken with TRACE in the 171 A passband, on 24 April 1999. The times
are given in the lower left-hand corner of each panel. The image covers @80 pixels; one pixel
corresponds to 0.5 arc sec. The tick marks are spaced by 100 pixels. North is up. The location on
the disk is represented by a rectangle on the analogue clock. The bars in the lower right-hand corner
are 15000 km in length. The labels mark the following details discussed in the text: D4, loop
displacements; F, the lower segment of a fan of high-arching loops; M, moss following a flare; R,
reconnecting loops.

with an average speed of somewhat over 3 krh & view of the potential-field
simulations discussed in Section 5, we point out that, as the loop ensemble near D2
shifts southward, loops near D3 appear to shift northward at about the same speed
(these are possibly the same loops that initially moved south starting at D1, but this
identity is hard to establish). The loop movement is substantially larger than the
typical speed at which loop footpoints are moved, particularly when averaged over
1.5 hr. This fact, and the apparent counter-moving loops at D2 and D3 appear to
match the predictions of the potential-field simulations, and thus support the notion
that some persistent (although possibly intermittent) reconnection of the large-scale
field occurs even in the absence of obvious flaring. Such rapid loop motions can
occur without a major reconfiguration of the large-scale field. In this respect it is of
interest to note that the loop fan labeled F, anchored near the apparent footpoints of
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loops near D1, D2, and D3, evolves in brightness throughout the movie, but does
not change noticeably in shape.

That flare-like activity is also associated with large-scale reconnection is also
evident from the movie. Around 00:20 UT on 25 April 1999 (frame 338 in Movie I1)
a patch of rapidly evolving ‘moss’ (emission from the top domain of the transition
region, see Schrijveet al. (1999) for a description) develops in the lower-left
corner of the images (near label M in Figure 15(d)). Such moss is often associated
with flares (which are often missed or seen with difficulty with TRACE because
of its soft bandpass). Large-scale reconnection appears to occur for the loops near
label R: the distortion that occurred throughout the movie is seen to accelerate and
the loops seem to swing around from an eastward to a westward direction.

7. Conclusions

We have presented the essence of a new exact solution for reconnective annihi-
lation, whose detailed properties will be reported in future. Also, the process of
reconnection at 3D null points by spine reconnection, fan reconnection and sep-
arator reconnection is described. In particular, separator reconnection may follow
the natural collapse of the separator into a current sheet. Furthermore, the rate
of reconnection of two approaching flux tubes is estimated. It is stressed that the
enormous complexity of the coronal magnetic field may be unraveled by focusing
on the skeleton of the field. In particular, reconnection events such as heating of
bright points may be triggered by changes of topology (see Brown and Priest,
1999).

There are many observational signatures of reconnection, including:

— heating (as in for instance nanoflares, see Parnell and Aschwanden, these
proceedings);

— fast jets of plasma (such as those seerytlykoh(Shibataet al., 1996) and
as explosive events by Sumer (Inregsal., 1997));

— cusps and interacting loops (especially by the Soft X-ray Telescoeliwoh
(Yoshida and Tsuneta, 1976));

— the creation of twist in a loop by the conversion of mutual magnetic helicity
to self-helicity (see Chae, these proceedings); and, as we have seen, rapid motions
of field lines, especially near separatrix surfaces (see the attached movie).

Now, what is likely to happen in quiet-Sun large-scale (i.e., non-braiding) re-
connection in response to source motions? Energy that is released in such a recon-
nection process is deposited on the field line immediately following reconnection.
That energy is likely to reach the chromosphere (either as particle beams or through
conduction) within a few minutes for typical quiet-Sun field lines. Chromospheric
material then rises into the loop by the increase in the pressure scale-height on
a time-scale of a minute or so, upon which the loop becomes visible in the EUV
passband. The energy that is deposited in the reconnection process is radiated away
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on a time-scale that is substantially longer than the conductive time-scale. The
visibility of the loop at any one temperature (i.e., in a narrow-band instrument such
as TRACE) will be shorter than the cooling time-scale, depending on how fast the
temperature decreases through the range for which the instrument is sensitive.

If the large-scale reconnection in response to substantial footpoint motions were
to deposit a significant fraction of the coronal energy budget along the recon-
necting field lines, these should consequently show up as they move through the
coronal volume. If this heating were fairly continuous, then a set of successively
heated field lines should light up outlining a shell-like surface in the vicinity of
the separatrix surfaces. If the heating were intermittent, then rapidly moving loops
would be seen, shifting over several thousands of kilometers in a quarter of an hour
(the typical radiative cooling time-scale). Neither appear to be observed in quiet-
Sun movies, but we still need to establish whether the cadence and sensitivity of
TRACE suffice to see the expected displacements, or whether there are indeed
expected to be only a few overlying separatrix shells in any line of sight so as not
to drown the signal of any individual shell in the overall emission. But while await-
ing these results, it seems that the observations to date do not support the notion
thatlarge-scalereconnection in response to substantial footpoint displacements is
responsible for a substantial fraction of the coronal heating over quiet Sun. Instead,
it may well be caused by small-scale reconnection in many current sheets spread
throughout the volume.

Clearly, our exploration of the many new features of three-dimensional recon-
nection has only just begun (Priest and Forbes, 2000) and will continue to be a hot
topic in future.
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