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Abstract

The least understood componert of the Sun-to-Earth coupled systemis the solar
atmosphere| the visible layersof the Sunthat encompasghe photosphere,chromo-
sphere,transition region and low corona. Coronal massejections (CMEs), principal
drivers of spaceweather, are magnetically driven phenomenathat are thought to
originate in the low solar corona. Their initiation medanism, however, is still a
topic of great debate. If we are to dewelop physics-basedmodels with true predic-
tive capability, we must progressbeyond simulations of highly idealized magnetic
con gurations, and develop the techniques necessaryto incorporate obsenations of
the vector magnetic eld at the solar photosphereinto numerical models of the solar
corona.As a rst step toward this goal, we drive the SAIC coronal model with the
complex magnetic “elds and °ows that result from a sub-photosphericMHD simu-
lation of an emergingactive region. In particular, we successfullyemergea twisted
--lo op into a pre-existing coronal arcade.

To date, it is not possible to directly measurethe magnetic eld in the so-
lar corona. Instead, we must rely on non-potential extrapolations to generatethe
twisted, pre-eruptive coronal topologiesnecessanyto initiate data-driven MHD sim-
ulations of CMEs. We therefore investigate whether a non-constari-® force-free
extrapolation can successfullyreproduce the magnetic features of a self-consistem
MHD simulation of °ux emergencehrough a strati ed model atmosphere.We gen-
erate force-free equilibria from simulated photospheric and chromospheric vector
magnetograms,and compare these results to the MHD calculation. We then ap-
ply thesetechniquesto an IVM (Mees Solar Obsenatory) vector magnetogram of
NOAA active-region8210,a sourceof a number of eruptive events on the Sun.
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1 Intro duction

Soft X-ray imagesof the solar corona suggestthat coronal mass ejections
(CMEs) tend to arisein connectionwith active regionsexhibiting shearedand
or twisted coronal loops called sigmoids(Can eld et al., 1999). It is under-
stood that thesefeaturesare signsof stressedmagnetic elds cortaining free
energythat can be releasedby simple ewlution, by somedestabilizing event
sudh as local emergenceof new magnetic °ux from below the photosphere,
or by changesin magnetic connectivity due to events elsewhereon the Sun
(seee.g.Feynman& Martin 1995;Antiochoset al. 1999). CME modeling en-
deavors sudh as those of CISM (The Center for Integrated SpaceWeather
Modeling) and the solar MURI ! (Multi-Univ ersity Researh Initiativ €) must
therefore overcomeboth the problem of self-consistetly incorporating photo-
sphericmagnetic elds and °ows into the lower boundary of dynamic models
of the corona(seee.g. Welsa et al. 2004),and the problem of initiating these
simulations with realistic, potertially eruptive active-regiontopologies.

To date, there is no way to directly measurethe magnetic eld in the corona
(though there is steady progressin this area, seeKuhn et al. 1999;Lin et
al. 2000; Casini et al. 2003; Tomczyk 2003). While it is possibleto infer the
magnetictopology of the coronafrom a careful analysisof emissionin various
broad or narrow band passeqe.g. Yohkoh and TRA CE data respectively), it

is often dixcult to obtain an unambiguous,detailed interpretation of the data
suitable for incorporation into a numerical model. At presert, the most widely
usedmeansto infer the magnetic structure of the solar coronais to useline-
of-sight full- or partial-disk photosphericmagnetogramgmeasuremets of the
“eld strength at the visible surfaceof the Sun) as a basisfor a potertial eld

or force-freeextrapolation; the derived magnetictopologiesare then compared
with obsenations of coronal emission.

Of the two extrapolation methods, the global potertial eld sourcesurface
(PFSS) model (seee.g. Luhmann et al. 2002 and referencestherein) is less
computationally expensiwe. The magnetic eld is assumedto be radial at an
outer sphericalboundary (the \source surface"), and potential within a spher-
ical shell (with the lower boundary anchored at the photosphere).While the
PFSS model provides an estimate of the global topology in the absenceof
transient ewvens, it haslimitations in and around active regions,wherethe so-
lar atmosphereis signi cantly non-potertial. Both global and local force-free
extrapolations (seee.g. Amari et al. 1997;McClymont et al. 1997;Wheatland
et al. 2000;Liu et al. 2002;Bleybel et al. 2002;R&gnieret al. 2002), can pro-
vide an improved represetation of active region magnetic structures in the
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low- , highly conducting plasma of the low corona. In this appraximation,
JE£ B~ 0(here,J and B havethe standard de nitions of current density and
magnetic eld respectively, and — represets the ratio of the gasto magnetic
pressure).thus the current density and magnetic eld are parallel, and canbe
expressedasJ = 4¥®RB. If the coexcient ® is assumedconstart throughout
the volume, then the problem becomeslinear, and the solution is relatively
straightforward and computationally inexpensive to perform; howewer, if ® is
allowed to vary across eld lines (a non-constant-® force-freeextrapolation),
the mathematical problem becomesnon-linear. The existenceof the solution
of this dizcult non-linear problem and the nature of the boundary condi-
tions that make it well-posedare currertly an active researt topic (e.g., see
Scmidt 1964;Bineau 1972;Aly 1991;Amari et al. 1997).

Both the PFSSand force-freemethods give static represemations of the state
of the solarcoronaat a giveninstant. Howewer, to study initiation medanisms
of eruptive events such asCMEs, and to cortinuouslyfollow the time ewlution

of the solar atmosphere,a dynamic model is required. MHD models provide
a meansto characterize the topological ewlution of the solar corona, and
can provide information on how elds reconnect,though certain simplifying

assumptiong(particularly in the treatment of the energetics)are often required
to make the problem numerically tractable. Our region of interest, the solar
atmosphere(the combined layersof the photosphere chromospheretransition

region, and low corona), is notoriously dixcult to model: the domain spans
many pressurescaleheights (requiring grid resolutionsof lessthan » 100km to

resole the photosphereand transition layerswhile simultaneously simulating

large scalecoronal structures), includesboth the low- plasmaof the corona,
and the  » 1 plasma of the photosphere,includes dynamic regionswhere
energytransport is dominatedby radiation and thermal conduction,andin the

caseof °ares and eruptions, can be driven by non-thermal energydeposition

and the physicsof reconnectionat small scales.

Complexities aside, even an idealized dynamic model (e.g. a numerical solu-
tion of the ideal MHD systemof equations,employing only an approximate
treatment of radiation transport) canprovide insight into the physicsof active-
region ewolution, and can provide a meansto test current theoretical models
of CME initiation and ewlution (e.g. Forbes & Iserberg 1991; Antiochos et
al. 1999). To date, e®ortsto model sigmoidseither energizeinitially poten-
tial active-regionloopsby imposingvelocity shearat their footpoints (Amari
et al., 2003), or emergetwisted magnetic structures from below into regions
of a model corona with little or no pre-existing magnetic eld (Abbett &
Fisher, 2003; Magara & Longcope, 2003; Fan & Gibson, 2003). To progress
beyond simulations of sud idealized magnetic con gurations, it is necessary
to dewelop techniquesto drive MHD model coronaewith more realistic, com-
plex magnetic elds and °ows characteristic of the ewlution of pre-eruptive
magnetic featuresobsened at the visible surfaceof the Sun. To addressthis



challenge,we couplethe sub-surfacemodel of Abbett et al. (2000,2001)to the
SAIC coronal model (Miki§ & Linker, 1994;Linker & Miki§, 1997; Miki§ et
al., 1999),and emergea magnetic structure underneatha pre-existingarcade.

Additionally, we usethe model of Magara (2004) (a self-consistenh 3D MHD
simulation of the dynamic emergencef a twisted magnetic °ux rope through
the strati ed layers of the photosphere,chromosphere,and transition region
into the corona)to test methods of initiating MHD modelsof the pre-eruptive
coronawith both potertial and non-potential eld models basedon photo-
sphericmagnetogramsWe then apply thesetechniquesto the obsenationally
obtained vector magnetic eld of NOAA active-region8210 (AR 8210) just
prior to a seriesof eruptive everts. The remainder of this paper is organized
asfollows: In Section2 we brie°y descrike the three distinct numerical models
usedin this study, and descrite the realm of applicability of ead model. In
Section 3 we extend the results of Abbett & Fisher (2003) and demonstrate
how a MHD model of the interior can be coupledto the SAIC coronal model
when the overlying coronais not eld free.In Section4 we descrike our ef-
forts to provide a suitable initial state for an active-region-scalenodel corona
whenthe systemis to be driven by a simulated active region,and apply these
techniquesto an IVM vector magnetogramof AR 8210.Finally, in Section5
we summarizeour results.

2 Metho d

We employ a number of numerical methodsto both simulate the e®ectof pho-
tosphericmagnetic elds and °owsonthe magnetictopology of the corona,and
to test methods of determining initial statesand boundary update algorithms
for 3D dynamic modelsof coronalmagnetic elds. It remainscomputationally
intractable to simulate the ertirety of the solarinterior and atmosphere duein

part to the vast di®erencean characteristic timescalesbetweenthe interior and
the atmosphere,and the very di®eren physical characteristics of the plasma
in eat respective region (e.g. magnetic eld Tls the << 1 corona, while
\isolated" °ux systemsform and ewlve within the  >> 1 turbulent corvec-
tion zone). We therefore use three separatenumerical models, ead designed
to exciently describe one of three distinct spatial domains:the region belov

the photosphere(the interior), which is often consideredthe sourceof the

stressedor twisted active-region elds; the low coronawherethe pre-eruptive
loopsreside;and the surfacelayers, which include the visible photosphereand
chromospherqg the layersthat necessarilyform the inner boundary for MHD

models of CMEs.



2.1 The Interior

Active regions on the Sun are thought to be the result of the emergence
(through the visible surface)of magnetic °ux that wasgeneratedvia dynamo

processesleepin the solarinterior at or nearthe baseof the solar corvection

zone, where turbulent layers transition into the stable radiative region. To

characterizethe complex3D interaction of magnetically buoyant °ux systems
(°ux tubesand --lo ops) during their ascem through the convective envelope,

and thus to generaterealistic sub-surfaceemerging active regions with self

consisterh °ow elds that can be usedto drive numerical models of the solar

atmosphere we numerically solve the the 3D systemof MHD equationsin the

anelasticapproximation:
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The anelastic approximation (seee.g. Ogura & Phillips 1962; Gough 1969;
Lantz & Fan 1999)results from a scaledvariable expansionof the 3D com-
pressibleMHD equationsabout a nearly adiabatically strati ed plane-parallel
referenceatmosphere(which we take to be a polytrope). In the above equa-
tions, ¥, p1, T1, S1, Vv, and B refer to the density, gaspressure temperature,
enropy, velocity, and magnetic eld perturbations (for clarity, we drop the
\1" subscripton v and B soasnot to confusethesequartities with the dis-
cussionof boundary conditions in Section 3), and %, po, To, and s, denote
the correspnding valuesof the referencestate, takento be a eld-free, nearly
adiabatically strati ed polytrope of index m = 1:5. We note that m is re-
lated to the adiabatic index ° by m =~ 1=(° j 1). The viscousstresstensoris
givenby | j © 1(@=@; + @,=@;i 2=3(r ¢v)%; ), where! is the coetcient
of dynamic viscosity and %; is the Kronedker delta function. The remaining
parametersin the equationsare:g= j g2, the gravitational acceleration(as-
sumedto be uniform); c,, the speci ¢ heat at constart pressure;and ~ and
K, the coexcients of magneticand thermal di®usion,respectively.
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The code ANMH@an et al., 1999;Abbett et al., 2000,2001) solvesthe non-
dimensionalform of the anelasticsystemof equationsin a Cartesian domain
assumingperiodic boundary conditionsin the transversedirections, and non-
penetrating, stress-freeconditions at the upper and lower boundaries.In the
anelasticappraximation, both the magnetic eld and momerium density are
divergence-freethus eat canbe expressedn terms of scalarpotentials. These
potentials (with the other scalarvariablesof the system)are spectrally decom-
posedin the horizortal direction. The Fourier variables are then discretized
vertically, and vertical derivativesare approximated by fourth-order, certered
di®erencesA semi-implicit method is then usedto time-advancethe v e dis-
cretizedscalarequationsfor the Fourier variables.Using operator splitting, the
second-orderAdams-Bashforthschemeis applied to the advection terms, and
the second-orderCrank-Nicholsonsthemeis applied to the di®usionterms. A
detailed description of the numerical methodology usedin ANMHE&an be found
in Appendix A of Fan et al. (1999).

The advantage of the anelasticformulation lies in the computational savings
inherert in Ttering out fast-moving acousticwavesfrom the calculation (the

time derivative term in the cortinuity equationis of suzciently high orderin

the expansion,and can be neglected). Thus we have the ability to explorea
wide range of parameter spaceusing a relatively small amourt of CPU time,

and can generatea number of complex simulated active regions of various
twists, strengths,rotation ratesand sizesfor incorporation into other modelsof

the solar atmospherethat include photosphericlayers. While this appraxima-

tion is well-suited for simulations of sub-sonicprocessesn the high- plasma
deepin the corvection zone,it breaksdown at (and above) the photosphere
where approadesunity. In theseregions,a fully compressibletreatment is

required.

2.2 The Surfae Layers

There are generallytwo approadesusedto model the surfacelayersof the Sun
(the regionthat beginsjust below the visible surfaceand extendsthrough the
chromosphereand transition layers). The rst is to asrealistically aspossible
model the detailed physics of surfacemagnetaonvection by including a non-
ideal tabular equation of state and solving the radiative transfer equation in
detail (seee.g. Bercik 2002; Stein et al. 2003). This approad allows for a
detailed analysisof magnetic elds and surface®ows, and the computational
results admit to a direct comparisonto a variety of obsenational data, sut
as emissionin granules and intergranular lanes (Stein & Nordlund, 1998).
The disadwantage of this approad is that it is computationally expensiw, the
non-local nature of the radiation eld makesthesecodesditcult to parallelize,
and to date the domain sizeof the calculationshave yet to read active-region



spatial scales Another approad is to simplify the physics,extendthe domain
to encompassactive-region scale features, and study only the ewlution of
magnetic elds and °ows as the plasmatransitions from a high- to low-
regimeover the many pressurescaleheighs of the photosphere chromosphere,
transition region, and corona(Fan, 2001;Magara & Longcope, 2001,2003).

We adopt the latter approad and use the code of Magara (1998) to solwe
the fully compressiblesystem of ideal MHD equationsin the presenceof a
(uniform) gravitational eld:
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Here,%; v, B, p, g, and ° have the standard de nitions of gasdensity, °uid

velocity, magnetic eld, gaspressure gravitational acceleration,and adiabatic
index (° = 5=3 is assumed),respectively. The systemof equationsis solved
in a Cartesian domain using a modi ed Lax-Wendro®sceme with second-
order accuracyboth temporally and spatially. The equationsare discretized
on a non-uniform mesh, with the highest grid concerration in the model
transition region, wherethe gradierts in temperature and density are large.

We usethe simulations described in Magara (2004) to model the emergence
and subsequenewlution of a single, horizontal, highly twisted magnetic °ux
tubeinitially positionedjust belon the model photospherein a computational
domainthat spansfrom » 5Mm belowv a designatedplane at the certer of the
photosphericlayer to the low corona» 25Mm above that plane. This is a fun-
damertally di®eren type of calculation than that of Abbett & Fisher (2003)
(and the calculationspreserted herein Section3), where ANMHBodel results
are usedto drive separate MHD model atmospheres.While it is true that
including the transition layersin the simulation domain is certainly the most
self-consisteh meansof simulating the emergenceof °ux from just below the
photosphereinto the low corona(sincethere is no arbitrary boundary between
individual codes), deeer layers are necessarilyexcluded,and the °ux system
that emergeghrough the model photospheremay not have the samedynamic
characteristicsasa °ux rope that hasbuoyantly risenthrough the ertirety of
a turbulent model corvection zone.Further, the solar photosphererepreseis
the lower boundary of Sunto Earth coupledmodels,and we must assumethat
we will have no information available to drive the large-scalecoupled system
asidefrom vector magnetic eld data obtained at the photospherevia inver-
sionsof polarization measuremets. Therefore,for the purposesof this study,



we will concertrate our e®ortson using models of the interior to create simu-

lated magnetogramshat will be usedto drive modelsof the solaratmosphere
(and to test techniques of incorporating obsenational data self-consistetly

into model coronae),and we will usethe self-consisteh emergencealculation
of Magara (2004) principally to test methods of obtaining initial states for

initiating coupledcalculations.

2.3 The Corona

To solve the MHD equations8-11in a coronal active region, we usea Carte-
sian coordinate versionof the SAIC coronal code. The method of solution (in
spherical coordinates) has beendescriked previously (Miki § & Linker, 1994;
Linker & Mikiff, 1997; Lionello et al., 1999; Miki§ et al., 1999; Lionello et
al., 2001). The Cartesian version has been used previously in studies using
vector magnetograms(Miki § & McClymont, 1994; Lee et al., 1998, 1999),
active-regionewlution (Miki § et al., 1996),°ux emergencéMok et al., 2001),
and prominenceformation (Lionello et al., 2002). Brie°y, we note that the
code usesstaggeredmesheswhich allows us to more easily specify boundary
conditions in a self-consisteh way. The use of staggeredmeshesalso decou-
ples longitudinal and transverse componerts of the vector quartities. Thus
r ¢B = r ¢J = 0is satis ed (to within round-o®error) for the duration of
the calculations.

At this stage,our primary purposein coupling the ANMHBDodel of the inte-
rior to the SAIC coronal model is to explore the topology and properties of
the emergemn magnetic eld. As the magnetic eld energytypically dominates
both the plasma kinetic and thermal energiesin active regions, we choose
to solve a simpli ed \zero- " form of equations8-11 (including viscousdif-
fusion), wherewe assumethat p = 0, g = 0, and that density %2is constart
throughout the domain. When the systemof equationsis integratedto a steady
state, the solutions represen force-free,non-constan-® solutions for a given
set of boundary conditions. This approximation is likely to be quite good for
magnetic eld con gurations that are nearly in equilibrium, but pressureand
gravity could in°uence how the eld emergesResultsfrom this approad can
be contrasted with solutions of the full equations8-11to seehow much these
processesn°uence the resulting con guration.

The calculationsdescrited here were performedin a box with (x;y; z) dimen-
sionsof 2:6£ 10° km by 1:.3£ 10° km by 2:6£ 10° km, using141£ 111£ 111grid
points on a non-uniform mesh. The meshpoints were concenrated near the
neutral line and the lower boundary; ¢ z ¥ 290km near z = 0 (the solar sur-
face),and ¢ x ¥ ¢ y %2 370km nearthe neutral line. A uniform resistivity * has
beenused,correspnding to a Lundquist number S = ¢zr=¢x = 3£ 10*. Here,



(R = 4YL°="C is the resistive di®usiontime, and ¢a = L=v, is the Alfv&n
time for a length scaleL = 65000km. This is approximately the separation
of the two polesof the emerging°ux tube (after it hasfully emerged).A uni-
form viscosity ° is alsoused,correspnding to ¢s=¢x = 150, where ¢, = L2=0°
is the viscousdi®usiontime. The higher viscosity (relative to the resistivity)
is usefulwhenrelaxing a con guration toward a force-freestate.

3 The ANMHBAIC Combined Mo del

We begin by demonstrating a new code coupling between the sub-surface
ANMHDodel of the solar interior and the SAIC coronal model. Normally, the

term \coupling" refersto a two-way exchange of information from one code
to another| for example,two codeswith similar characteristic time scales,
mesh resolution, and physics can (in principle) be readily coupled together
using a messagepassingframework (seee.g. MacNeiceet al. 2000; Lyon et

al. 2003). The underlying ideais that at the interface betweenthe two codes,
active cells adjacen to the interface of one model are usedas the boundary
cells of the other, and the calculation proceedsin real time. In our case,the

time scalesthe physicsof the models, and the numerical algorithms of eah

code are suzciently dissimilar that sudh a real time coupling is non-trivial.

More importantly, Sun-to-Earth coupled models must terminate at the solar
photosphere,sincethere is currerntly no way to obsenationally determinethe

magnetic structure below the visible surface(aside from helioseismologidn-

versions)in a manner suitable for driving large scalecoupled models. Thus,
the photosphererepresens the true boundary of a data-driven coupled sys-
tem, and information transfer acrossthis interface will necessarilybe in one
direction.

3.1 An Initial ly Field-free Model Corona

A primary reasonfor exploring this coupling is to dewelop a robust means
of driving fully dynamic MHD model coronaewith a time seriesof magnetic
“eld measuremets taken at the photosphere.Therefore,rather than attempt-

ing a truly coupledsystem,we usethe sub-surfacecode ANMHI provide the

boundary conditions to drive the SAIC coronal model. In the casewherethe

coronais initially ~eld-free, this \one-way" coupling is relatively straightfor-

ward. Advancemen of the equationsin the SAIC coronal model requiresthe
speci cation of the electric eld componerts that aretangertial to the bound-
ary (E; = Ex& + Ey¥) and the velocity normal to B (v-) at the solar surface
z = 0 (note that this includesa v, componert). In practice, we supply all three
componerts of v, asv, doesnot a®ectthe zero- form of equations8-11.



Figure 1 shavs the magnetic eld ewlution when the models are coupledin
this way. The ANMHBode is usedto compute the buoyant rise of a twisted
°ux tube in the solar corvection zone, and its intersection with the layers
just below the photosphere(Abbett et al., 2000;Abbett & Fisher, 2003).The
values of v and E; from this calculation are used as boundary conditions
for the coronal ewlution, as computed with the SAIC model (we choseto
usethe data from run SS3of Abbett et al. 2000, sincethe °ux tube of the
calculation is modestly twisted, and doesnot succunb to the kink instability
during its ascet). The electric eld usedas the boundary condition in the
coronal calculation is the \ideal" part of the electric eld, E; = j (v £ B=0,
with v and B extracted from a plane near the top of the simulation domain
of the sub-photosphericcalculation (i.e., near the photosphere).Red (blue)
colorson the solar surfaceindicate positive (negative) valuesof B,. The eld
linesin Figure 1 have footpoints chosenrandomly to illustrate the topology of
the magnetic eld. The eld emergeswith a sheath of non-force-freecurrent
surroundingit, and relaxestoward a force-freestate inside this sheet.

Faraday's law implies that B, at z = 0 ewlvesstrictly dueto E;. SinceE; is
set as a boundary condition on the coronal code from valuesextracted from
the ANMHBode, we expect that B, at z = 0 in the coronal solution should
exactly match B, from the solar interior solution, and we nd that this is
indeedthe case.On the other hand, B, and By arisein part from E_, which is
not speci ed at the boundary but is computedaspart of the solution. Sincethe
high-  regime of the ANMHS§blution is far di®eren from the coronal solution,
we cannotexpect B, to match exactly betweenthe two solutions.Nevertheless,
we nd that qualitatively By is quite similar betweenthe interior and coronal
solutions. We note that the magnetic eld lines of Figure 1 comparevery well
with the magnetic structure shavn in Figure 2 of Abbett & Fisher (2003) (a
model coronadriven by the samesub-surfaceewlution), even though the two
coronal models are not idertical.

3.2 An Initial Model Corona with Pre-existing Field

Like Abbett & Fisher (2003), the precedingcalculation represeis a very sim-
ple con guration | magnetic°ux emerginginto a coronawith no pre-existing
magnetic eld. If we now assumethat the coronais lled with magnetic eld
ancdhoredto the photosphere,and usea separatecode to introduce additional
°ux into this system, we must considerhow the pre-existing eld interacts
with the introduction of new °ux when updating the boundary values.There
is a fundamertal physical inconsistencythat arisesfrom the fact that the two
distinct codesare not truly \coupled” | the sub-surfacecode is a completely
separatesystem, and does not self-consistetly ewlve along with the model
coronato the prescribed initial con guration. Although this boundary prob-
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lemisinherert in any dynamic model of the coronathat terminatesarti cially

at a given point in the solar atmosphere,it is of little concern(as a practical
matter) if new °ux is introducedin a region where the pre-existing eld is
quite weak comparedto the eld strength of the emergingstructure. If, how-
ewver, one wishesto study a casewhere magnetic °ux emergesnto the midst
of a strong complex active region, the interaction of the emerging°ux from
below with pre-existing eld that threadsthe boundary cannot be ignored.

Even if the modelsweretruly coupledtogether (allowing for information ex-
changein both directions), it remainsimpractical to simultaneouslymodel °ux
emergencavith a combined domain that stretchesfrom the corvective over-
shoot layer to the low corona. Thus, we must make an approximation that
will allow for the introduction of “ux from the sub-surfacecalculation into
a pre-existing coronal con guration, keepingin mind the physical limitations
(or possibleinconsistencies)f sudh an approximation. One methaod is to as-
sumethat photospheric°ow dominatesthe boundary layer, and the dynamic
bad-reaction from coronal forcescan be neglected.Then the ideal induction
equationis linear, and if we expressthe magnetic eld in the boundary layer
asB ~ B;+ B, | a superposition of the quartities B, which represems
new °ux introducedinto the systemfrom below (we requirethat B, att = 0
be zero), and B ,, which at t = O represets the portion of the initial coronal
°ux systemthat permeatesthe boundarylayer| we canrecastthe induction
equationas

g(Bl+ Bo)=r £ v,£ (B1+ B)); (12)

here, v, denotesthe imposedboundary °ow. Since@ =@ =r £ v, £ B;

is satis ed for all time t (v, and B, are the velocity and magnetic eld from
the sub-surfaceMHD calculation usedto drive the coronal model), we are
left with the equations@ ,=@=r £ v;£ B,. This systemcan be usedto
advanceB,, sincethe initial state B, att = 0 is known, and v, is speci ed

for all time t. OnceB, is determinedfor a giventime step, the boundary eld

B canbe updated in the usualway. A remaining questionis how to properly
ewvaluate the vertical derivativesof B, in the zonebelow the boundary layer.
We are currently experimerting with this technique using the ANMHD-ZEUS3D
combined model of Abbett & Fisher (2003).

An alternative is to specify the sameboundary conditions as described above
for the initially eld-free case.Namely, to specify E; at z = 0 as determined
from the sub-photosphericewolution code (which ignoresthe presenceof the
pre-existing coronal eld), and alsoto setv at z = 0 in the sameway. This
will guarartee that B, ewlves correctly (i.e., B, at the baseof the corona
will include the vertical componert of the pre-existing coronal "eld, B?, plus
a cortribution dueto the emerging eld, ¢ B,). The tangertial magnetic eld
B: will ewlve due to E; as well as due to E,, the normal componert of
the electric eld. This componert of the electric eld is advancedin time

11



on the boundary z = 0 of the coronal solution, accordingto the equation
E,.=1i (WByi vwBx)=c+ "J,. Thus,E, at z= 0is not a boundary condition,
it is a computed quartity. Since the ewlution equation for E, dependson
the componerts of B¢, the ewlution of E, will include the contribution of the
pre-existing coronal magnetic eld B? at z = 0 (sinceB; = BY + ¢ By).

This approadt represeis an additional appraximation to equation12 and can
alternately be expressedas

%:r £ (Vi£E By)+r £ [(vi£ By ¢2§ "J,]2: (13)
In this appraximation, we neglectthe componertis of @ ,=@=r £ vi£ B,
that alter the prescribed ewolution of B, (i.e. 2 ¢@,=@) or involve vertical
gradierts of B,. This schemewill work if the pre-existing coronal magnetic
“eld hasa negligiblee®ecton the emergencef the sub-photospherianagnetic
“eld. In reality, the coronal magnetic eld may indeed a®ectthe rise of sub-
photospheric®ux (i.e., coronalforcesmay modify the velocity determinedfrom
the sub-photosphericewolution). The extert to which the pre-existingcoronal
magnetic eld a®ectsthe emergencenf sub-photospheric’ux is not known.

Using the approad just descriked (i.e., speci cation of E; and v at z =
0), we have simulated the emergenceof a twisted °ux tube into a corona
with a pre-existing large scale,bipolar badkground (\arcade-like") eld. This
initial arcade eld is assumedto be potential. Two casesare considered:in
the rst case,the arcade eld has opposite polarity to the emergingbipole;
in the secondcase,the arcade eld hasthe samepolarity. The arcade eld is
chosento be wealer than the emerging°ux-tub e eld (Beyx; wbe ¥4 8Barcade),
but distributed over a larger spatial scale(L arcage ¥4 8L -ux; whe), SOthat the
two °ux systemshave approximately the samenet °ux. Figure 2 shaws the
ewlution of the magnetic eld for the rst case(emergenceanto an opposite-
polarity arcade).As the °ux tube emergesdnto the corona,the eld topology
becomegjuite complex.Thereis a neutral line (the white ribb on separatingred
and blue regions)that surroundsthe emerged°ux aswell as cutting between
the emergedopposite-polarity regions. Figure 3 shows the ewlution of the
magnetic eld for the secondcase(emergencento a same-mlarity arcade).

The topology of selectedbundles of eld lines in the two con gurations is
comparedin Figure 4, at the instant at which the °ux tube has emerged
83%. The top row shaws a top view of the magnetic eld lines, with colors
at z = Orepreseting B, and arrows represeting B;. The middle row shavs
a perspective view of the “eld lines, and the bottom row shows the locations
of the launch points for the eld lines. In the same-mlarity eld case,the
topology is quite similar to the casein which there was initially no eld in
the corona(Figure 1). In cortrast, the eld topology for the opposite-polarity
emergenceshavs a complicated connectivity. This is not a surprise, sincethe
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“eld linesin the opposite-polarity caseare expectedto undergoreconnection
as they emergeinto an overlying eld with the opposite orientation. Addi-

tionally, there appearto be eld lines with \dipp ed" sectionsadjaceri to the
neutral line. Sudh eld lines are interesting becausethey have the ability to

support prominencematerial againstgravity. The eld linesin the gray bundle
in the opposite-polarity panelsof Figure 4 shav sud dipped (concave-upward)

shapes.Note alsothat the eld linesin oneof the greenbundlesclearly shows
that reconnectionhas occurred in the opposite-polarity case,sinceits foot-

points, which start in the boundary of the °ux-tub e core, connectto the °ux

in the overlying arcade.This is in cortrast to the same-mlarity case,in which

thesegreen eld lines remain connectedwithin the °ux tube.

4 The Initial Atmosphere for Data-driv en Mo dels

If the coronalmodel is to be strictly data-driven, there are two distinct chal-
lengesthat must be overcome:First, MHD codesrequire information about
the velocity eld as well as the vector magnetic eld at the interface layer
(e.g. nite volume algorithms require that the electric eld along the edgeof
cortrol volumesbe speci ed so that the magnetic eld can be advancedin

time). For data-driven models, the °ow eld (or electric eld) that is speci-
“ed at the boundary must be consisten with the obsened ewlution of mag-
netic structures at the photosphere.For example,in an ideal calculation, any
electric eld imposedin the lower boundary layers must be derivable from a
velocity eld that satis es the ideal induction equation (equation 10), given
the obsened time ewlution of the magnetic eld (while simultaneously not
over-specifying the MHD system of equations). Sincethe °ow of magnetized
plasmaconsistert with a given time seriesof vector magnetogramsis an ob-
senational quartity that is generally unavailable, we note that the systemof
equation 10is under-determined.Additionally , we have no obsenationally de-
termined information about the vertical gradierts of the magnetic eld in the
boundary layers (necessaryto properly update the transversecomponerts of
the magnetic eld). To addressthesechallengesnewinversiontechniqueshave
recenly beendeweloped: Welst et al. (2004) have preserted a method that

usesvector magnetic eld measuremets, alongwith local correlation tracking

velocities (derived from the obsened motion of magnetic elemens) and the
hypothesisof D&moulin & Berger(2003)to calculatea velocity eld consisten

with the obsened time ewlution of the magnetic eld normal to the visible
surface.Longcope & R&gnier (2004) take a di®eren approad, and constrain
the under-determinedsystemby requiring that the plasmabe in a minimum

energystate.

Second,an MHD model coronarequiresthe initial speci cation of the mag-
netic eld throughout the computational volume, given the speci cation of
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the three componerts of the eld at the photosphericboundary. In the con-
text of data driven models, one desiresan initial magnetic topology that is
as similar as possibleto the topology inferred from X-ray obsenations of the
coronaabove the active region of interest. Generally active regionsthat are
prone to eruptions are highly complex, and exhibit structures that often do
not comparefavorably to a local potential eld extrapolation. We are thus
forced to consider more computationally expensive techniques, and turn to
non-constan-® force-freeextrapolations as a meansto generatean initial at-
mospherelt isimportant to note that there are a number of ways to construct
force-freeequilibria (somemore computationally expensiwe than others), but
in general,ead is sensitive to the prescribed boundary conditions, and can
be lessaccuratenear the photosphericboundary whenthe imposedboundary
signi cantly di®ersfrom a force-freestate. Methods that introducesigni cant
di®erencesn the value of the transversecomponerts of the eld at the photo-
spherefrom those prescribed by the magnetogramare generallyunsuitable for
use as starting atmospheresfor dynamic calculations, since large unphysical
gradierts betweenthe boundary zonesand the rst active zonesresult in un-
realistic currents and Lorentz forcesthat cansigni cantly a®ecta calculation.

We now examine a minimization technique proposed by Wheatland et al.
(2000)to obtain force-freecoronal eld appraximations. Brie®y, this technique
can be descrited in the following way: Let B(x;t) be a magnetic eld de ned
in a volume V. The optimization method minimizesthe quartity
Z h i
L= Bi2j(r £B)£ Bj°+jr ¢Bj® dV: (14)
\%

If L is reducedto zero,then (r £ B)£ B = Oandr ¢B = 0 ewrywhere
in V, and B is force-freeeverywherein V. If we assumethat @ =@ = 0 on
the external boundary, then di®erertiating equation 14 with respectto t, and
applying a number of vector identities yields

z
%:izvledV: (15)

HereF is a complicatedfunction of the eld B, andit is assumedhat the eld
is ewlved accordingto @=@ = *F, where® > 0 is an arbitrary function,
usually setto unity. The numerical processis iterativ e; given an initial model
for the "eld B(x;0), the function F is calculated,then the eld is incremerted
by * F#. The objective function L is guararteedto decreasdor ead iteration,
and the processrepeatsuntil L stopsdecreasing.

Wheatland et al. (2000) tested the method againstthe non-constar-® force-
free results of Low & Lou (1990) and found excellet agreemen For that
comparison,however, all of the boundary conditions wereknown. In our case,
only the lower, photosphericboundary condition (at z = 0) is known. The
choiceof the initial "eld is very important, sincethe value of B on the bound-
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ary doesnot change.We have done calculations for which the initial eld is
a potertial eld extrapolation using B,(z = 0), and also have useda linear
force-freeextrapolation. The results are substartially di®eren for ead case,
given the sameB (z = 0), sincethe value of B on the upper and side bound-
ariesare di®eren for the potential and linear force-freecasesWe beliewe that,
for solarmagnetic elds, the eld looksto be potential far from active regions.
For this reason,we prefer to usea potential eld extrapolation as an initial
state for our force-freeminimization procedure.

We wish to gain con dencein the ability of a given extrapolation technique
to provide a suitable starting state for a dynamic, data-driven calculation.
Toward this end, we usethe 3D MHD simulation described in Section2.2 to
generateseeral syrthetic magnetograms(at di®erern heights in the atmo-
sphere)for useasa lower boundary for a non-constart- ® force-freeextrapola-
tion. The left-hand side of Figure 5 shows the eld lines of the nal snapshot
of a 3D MHD calculation of a twisted magnetic °ux tube, initially positioned
just below the photosphere,after it has emergedthrough the model chromo-
sphereand transition regioninto the corona. The color table correspnds to
the anglep = cos 1jJ ¢B=(jJjjBj)j alonga given eld line (U is essetially a
measureof how force-freethe eld is at a given point in the atmosphere)|
bright cyan correspndsto a p of zero, while bright magerna indicatesa value
of ¥&#2 (black denotesy = ¥#4). Thus, the more blue the eld line, the more
force-freethe atmosphereis at that location. The left half of Figure 5 shows
the entire computational domain, andit is clearthat exceptfor the layersnear
to and including the photosphere(the lower boundary of the image,wherethe
“eld linesare anchored), the eld is essetially force-free.The right-hand side
of Figure 5 is a close-upof a portion of the domain near the lower boundary
(the region indicated by the white box). This image demonstratesthat the
model atmospheretransitions from a highly non force-freecon guration to a
nearly force-freestate in the chromosphericlayers (the region where the red
“eld lines transition into blue, seweral zonesabove the level denoted as the
photosphericplane).

Figure 6 shavsthe vertical (normal to the surface)componert of the magnetic
“eld (a synthetic magnetogram)for four levelsin the model atmosphere:the
upper-left frame represets a horizontal slicethrough the model photosphere,
and the lower-right frame represets a horizontal slice through the model
chromosphere.Dark areasrepresen regions of negative polarity (B, < 0),
while light areasdenoteregionsof positive polarity (B, > 0). Note that this
singlemodel active region producessyrnthetic magnetogramsof distinctly dif-
ferert morphologicalcharacteristics,depending on the height wherethe mag-
netogramis generated| in the photosphere portions of the twisted °ux tube
have yet to emergeand in theseareas,the transversecomponerts of the mag-
netic eld do not tend to fan out or corvergeradially at a given bipole, as
onewould expect to be the caseafter a portion of the °ux rope hasemerged
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into the low-density model corona (this is characteristic of the sub-surface
simulations of Section2.1 aswell).

We now generateboth potential eld and non-constan-® force-freeequilibria
basedon a synthetic photosphericmagnetogram(top-left imagein Figure 6)

| where the model atmosphereis not force-free,and portions of the °ux

rope have yet to fully emerge| and a syrthetic chromosphericmagnetogram
(bottom-right imagein Figure 6), wherethe eld approahesa force-freestate.
The results of thesecalculationsare shavn in Figure 7: the rst column shows
the magneticstructure resulting from a potential eld extrapolation from both

the chromospheric(top image)and photospheric(bottom image)lower bound-
aries.Similarly, the secondcolumnshownvsthe magneticstructure resulting from
a non-linearforce-freeextrapolation, and the third columnshavsthe magnetic
structure of the fully dynamic MHD simulation (in ead column, the top image
correspndsto the chromosphericlower boundary, and the bottom imagecor-
respondsto the photosphericlower boundary). Not surprisingly, the potertial

“eld extrapolation doesa poor job (in this case)of properly characterizing
the magnetic topology of the simulation, sincethe emerging°ux systemis
highly twisted. Howewer, the non-constant-® extrapolation does remarkably
well reproducing the overall sigmoidal structure of the MHD model corona,
though there are signi cant di®erencesn the details. Sud di®erencesre to
be expected, sincean extrapolation cannot follow the cortinuous ewlution of
magnetic structures, during the dynamic emergenceprocess.

To facilitate a comparisonbetweenthe force-freeextrapolation and the MHD

calculation, the magnetic eld alongthe external boundaries(the boundaries
other than that boundary speci ed by the syrthetic magnetogram)was taken
to be idertical to the eld alongthe external boundariesof the MHD calcula-
tion. For an actual solarvector magnetogram,we do not have this luxury, and
must specify the boundary via other means(a potertial eld is often used).
We note that the resulting magnetic topology of the force-freemodel corona
is highly dependent on the choice of boundary condition. For example,a po-
tential external boundary, in our case,resultsin a poor match with the MHD

results for the casewherethe photosphericlower boundary was used,though
an extrapolation basedon the chromosphericboundary faressomewhatbetter.

We now apply this method to an IVM vector magnetic eld measuremet of
NOAA active-region8210(19:40UT on May 1, 1998) provided by R&gnier
& Can eld (2003) at a momert just prior to a number of eruptive ewers.
Although at the visible surfacethis is an extremely complex active region,
and there is evidencefrom Yohkoh soft X-ray imagesof the global coronaof
a trans-equatorial connectionbetween AR 8210and AR 8214 (another large
active region that is obsened to °are concurrerily with AR 8210, seee.g.
Pevtsosr 2000), we newerthelessapply the Wheatland et al. (2000) method
to a local domain surrounding only the CME-producing AR 8210. Yohkoh
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imagesof the coronaabove AR 8210indicate that the coronal magnetic eld

well above the visible surfacelooks qualitativ ely potential (seee.g.Lundquist
et al. 2003),thuswe requirethat the external boundary conformto a potential

con guration (we note that this doesnot precludeopen eld regions),and use
the IVM vector magnetic eld to specify the lower boundary and proceedwith

a non-constan-® force-freeextrapolation in a Cartesian domain.

Figure 8 shows the resulting force-freemagneticcon guration at two di®eren

viewing anglesfor AR 8210.The eld lines are anchored in the photosphere,
and the relative brightnessor darknessof ead individual eld line correspnds
to the strength of the normal componert of the eld at the photosphere] the

brighter the line, the strongerthe “eld at the loop footpoint. The left-hand

image of Figure 8 shavs a number of open eld lines that emanatecloseto a
shearedmagneticneutral line that separatesa largerotating negative polarity

at the certer of the active regionfrom an emerging°ux region. The open eld

lines (that leave the left-hand side of the box) overlie a closedarcade| we
note that this 3D con guration is qualitativ ely similar to a 2D schematic pre-
serted by Sterling & Moore (2001)in an e®ortto characterizethe obsenations
and descrike the physical processunderlying the obsened eruptive evernts and
EIT emission.Howeer, the only way to judge the relative succes®r failure of
the extrapolation of Figure 8 in describing AR 8210'scoronal topology is to

compareavailable X-ray imageswith the eld lines of the calculation (where
it is assumedhot X-ray emitted plasmawill be con ned). Qualitativ ely, the
extrapolation comparesreasonablywell with the magnetic topology inferred
from Yohkoh imagesof the coronaabove AR 8210nearthe time of the magne-
togram; namely, the three bright regionsthat appearin the soft X-ray images
correspnd with the three distinct closedloop systemsevidert in the right-

hand image of Figure 8, and the presenceof open eld andored near the
magneticneutral line west of the large, certral areaof negative polarity active
regioncorrespndsto the prominert narrow dark featureat that samelocation
in both soft X-ray and H-® images(seeSterling & Moore 2001).

Of course,this type of comparisonis qualitative at best, sincethere can be
a number of interpretations of a given image, and a force-freeextrapolation
corntains absolutely no information about plasma energetics(we note that
Lundquist et al. 2003 have shown that it may be possibleto theoretically
reconstructloop emissiononcethe magnetictopology is known, given a vari-
ety of assumptionsabout how the coronais heated). Thus, unlesswe make a
number of assumptionsregarding the thermodynamic properties of the coro-
nal loopsin the calculation, a direct, quartitativ e comparisonbetween this
calculation and the obsened emissionis not possible.
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5 Discussion and Conclusions

To a good appraximation in the highly conducting corona,the magnetic eld

is \line-tied" to the photosphere,and ewlvesin responseto changesin the
magnetic eld at the visible surface(seee.qg.Sdrijver & Title 2001for a strik-

ing example of how the coronaresponds to the rotating portion of NOAA

active-region9114 as seenby the TRACE satellite). By using codessud as
ANMH@r the model atmospheresof e.g. Magara & Longcope 20030r Bercik
2002)to drive MHD models of the corona, it is possibleto progressbeyond
highly idealized experimerts, and investigate how the complexinteraction of
vector magnetic elds and °ows at the lower boundary of a model coronaaf-
fectsthe global ewolution of magneticstructures. Howeer, to progressbeyond
strictly theoretical calculations, it is essetial to dewelop and test the tech-

niquesnecessanto drive model coronaewith photosphericor chromospheric
vector magnetograms.We have coupled ANMHBNd the SAIC models as an
initial stepin this e®ort.

We note that the code ANMHE3 designedto model the dynamic ewolution

of magnetic structures below the visible surfaceof the Sun, while the SAIC
model descrikesthe ewlution of magnetically dominated coronal plasma. In

principle, ANMHBhould be coupledto a strati ed model atmospherewhose
domain includes the entirety of the photosphere,chromosphere,transition

region,and corona(seee.g.Abbett & Fisher 2003;Magara& Longcope 2003).
Howewer,we nd that ANMHBableto provide a physically self-consistehsetof
magnetic elds and °owssuitable for incorporation asa boundary condition for
the SAIC coronalmodel. We have successfullyemergeda twisted--lo op (a °ux

rope wherethe certral portion is more buoyant than the ends)into an initially

“eld-free coronabasedon boundary conditions provided by ANMH§&mulations,
and have investigated the interaction of emerging elds with a pre-existing
coronalstructure. We have simulated the emergencef a current-carrying °ux

tube into a relatively strong, pre-existing potential coronal eld, and have
explored two di®eren orientations of the pre-existing eld with respect to

the emergingstructure. In future work, we plan to extend these results by
consideringthe interaction betweentwisted emerging°ux-tub esand initially

twisted coronal elds.

Among the principal challengesof data-driven modeling is the speci cation of
the 3D magnetizedatmospherethat will be usedto initiate a calculation. Since
there is currently no meansof directly measuringcoronal magnetic elds, we
must use available measuremets of the magnetic eld at the visible surface
asa basisfor an extrapolation. The results of theseextrapolations must then
be veri ed againstsoft X-ray imagesof the corona.Generally, dynamic active
regionsproneto eruption exhibit highly complexmagnetictopologiesthat are
not well descriked by a potertial eld. Sincethe CME initiation medanism
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may depend on how the magnetic topology of the coronachangesin time, a
correct characterization of the pre-eruptive magneticstructure of the coronais
acrucial componert of our e®ortto simulate a magneticeruption. Wetherefore
usea non-constant-® force-freeextrapolation to generatean initial magnetic
con guration suitable to initiate a realistic, data-driven MHD model corona.

Howeer, it hasyet to be showvn that a non-constart- ® force-freeextrapolation

is mathematically unique (for a given set of boundary conditions). Addition-

ally, we note that force-freesolutions can be lessaccurate (depending on the

numerical method usedto obtain the result) near the lower boundary of the

computational domainif the imposedlower boundary di®erssigni cantly from

a force-freestate (as can be the casein the photosphere).We have therefore
tested the computationally inexpensiwe technique of Wheatland et al. (2000)
againsta fully compressible3D MHD simulation of the emergencef a highly

twisted magnetic°ux tube (using the code of Magara1998)through the strat-

i ed layers of the photosphere,chromosphereand transition region into the

corona. After the °ux has fully emerged,we applied the Wheatland et al.

(2000)method to two synthetic magnetogramspnegeneratedby taking a slice
through the MHD calculation at a height correspnding to the model photo-

sphere,and one generatedby taking a slicethrough the model chromosphere.
We nd that in both casesthe non-constan-® force-freeextrapolations com-
pare (qualitativ ely) quite well to the self-consisten MHD result, given that

the magnetic eld at the external boundariesmatchesthat of the MHD simu-

lation. We then applied this techniqueto NOAA AR 8210| amajor eruptive
active region. The extrapolation gave us a magnetictopology that compared
favorably to Yohkoh soft X-ray images,while at the sametime provided us
with a 3D magneticcon guration whosemagnetic elds match thosespeci ed

by the IVM photosphericvector magnetogram.
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Emergence of a FluxTube Into a Field-Free Corona
28% Emerged 56% Emerged

83% Emerged 100% Emerged

Fig. 1. The ewlution of the magnetic eld for an initially eld-free model corona
that is driven from below by the buoyant rise of a modestly twisted magnetic °ux
rope. The calculation shovn uses141£ 111£ 111grid points on a non-uniform mesh.
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Emergence of a FluxTube Into an Arcade of Opposite Polaity
28% Emerged 56% Emerged

83% Emerged 94% Emerged

Fig. 2. Magnetic eld ewolution for a casewhereactive-regionmagnetic °ux emerges
into an arcade of opposite polarity. Seetext for details.
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Emergence of a FluxTube Into an Arcade of the Same Polaty
28% Emerged 56% Emerged

83% Emerged 94% Emerged

Fig. 3. Magnetic eld ewlution for a casewhereactive-regionmagnetic °ux emerges
into a arcade of the samepolarity. Seetext for details.
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Emergence of a FluxTube Into Arcadesof Different Polarity
Opposite-Polarity Arcade (Top View) Same-Polarity Arcade (Top View)

Opposite-Polarity Arcade (PerspectiveView) Same-Polarity Arcade (Perspective View

Opposite-Polarity Arcade: Launch Points Same-Polarity Arcade: Launch Points

Fig. 4. A comparison of the topologiesbetweenthe two casesshown in Figures 2
and 3. Seetext for detalils.
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Fig. 5. Fieldlines from an MHD simulation of an emerging, twisted magnetic °ux
tube, the right-hand side of the image is a close-up of the boxed portion of the
domain on the left-hand side. If a eld line is cyan, the current is parallel to the
“eld, and thusthe atmosphereat that position is force-free;converselyif the "eld line
is magerta, then this indicates that the current is perpendicular to the magnetic
“eld, and the atmosphere at that position is not force-free. The simulation was
performed on a 215£ 167£ 168 non-uniform grid. Seetext for details.
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Fig. 6. A simulated vector \magnetogram" | the vertical componernt of the mag-
netic “eld along horizontal slicesthrough an MHD simulation of emerging®ux. The
top-left imagerepreseits a slicethrough the model photosphere,and ead successie
image (left to right, top to bottom) represerts a slice higher up in the atmosphere.
The image on the bottom right is the vertical componert of the eld in a horizontal
slice taken at a height corresponding to the model chromosphere.Not all of the
computational domain is shown.
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Fig. 7. Top row: A potential "eld (left) and non-constart-® force-free extrapola-
tion (middle) basedon the synthetic chromospheric magnetogram shown in the
bottom-right frame of Figure 6. Top right: the corresppnding magnetic eld lines
for the MHD simulation. Bottom row: Sameas the top row for the photospheric
magnetogramshawn in the top-left frame of Figure 6.
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Fig. 8. Non-constar-® force-free extrapolation basedon an IVM vector magne-
togram of NOAA active-region8210. Two di®erert viewing anglesare shovn. The
lighter the "eld line, the stronger the normal componert of the magnetic eld at

the loop footpoint.
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