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Time dependent magnetohydrodynamic computations of the flux cancellation mechanism are
presented. Previous authors have discussed this mechanism as a possible cause for the formation of
prominences and the trigger for prominence eruptions and coronal mass ejeéCiddEsS). This

paper shows that flux cancellation in an energized two-and-one-half-dimensional helmet streamer
configuration first leads to the formation of stable flux rope structures. When a critical threshold of
flux reduction is exceeded, the configuration erupts violently. Significant amounts of stored
magnetic energy are released through magnetic reconnection. The ejected flux rope propagates out
into the solar wind and forms an interplanetary shock wave. A similar eruption occurs for a
three-dimensional calculation where the ends of the flux rope field lines are anchored to the Sun.
The flux cancellation mechanism unifies the processes of prominence formation, prominence
eruption, and CME initiation, and thus provides an attractive hypothesis for explaining the cause of
these dynamic events. @003 American Institute of Physic§DOI: 10.1063/1.1563668

I. INTRODUCTION Angle Spectrometric Coronagraph (LASCO)
Coronal mass ejection€CMES) are spectacular, ener- cor(_)n.a.grap’ril showmg a CME and prominence eruption
exhibiting the typical three part structure.

etic events in the solar corona that expel plasma and mag- . )
genc e . : el p . g The fundamental theoretical question of how CMEs are
netic fields into the solar wind. CMEs can create interplan-

etary shock waves and carry substantial usouthward,,lnltlated has been studied for many yedsge reviews by

3 Kl 14 15 ; ; ;
magnetic field€fields oppositely directed to to the terrestrial Forbes,? Klimchuk, _LOW ), but is stil una_nswered. Itis
magnetic field in the Earth's magnetosphesad are, there- generally(but not universally, see Ch&h believed that the

fore, believed to be the primary cause of major geomagneti@nergy that drives CMEs and other forms of solar activity is
stormsl stored in the coronal magnetic field prior to eruption. Highly

CMEs have been observed since the 18783 hey fre- nonpotential coronal magnetic fields in active regions have
quently appear as loop-like features that disrupt helmePeen observed frequgnt"liljzoindicating that there is more
streamers in the solar corofdlany CMEs exhibit a three than enough magnetic energy to drive coronal eruptions.
part structure, consisting of a bright outer rim, a dark cavityHow this energy is released is the key question that must be
behind the rim, and a bright inner core that is associated wit@hswered by a successful CME initiation model. Another
erupted prominence materiaProminencesalso referred to ~ constraint on CME models is that CMEs opie., drag out
as filaments when they are observed against the solay, disknto the solar winglat least a portion of the coronal magnetic
reside above magnetic neutral lines in the photosphere nefigld. In strong magnetic field regions low in the corona, the
the base of helmet streamers. They are suspensions of cddrgnetic field pressure dominates both the plasma pressure
(T~10* K), dense 06~10%-10"cm %) chromospheric and the gravitational force, so that fields that are in equilib-
material in the surrounding hot, tenuous cororal(® K rium are essentially force-free. A2 and Sturrock® have
and 16—1¢ cm 3). The prominence magnetic field is ob- shown thatWg,e,, the energy of thepen field(for a given
served to be nearly aligned with the filament chaffiféh-  magnetic flux distribution, the magnetic field with all field
dicating a highly shearethnd therefore, magnetically ener- lines beginning at the photosphere and extending to injinity
gized configuration. Like helmet streamers, prominencess the maximum energy for a force-free magnetic field. This
can remain stable for days or weeks but at times erupt vioappears to present a paradox: how can the magnetic field be
lently; CMEs and prominence eruptions are closely linkedopened while releasing energy?
observationally° Figure 1 shows a sequence of images from  In this paper, we describe how a candidate CME mecha-
the Solar and Heliospheric Observatof$OHO Large nism, “flux cancellation,” can fulfill many of the require-
ments for successfully explaining CME initiation, including

apaper BI2 2, Bull. Am. Phys. S0d7, 21 (2002. dynamic energy rglease_, opening (_)f 'Fhe magnetic field, and
nvited speaker. creation of white light signatures similar to observed CME
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FIG. 1. (Color) A CME observed with the SOHO LASCO C2 Coronagraph, on February 26 and 27, 2000. The dark disk is the occulting disk, and the white
circle shows the position of the Sun’s surface. The CME shows the typical 3 part structure of a bright loop, cavity, and prominence.

events. In the next sectidi®ec. I), we describe the mecha- through magnetic reconnection at the current sheet. In this
nism in the context of previous work. Section Il briefly de- paper, we show that in the context of the resistive MHD

scribes the methodology of our computations, and Sec. I\équations, flux cancellation does indeed lead to rapid energy
shows results for two-dimension&D) and 3D computa- release and the disruption of helmet streamer configurations,

tions. Section V summarizes our results. with material ejected into the solar wind.
Il. MAGNETIC FLUX CANCELLATION Ill. METHODOLOGY
The magnetic fields in a prominence often exhibit “in- 14 compute the consequences of flux cancellation on

verse polarity,” meaning that the coronal magnetic fields emq,.qna magnetic fields, we solve the following set of equa-
bedded in the prominence cross over the neutral line in thg, s in spherical coordinates:

direction opposite to that indicated by the large-scale photo-

spheric magnetic field polarity. The ingredients for what we Ao

refer to here as the “Flux Cancellation” mechanism date at VXB=—1, (D)
least as far back as the Kuperus and R&hcwdel for in- ¢

verse polarity promineces. In that model, a current filament

(in two dimensionsproduces closed magnetic loops that can E ﬁ —_VXE )
support prominence material above the photosphere. Since C Jt ’
that time there have been a number of authors who have
focused on the support of prominence material by helical 1
field lines, and the disruption of these configurations as the E+ EVXB: 7J, €
possible cause of prominence eruptions and coronal mass
ejections. ap
Flux cancellation has been defined observationally as the  —-+V-(pv)=0, (4)

mutual disappearance of magnetic fields of opposite polarity

at the neutral line separating thémObservations have

shown this process to be active at filament sifegan Bal- i(iﬂ,.v-r) =—TV-v+S (5)
legooijen and Marten¥, investigating sequences of force- y—1liat '

free equilbria, showed that flux cancellation at the neutral
line of a sheared arcade configuration leads to the formation
of a flux rope. The helical field lines of the flux rope are
capable of supporting prominence material, and the rise in
the equilibrium height of the flux rope with increased flux whereB is the magnetic field] is the electric current den-
submergence suggests possible eruptive behavior. Calculsity; E is the electric fieldp, v, p, andT are the plasma mass
tions by Forbes and IsenbefyForbes, Priest, and Isenb&tg density, velocity, pressure, and temperature, respectigely;
and Lin et al® have show that once a flux rope is formed, = —gofR§/r2 is the gravitational acceleratiofwith Rg the
continuation of the flux cancellation process can result in &olar radiug 7 is the resistivity; and is the kinematic vis-

loss of equilibrium. The new lower-energy equilibrium con- cosity. In the energy equatid), S includes radiation, ther-
tains a current sheet and a higher height for the flux ropemal conduction, coronal heating, and resistive and viscous
While the energy release in this ideal process is relativelyiffusion. Lionello, Linker, and Miki¢! and Linkeret al3?
small, the new equilibrium height of the flux rope can bedescribe calculations that incorporate these processes so as to
many solar radii from the Sun. In reality, such an equilibriuminclude the upper chromosphere and transition region in the
is untenable; the flux rope would be pulled outward by thedomain of the calculation. For the goals of this pager

solar wind. Significant magnetic energy release could occudemonstrate energy release and CME propagation in the co-

1
=EJ><B—Vp+pg+V~(vpVV), (6)

N vy
— TV-VV
Pl ot
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rona, it is sufficient to use a “polytropic” energy equation, B. Formation of a magnetic flux rope and disruption
where S=0. This approach has the advantage that a relaef the streamer

tively simple energy equation can match many of the prop-
erties of the corona. However, valuesy€lose to 1(1.05 for

the results shown herare necessary to produce radial den- 0 . .
sity and temperature profiles that are similar to coronaIabOUt 78% of the corresponding open field engrgie left-

observationg3 most frames of Fig. 2tE1300r,) show the pre-eruption

The method of solution ofL)—(6), including the bound- co_nf|gurat_|on. The_ mvgstl_gatlon of the (_effect of flux cancel-
ary conditions, has been described previot&Rf.%” The lation begins at this point in the calculation, when we start to
calculation described in Secs. IVA and IV B was performedchange the magnetic flux at the photospheric boundary. The
on on a 20k 301 nonuniform (,6) grid, with the mesh boundary conditions for evolving the photospheric magnetic
points highly concentrated near the neutral line and the lowellux have been described previously by Refs. 32 and 41. The
boundary;Ar ~0.005R nearRg=1 andA 6~0.24° near the change in flux is applied by specifying the tangential com-
neutral line was used. ponent of the electric field at the boundaBy,. For ex-

A uniform resistivity » has been used, corresponding toample, whenE;;,=0, B,, (the radial magnetic field at the
a resistive diffusion timerR=47-rR§/(17c2):4>< 10* hours  solar boundaryremains fixed in time. In order to specify a
(for a length scale oR;). At the base of the helmet streamer, desired change in the magnetic flux, we specify a nonzero
the Alfven speed Vpo) is about 967 kms', the Alfven  E,, that is consistent with the require,,/Jt. This electric
travel time (fa=Rs/Vao) is 12 min and the Lundquist num- field drives converging flows at the neutral line, as is be-
ber 7r/74~2x10°. A uniform viscosityv is also used, cor- Jjieved to occur in the flux cancellation process.
responding to a viscous diffusion time =RZ/v such that Flux cancellation(reduction of the flux first forms a
7y [ TA=200. stable flux rope configuration within the helmet streamer

(Fig. 2,t=1350r,). The high density in the flux ropeseen
in the white light imaggis reminiscent of a prominence but

IV. RESULTS because of the simplifiedpolytropic) energy equation, it
A. The pre-eruption configuration does not have the correct thermodynamic properttes
plasma is too hot However, simulations using a more so-

configuration€. To study CME initiation, we first generate a phisticated energy equatitndo produce prominence-like

helmet streamer equilibriurfe.g., Linker and Mikié®). The (pold) material in the corqna. With .gontinued flux cancella-
procedure is the same as that used for computing the strufio": the heimet streamer is destabilized tAt1390r, hours
ture of the large-scale corona based on magnetogiafs. the configuration is beginning to move upward rapidly, sub-
We start with a potential magnetic field in the corona thatSéguently erupting into the outer corong=(1400r,), as
matches a specified distribution of radial magnetic field aghown in Fig. 2. Note the formation of a current sheet during
the solar surfac®,,. Here we choose an azimuthally sym- the eruptive phase.

metric B, but one that is not symmetric about the equator ~ Figure 3 shows the time evolution of the magnetic and
(the neutral line occurs a=107°, 17° below the equator kinetic energies integrated over the volume of the computa-
The magnetic flux distribution is considerably more concen-tional domain for the entire calculation. During the formation
trated than a dipolar distribution; this increases the ratio obf the helmet streamet£ 0—600r,), the solar wind opens
the open field energy to the potential field ene@gd allows  up the outer field lines of the previously closed potential field
more energy to be stored in an equilibrium configuration and the magnetic energy increases about 15% above the po-
We impose a spherically symmetric solar wind solution andential magnetic field energy. Energization of the streamer
integrate the time-dependent MHD equations in titfer  occurs fromt=600-1226,,, increasing the total magnetic

6007, , where 7, is the Alfven time described in Sec. Nl fig|q energy to 3.75 10°2 ergs. The configuration is then
until the solution settles down to an equilibrium. A coronal .qjaxed for 80,. The period fromt=0-1300, in the

streamer with closed field lines forms, surrounded by OPeRimulation is artificial in the sense it is not intended to model

.ﬁeld I|'nes along which the solar wind flows putward. To 8 specific solar process, but to develop an energized helmet
investigate the energy release that occurs in CMEs an : . . )
Streamer configuration suitable for studying the flux cancel-

prominence eruptions, we must introduce free energy int tion or Reduction of the maanetic flux commen ¢
the magnetic field. We apply a shear flow near the neutraft'on Process. keduction otthe magnetc fiux commences a

line that builds free magnetic energy into the streamer. Thi§:1300TA and continues td=1400r,, reducing the total

shear flow is not intended to model actual flows on the SunMagnetic flux by 15%. A detached flux rope first begins to

It is just a convenient mechanism for producing stronglyforms att=1320r, (when the flux is reduced by about 3%
sheared field lines that are nearly aligned with the neutraind the eruption begins at abaet 1380r, (flux reduction of
line, a frequently observed characteristic of filaménts. 12%).

(Present estimates indicate that most of the free energy in The eruption of the configuration by flux cancellation
active region magnetic fields may actually emerge from beoccurs only when a critical threshold is passed. When flux
low the photosphere when the regions are born, rather thagancellation is halted with flux reduction levels of 5% and
through photospheric flow®) 10%, in both cases the configuration remains stable and

After the configuration is relaxed in time, a steady-state,
energized helmet streamer configuration folithe energy is

CMEs are associated with helmet streamer
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t= i4ﬂﬂTA

FIG. 2. (Color) MHD Simulation of a helmet streamer eruption triggered by flux cancellation. The stripes in the top panels show projected figheédaes

is also aB, component of the magnetic field out of the plariEhe middle panels shows the current dendigyout of the plane. The bottom panels shows

the polarization brightness that would be observed by a coronagraph if this were a real CME. A high density flux rope structure can be seen at
=1350r, . At t=1390r,, the configuration is erupting. This image shows, albeit in an idealized fashion, the 3 part structure observed in many CMEs.

nearly in a steady state; over time the current in the flux ropéflux cancellation. During this time, filaments are frequently
slowly diffuses because of the finite resistivity in the calcu-observed to form along the neutral line, these may erupt at a
lation. Once the configuration is past the eruption thresholdiater time as part of a CME. We have demonstrated that
halting the flux cancellation proceés.g., att=1380r,) can-  beyond a critical threshold of flux cancellation, our idealized
not prevent the eruption. Even for this idealized configura-streamer/fluxrope configuration erupts. In the flux cancella-
tion, a considerable amount of magnetic energy is releasetibn mechanism, the eruption of the filament and the initia-
during the simulated CME. During the primary energy re-tion of the coronal mass ejection are different aspects of the
lease phaset & 1380 tot=1420r,), about 1.75% 10°? ergs  same process: The destabilization of the entire magnetic con-
are released, and the kinetic energy increases by 8figuration.
% 10%! ergs. The remaining energgot shown is distributed The eruption can be viewed from several points of view.
into heating and gravitational potential energy. First, flux cancellation moves the footpoints of the already
As demonstrated by this calculation and that by Linkersheared magnetic field closer to the neutral line; this reduces
et al,*? prominence formatiofi.e., creation of the flux rope  poloidal magnetic fieldfield crossing the neutral linavhile
arises as part of the flux cancellation mechanism. Flux canthe magnetic field tangent to the neutral line is not changed.
cellation is in turn a natural part of the evolution of the This has the effect of greatly increasing the shear. Stability of
photospheric magnetic field. On the Sun it is frequently obthe configuration can also be described as a competition be-
served that the magnetic fields in an active region tend tdween magnetic pressure forces that tend to expand the con-
disperse days to weeks after its emergence. This dispersal ifuration and magnetic tension forces that restrain it. For-
magnetic flux is thought to occur on a small spatial scale bymation and buildup of the flux rope increases the magnetic
annihilation and submergence of magnetic dipole elementgressure and removes the stabilizing overlying fields until
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the magnetic field configuration can no longer maintain armpproachingWope,, and the configuration erupts. We note
equilibrium. It is perhaps most interesting to view the evolu-that while our solutions are for the full MHD equatiofi—
tion of the system in terms of the energy of the correspond;g) g that our solutions are not in general force-fieg,.,

ing open magntﬁtlcl f'eld\f[vfp_ef)' f'll'he flux ;:r?ncella;tlolnl_pro- remains an important parameter for describing the system.
cess removes the lowest lying fiux near the neutral in€, anc,’his is because the magnetic fields are strongest and most of

so significantly affect®Wgpen. Wopenis eventually reduced to . .
the point that the closed field system has a magnetic energ}{}e magnetic energy is stored near the base of the corona

T

t=ty+ 60T, t=1ty+ 80ty t=ty+ 100ty

FIG. 4. (Color Polarization brightness and magnetic field lines for the 3D erugiea text The black(yellow) disk in the top(bottom frames shows the
position of the Sun. The viewpoint is slightly above the equator, so the current sheet is not viewed edge on. Black and multi-colored field linesedimaw the
streamer and open field lines. &&t,, flux cancellation begins; flux is canceled only on one hemisphere of the Sun. The blue and red field lines show the
flux rope. When a critical threshold for flux cancellation is exceeded, the configuration erupts in a manner similar to the 2D case.
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e —sm structures were adequately resolved on this coarser mesh.
f;'w,&ﬁ.;_ e The magnetic flux was now reduced only on one hemisphere
? : aj* of the Sun(centered at longitude 180°) but in the same man-
}J ner as the 2D case. Figure 4 shows magnetic field lines and
o the polarization brightness for the 3D eruption. For the 3D
case the eruption proceeds similar to the 2D case, but now
the ends of the flux rope are anchored in the photosphere. We
note that the 3D configuration we have shown here is still
FIG. 5. (Color) Flux rope field lines and an isosurface of the scaled plasmayery idealized. Flux ropes that would form along real neutral

density from the simulation of Fig. 4, looking down from above the north |; ; : :
pole of the Sun. The flux rope remains attached to the Sun as it propagatélsnes are IIkEIy to be very compllcatéa.Flgure 5 shows an

out into the solar wind. The small density surface near the Sun’s surface igsogurface _Of th_e scaled plasma der?Sity together with mag-
the unerupted portion of the streamer belt. netic field lines in the flux rope, after it has propagated away

from the Sun.

where the plasmg@ is quite low. For magnetic fields to be in p_propagation to 1 A.U.
equilibrium in this region, they must be very nearly force-

free. We do not yet understand how the CMEs observed in the

corona evolve to produce the signatures that are measured
with interplanetary spacecraft. Clearly modeling must play a
key role if we are to clarify this process. Rather than per-
forming a single calculation that encompasses both the inner
Azimuthally symmetric models of CMEs suffer from solar corona and the heliosphere to 1 A.U. and beyond, we
two very unrealistic aspects, the first being that, to soméiave found that it is more efficient to perform the calculation
extent, they represent the worst-case scenario for eruption two separate parts. The first calculation consists of the
because the entire coronal magnetic field must be openedplution for the inner corona shown above. The second cal-
not just a portion of it. The second unrealistic aspect is thatulation takes the results at the outer boundary of coronal
the flux rope becomes completely detached from the Sun’solution as the inner boundary condition for a heliospheric
surface, which is not likely to happen for realistic 3D fields. calculation. The MHD characteristics point only outward be-
Amari et al** demonstrated a 3D eruption for the flux can- yond the sonic and Alfue points, so backward propagation
cellation process in local Cartesian geometry. Here we showf information does not occur. Odstrat al** describe the
that the streamer disruption we demonstrated in the previougsults of coupling the CME calculation discussed in Secs.
section occurs in 3D as well. IVA and IV B with a heliospheric calculation. In the ex-
We start from a sheared azimuthally symmetric helmetended calculation, a flux rope is ejected into the solar wind
streamer configuration similar to that discussed in Sec. IV Aand a shock wave forms in front of (Fig. 6). A substantial
the resolution for the 3D calculation was reduced to 81southward(negative B, (relative to the Earth’s magnetic
X 75X 64 to minimize the computing time. An additional re- field) is also generated. We have also developed a helio-
sistivity was added locally based on the current density, tspheric solution for the 3D case shown in Sec. IVC, and
ensure that the current sheet and other dynamically evolvinthese results will be discussed in a future paper.

C. Flux rope formation and eruption in three
dimensions

Time:

145074 1550t 17507
A .

a0 A= 50 Rs 1507 100 Rs
RADIAL VELOCITY (kmys) log,, DENSITY (mm™) log,, AZIMUTHAL FIELD (By)
0.0 M “m 550 0.02 EIIITTTTT T T 1 200000 0.002 ANMEEEEEEE——— 300

FIG. 6. (Color) The combined coronal and heliospheric calculation of the ejection of the flux rope and formation of a shock wave in the solar wind. The green
semi-circle at 2B marks the boundary between the two calculations. Different portions of the grids are shown in each frame. The white c@jaitsvof
the position of the flux rope at each time.
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V. CONCLUSIONS calculations based on idealized flux distributions, such as we
have shown here. This is the challenge that all serious mod-
The flux cancellation mechanism unifies the processes afls of CME initiation must confront to ultimately resolve the
prominence formation and prominence eruption with CMEunderlying cause of CMEs.
initiation, making it an attractive hypothesis for explaining
the initiation of CMEs(at least those associated with fila- ACckKNOWLEDGMENTS
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