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Abstract. Magnetic reconnection is known to be an important energass mechanism in
many solar, stellar, magnetospheric and astrophysicalgshena. Also it is the only way in
which magnetic fields can change their topological strectReconnection in three dimen-
sions is not well understood. In particular, knowing wheme &ow reconnection is going
to occur and at what rate it occurs at is not generally obviousne-dependent 3D resis-
tive MHD systems. In order to find answers to the above questibe simple interaction
of two opposite-polarity magnetic sources in an overlyimgdfis considered. This simple
interaction represents a typical building block of the Sumagnetic atmosphere. By fol-
lowing the evolution of the skeleton of the magnetic field wea@ble to explain where, how
and at what rate the reconnection occurs in this buildinglotif the Sun’s magnetic field.
Remarkably there were found to be up to five energy release aitd the reconnection rate
is significantly higher than one would expect.
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1. Introduction rapidly released and converted into thermal en-

) ) ] ergy, bulk plasma motions and the accelera-
Magnetic reconnection is a fundamentajon of particles. Secondly, it is the mechanism
plasma physics process that is central to mamy, which global restructuring of the magnetic
phenomena on the Sun, such as solar flargg|d may take place. Indeed it is this restruc-
CMEs, coronal heating, nafmicroflares, X- tyring that facilitates the release of energy by

ray bright points, explosive events and the sgqliowing the magnetic field to access a lower
lar dynamo. It is also an extremely imporenergy state.

tant mechanism in the magnetosphere where is

plays a key role in linking the magnetic fields  Clearly, reconnection operates on a wide
from the Sun and Earth and in powering fluXange of scales from kinetic to MHD. The
transfer events and substorms. It is also VePhysics at the kinetic scales govern the por-
important in many astrophysics applicationgoning of the released energy into its various
such as accretion discs, stellar flares and corgew forms and play a role in determining the
nae, astrophysical jets and stellar dynamos. rate of reconnection. MHD determines where

Magnetic reconnection is important for twothe reconnection takes places and hence where
key reasons. First, it is a mechanism by whicthe energy is deposited and aldteets the re-
energy stored in a magnetic field may beonnection rate.
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Two-dimensional reconnection has beeBun’s surface, drive these photospheric flux
studied in detail and is relatively well under{features towards downflow regions at the con-
stood, especially in the solar and magnetaergence of three or more cells. These pho-
spheric contexts, however our knowledge absphere motions result in the following be-
three-dimensional reconnection is no wherkaviours being displayed by the flux features:
near as advanced. In the following sectionf) emergence, in which pairs of features,
| shall consider, from an MHD perspectivewith equal but opposite-polarity flux, appear;
both where and at what rate reconnection také¢i§) cancellation, the disappearance (generally
place in the solar corona. First though | shathrough submergence) of equal amounts of flux
determine an estimate of how much reconnefrom a pair of opposite-polarity features; (iii)

tion occurs in the quiet-Sun corona. coalescence, the merging of two like-polarity
features creating a larger feature and (iv) frag-

2. How much reconnection is there in mentation, the splitting of a large feature into
the solar corona? two or more smaller features. Clearly, all these

changes in photospheric flux cause changes to
The entire surface of the Sun is threaded e intermingled magnetic loops in the atmo-
magnetic fields that are directed both into angphere above leading to the redistribution of
out of the Sun. The magnetic field is clumpedlux between features — that is these flows and
into numerous photospheric flux features thdlux changes drive magnetic reconnection.
range from large sunspots with fluxes of about To estimate the time it takes to com-
1079 Mx (Schrijver & Harvey, 1994) down to pletely redistribute all the flux between the
tiny intranetwork fields with just 1§ Mx or features during solar minimum Close et al.
less (Wang et al., 1995). These photospher{2004; 2005) considered a 12 hr series of
features, both small and large, are the feet dfigh-resolution MDI magnetograms. All pho-
magnetic loops that are intermingled and exespheric magnetic features were identified and
pand to fill the whole of the solar atmospherehen tracked in time. Their birth mechanism
(Figure[d). (emergence or fragmentation) was noted, as
was their death mechanism (cancellation or co-
alescence). Potential field extrapolations were
then used to determine the connectivity of
the photospheric flux features. By assuming
the evolution of the field through a series of
equi-potential states the observed connectiv-
ity changes were coupled with the birth and
death information of the features to determine
the coronal flux recyclingeconnection time.
Remarkably it was found that during solar
minimum the total flux in the solar corona
completely changes all its connections in just
1.4 hrs (Close et al. 2004; 2005). A factor
of ten times faster than the time it takes for
all the flux in the quiet-Sun photosphere to
be completely replaced (Schrijver et al. 1998;
Fig. 1. Potential magnetic field extrapolationHagenaar, 2003).

from a quiet-Sun magnetogram. The colours
on the fieldlines indicate their height above the _
photosphere. 3. Where is the energy released?

Clearly, the above result suggests that there is
Supergranular and granular flows, overa massive amount of reconnection going on
shoots of convection cells from below theall the time throughout the solar atmosphere,
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S patatiix cifve up what is known as the magnetic skeleton of

a three-dimensional magnetic field. For more
information on the elements that make up a
magnetic skeleton see Cowley (1973), Fukao,
Ugai and Tsuda (1975), Greene (1988), Lau
and Finn (1990), Parnell et al. (1996) and Priest
and Bungey (1997).

Magnetic reconnection generally involves
the transfer of flux between four flux domains.
(2} Hence, reconnection in three dimensions is
likely to occur at separators since they form
the boundary between four flux domains. The
magnetic skeleton, which includes all the fea-
tures that enable us to identify separators, as
well as the separators themselves, is a very
useful tool for identifying the locations of en-
ergy release within an evolving magnetic field.
Below we give an example illustrating the use-
fulness of the magnetic skeleton to furthering
our understand of everighenomenainvolving
reconnection.

Separatrix surface

MNull point
4. Resistive MHD interaction of

N opposite-polarity flux features

Fig. 2. Sketch showing the key features of a

typical (a) 2D and (b) 3D magnetic skeleton. N o

but a key question is where is this energy re-
leased? The simple answer is where current
sheets form. Current sheets arise due to gra-
dients in the magnetic field which can be cre-
ated by a variety of mechanisms such as MHD
instabilities and MHD motions. In two dimen-
sions, they often occur at magnetic null (X)
points — points where the magnetic fi@d= 0

— or along separatrix curves — curves that ex-
tend out from a null point and divide topolog-
ically _distinct regions (Figuré&l2a). In three di- P oo

mensions, current sheets also form at the weak- .

nesses in the magnetic topology, i.e 3@tnull ~ Fig. 3. Sketch of the experimental setup show-
points, separatrix surfaces — the 3D equiva- iNg the two opposite-polarity sourcés] & N1
lent of the 2D separatrix curve — egparators and the overlying field due tBeo & Neo. The

— the intersection of two Separatrix surfaceglrows indicate the direction of advection of
(Figure [2b). Separators are special field linedl andN1.

that link two magnetic null points and are the

dividing line between four topologically dis-

tinct regions or flux domains. These three fea- We consider a situation where two
tures, as well as the sources themselves, malgposite-polarity magnetic features pass by

a—

@
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one another in an overlying field (Galsgaardiating from the positive null and the red field
et al. 2000; Parnell and Galsgaard 2004ines show the surface that originates from the
Galsgaard and Parnell 2005; Haynes et alegative null. The intersections of these sep-
2007; Parnell et al. 2007). This very simplaratrix surfaces, the separators, are shown as
interaction may be considered as a buildingellow curves which join the two null points.
block of the Sun’s complex coronal magnetid@hese three-dimensional images ar@dilt to
field. One would imagine that this interactiorinterpret and so we also include cross-sections
is trivial, after all there are only four sourcespf the magnetic skeleton for each of these six
P1 & N1 - the two opposite-polarity sourcedframes in Figure[15. Here, it is clear that the
prescribed on the base — ar®o & Noo separatrix surfaces, shown by a thick (positive
that produce the overlying magnetic fieldseparatrix surface) or thin (negative separatrix
(Figure[®). Initially, there are just three fluxsurface) line intersect each other multiple times
domains: one domain linkin@1 to Neo and giving rise to multiple separators. Filled con-
another linking Pco to N1, as well as the tours of current in these cross-sections clearly
overlying field which linksPeo to Noo. The demonstrate that the current sheets in the sys-
two opposite-polarity magnetic sourcdsl tem are all threaded by a separator. Hence, the
and N1 are driven in an antiparallel mannenumber of reconnection sites is governed by
such that their fluxes interact creating flux conthe number of separators in the system.
nectingP1 to N2. After the sources have been Each topological phase corresponds to a
driven far enough passed each other one wouttifferent number of reconnection sites, hence
expect that this connected flux should decreabas a diferent number of separatops,

leaving the two opposite-polarity sources just

connected to the sources at infinity. Hence?hase: D1 — D2 — D3 — D4 — D5 — D6

we would imagine that the magnetic flux from

a single source would reconnect twice as it X+ 0—2>2—->1-5-3->1

evolved from and a dfferent number of flux domain®
open— closed— re-opened. D: 355545864

By looking at the current structures I The reconnection process at each separator
ated during the resistive MHD evolution of this be either cl P ina th P
simple interaction it was clear that things werd 2y D€ €IINer closing or re-opening the mag-
not as straight forward as one would imaginé?e“C flux from the sourceB1 andN1.

For instance, the closing and re-opening phases The two phases that last the longest Bt

overlapped and there were at least 3 strong C%E/olvmg a single separator and tits which

rent sheets, and hence three sites of energy és;rzgﬁsgag?rfécggrﬁtﬁ)ﬁh;ﬁse aafkjeftch of
lease, apparent for long periods during this in- P

teraction. What was happening at these curreﬁt
? 2
sheets? Why were there so many? Why th o naturally the flux is being closed at this sep-

form where they formed? . .
To answer all the above questions we dete?—rator' To determine the rate of reconnection,

mined the evolution of the three-dimensiona}?’ here one can simply calculate the rate of
magnetic skeleton for our field. It was found toChange of closed flux,

evolve through six dierent topological phases. doc

In each phase there are always two null points, =g

one positive and one negative. From each null

point there is a separatrix surface. Figlile th FigurelT, a sketch shows the direction of re-
shows a frame from each of the six phases. konnection at each of the three separators. Here
each frame the separatrix surfaces are mappeadce again the flux is being closed at the cen-
out by the field lines lying in them. The bluetral separatorXl (green arrows). At the two
field lines show the separatrix surface origieuter separators2 & X3, however, it is being

phaseD3 (green arrows). This phase occurs
ar the start of reconnection in the system and
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Fig. 4. A three-dimensional view of the magnetic topology evolatauring the interaction of
two opposite-polarity features in an overlying field. Fidilies in the separatrix surfaces from
the positive (blue) and negative (red) are shown. The ydliloes indicate the separators.
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Fig. 5. A cross-sectional cut showing the magnetic topology evmtuduring the interaction of
two opposite-polarity features in an overlying field. A dubtight the positive separatrix surface
is shown by a thick line whilst the cut through the negative @given by a thin line. Diamonds
indicate where the separators intersect the plane. Themaaontours represent current.

re-opened (magenta arrows). This overlapping open— closed= re-opened.

of the two reconnection processes allows flux

to both close and then re-open multiple timesghs recycling reconnection behaviour is made

hence the interaction of these sources is not g8gsiple because all the separators link the

simple as originally imagined: same two null points: the nulls are said
to be multiply connected. Multiply-connected
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nulls go hand-in-hand with multiply-connected Phase D3
source pairs and have the following important %o
consequences:

— Greater spread of released energy: the
more separators there are the more sites
for reconnection, and hence energy release,
leading to a bettgwider distribution of en-
ergy. This is important for the background
coronal heating process which requires the
injection of energy at as many locations as
possible.

— Faster release of energy: energy is being Fig. 6. Sketch showing the direction of recon-
released at multiple locations enabling theection at the separatoxl, in phase D3. The
overall reconnection rate of the system teate of reconnection at this separatoraisg,
be higher than if it was simply being reconwhereg; equals the flux in domain
nected at one location. This, of course, is
likely to be important for solar flares which Phase D5 X1 * ®
require extremely rapid releases of energy.

— Repeated heating of the plasma: since flux \ ©2
is repeatedly reconnected over and over it X2 ol -
is possible for certain parts of the plasma # A al=del/dt -
to have injections of energy in rapid suc- a2=de/dt a3=ded/dt
cession over a short period of time en-| @1
abling it to potentially get significantly hot- e
ter than other regions of plasma around it:
Furthermore, this repeated reconnection ¢fig. 7. Sketch showing the direction of recon-
certain parts of flux may explain why, innection at each of the separatokl-X3, in
some circumstances, you can observe solghase D5. The rate of reconnection at separa-

flare loops before they reconnect when yotpr Xi is given by, whereg; equals the flux
would normally expect them to be cool angn domainj.

so invisible in X-rays.
— Longer heating process: since flux is not .
simply closing and then re-opening, buarowever, to determine the rate of change of

these processes repeat themselves mal at X1 you must know either the reconnec-
times, the entire heating process can lalf" rateaz or as before the rate:; can be de-
longer than if it simply closed and re-termined,

opened just once. This again is useful from dgpl d¢2 dpd d¢3

a coronal heating perspective. M=% T o d d

So to go back to our original questions.

We can also see from Figuké 7 that to de- . .
quie hat is happening at the current sheets?

termine the reconnection in the system at thi

time it is not enough to know the rate of chang econnection of course, but this is either clos-
of closed and re-opened flux. The rates of rdlg Or re-opening the magnetic flux depending

connection at separatax@ andx3 may be es- on which particular separator the current sheet

timated reasonably simply since they just de2Ufrounds. It is only by looking at the mag-

pend on the rate of change of flux in domaingetic skeleton that the direction of the recon-
nection at each separator can be easily found.

1 and¢4,
¢ 9 Why are there so many current sheets? There
dgl de4 are so many because there are multiple sep-
@2 =4 & a8= o arators. The multiple separators arise due to
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a global double-separator bifurcation (Hayne€lose, R.M., Parnell, C.E., Longcope, D.W. &

et al. 2007) which is the most nature way in Priest, E. R. 2005&plar Phys., 231, 45.

which magnetic fields can initiate a chang€owley, S.W.H. 1973Radio ci., 8(11), 903.

from one topological state to another. FinallyirFukao, S., Ugai, M. & Tsuda, T. 197Rep.

why have the current sheets formed where they lonosphere Space Res. Jpn, 29, 133.

formed? They have arisen through either mag@salsgaard, K., Parnell, C.E. & Blaizot, J. 2000,

netic pressure or magnetic tensions forces driv- Astron. & Astrophys., 362, 395.

ing the magnetic field at certain locations creatalsgaard, K. & Parnell, C.E. 200Bgtron. &

ing gradients in the fields and, hence currents. Astrophys., 439, 335.

Greene, J.M. 1988, Geophys. Res,, 93, 8583.

Hagenaar, H.J., Schrijver, C.J. & Title, A.M.
2003,Astrophys. J., 584, 1107.

Through the detailed analysis of a simplédaynes, A.L., Parnell, C.E., Galsgaard, K &

three-dimensional magnetic interaction, form- Priest, E.R. 2007Proc. Roy. Soc. Lond. A,

ing a building block of the Sun's mag- submitted.

netic atmosphere, we have demonstrated thaau, Y.T. & Finn, J.M. 1990 Astrophys. J.,

the reconnection of magnetic flux systems is 350, 672.

not only non-trivial, but is highly complex. Parnell, C.E., Haynes, A.L. & Galsgaard, K.:

Determining the evolution of the magnetic 2007,Astrophys. J., submitted.

skeleton of a three-dimensional system allow®arnell, C.E. & Galsgaard, K. 200Astron. &
Astrophys., 428, 595.

Parnell, C.E., Smith, J.M., Neukirch, T. &

Priest, E.R. 199&hys. Plasmas, 3(3), 759.

iest, E.R., Bungey, T.N. & Titov, V. S. 1997,

Geophys. Astrophys. Fluid Dyn., 84, 127.

5. Conclusions

— the reconnectigtheating sites to be lo-
cated,

— the process of reconnection occurring gk,
each site to be determined,

— the rate of reconnection to be determine ”
(Note: to determine the rate of reconnec%cmuver’ C.J. & Harvey, K.L. 1994%0lar

. ; Phys., 150, 1.
tion correctly the location and reconnec-SChrijver C.J. et al. 1998jature, 394, 152
tion processes at each location need to %ang J’ V.\/a{ng H Tang F' Lee’ 3 W and
known first). Zirin, H. 1995 Solar Phys., 160, 277.

An unexpected discovery from the mag-
netic skeleton analysis was of multiply-
connected source and null pairs. These two fea-

tures go hand-in-hand and provide

— extra sites for reconnectigreating,
— afaster total reconnection rate,
— better distribution of heat.

Clearly, these all make it easier to heat the
corona and generate solar flares.
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