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Introduction

Coronal mass ejections (CMEs) are spectacular
manifestations of solar activity that propel plasma
and magnetic flux outward from the sun.

Despite years of study, we still donet know how
CMEs are Initiated in the corona.

CMEs are generally believed to be driven by
magnetic energy release. There is plenty of free
energy stored in the coronal magnetic field.

How is this energy released? Historically,
theorists have had trouble demonstrating that this
energy could be released impulsively.



Introduction (continued)

In the past few years, there has been considepabigess
In theory/modeling of CMEs.

Two mechanisms have received prominent attention:

I Flux Cancellation (van Ballegooijen and Martensn L
and Forbes, Amarri et al., Linker et al, Rousseal ¢t

| Breakout (Antiochos et al.)

The challenge: Can we refute or confirm these
mechanisms with models/observations?

Today, | hope to describe three aspects of tlablpm:
| Basic physics of Flux Cancellation and Breakout

I Why it is difficult to distinguish mechanisms with
readily available observations

I How I think we can overcome these problems



Simulations of the Flux Cancellation and Breakout
Mechanisms have shown significant energy release

| Breakout - 2.5D IFlux Cancellatioh

3D - Local Cartesian ngal __

Amari et al., 2000 Linker et al, 2003
Antiochos et al., 1999



WHATeISs FLUX«CANCELLATION ?

e Observational Definition: “The
mutual disappearance of magnetic
fields of oppositely polarity at the
neutral line separating them” (Sara
Martin and co-workers)

* Observed frequently at filament sites

* Previous studies have investigated
flux rope formation in the corona
driven by reconnection at
photospheric neutral lines

 The process may have important
Implications for prominence
formation, eruption, and CME
Initiation
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Magnetic Flux Changes Prior to the May 12, 1997 CME

May 11, 04:05UT May 11, 12:52UT May 12, 04:45UT

May Il 047 05UT ° © ° Play Movie
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FLUX CANCELLATION M ODEL

(e.g, van Ballegooijen & Martens 1989;
Forbes & Isenberg 1991,
Amari et al.200Q 2003
Linker et al 2001, 2003

Flux cancellation at the neutral line can
destabilize a sheared arcade

Flows that converge toward the neutral line
can lead to flux cancellation (van
Ballegooijen & Martens 1989)

A flux rope forms above the neutral line

The dips in the magnetic field lines can
support prominence material

This mechanism produces an energetic
eruption with significant conversion of
stored magnetic energy into kinetic energy

There Is a threshold for eruption: cancellation
of less flux than the threshold leads to the
formation of a stable flux rope

Even a small amount of canceledflux can
trigger an eruption

Dispersal of the magnetic flux in an active
region can provide the necessary trigger



Creation of Helical Field Lines by Loss of Equilibrium of a Flux Rope
Flux Cancellation at the Neutral Line

van Ballegooijen & Martens 1989

Forbes & Isenberg 1991



Why Include the Solar Wind?

¥ Many studies of CME initiation focus on studying
eruption in magnetic configurations with simple
background atmospheres (e.g., zero-beta,
hydrostatic)

¥ This approach is useful for understanding basic
iIdeas for eruptive scenarios

¥ The real corona has a solar wind

¥ Including the solar wind changes the structure of
the magnetic field in important ways

¥ With a static atmosphere, the theorist has & lot o
freedom to choose parameters to his advantage:
With solar wind, freedom is limited.



Calculating Helmet Streamer Configurations
(Endler 1971, Steinolfson, Suess, & Wu 1982, mahers)

Start from a potential field matching a specifseniface
magnetic flux distribution.

Introduce a spherically symmetric solar wind (FRayk963).

Integrate MHD equations until the system relaxea steady-
state.

Essentially the same technique that we use foretmogithe
large-scale corona based on observed photosphagoetic
fields.



Eruption of a Helmet Streamer by Flux Cancellation
Flux

Je Play Movie»

Polarization Brightness

Sheared streamer 10.5% emerged flux  13.5% emerged flux 15% emerged flux 15% emerged flux
t=tg t =ty + 14 hours t=ty+ 18 hours t =ty + 20 hours t=ty+ 2.5 days



Eruption of a 3D Flux Rope

(@) (b)

t=tg t =ty + 4 hours

() (d)

t =ty + 6 hours t =ty + 8 hours

Play Moviep



The Breakout Model

Requires a more complex magnetic field topolognth
simple bipolar magnetic field A null point and

separatrix must be present
Driven by increasing shear near the neutral line

When shear is introduced, overlying magnetic flelds
rise and reconnect at the null point, transferfing to
neighboring arcades

Transfer of flux decreases downward tension orrste
arcade, leading to further rising of field lineslan
reconnection

Beyond a critical shear, this process !runs awnaayd
eruption occurs



Breakout Model (Conted)

Antiochos, Devore, &
Klimchuk, 1999

Play Movie
(MacNeice et al, 2004,
In press)



Including the Solar Wind.:
Formation of Three Helmet Streamers

Flux (projected field lines) Jcurrent density out of the plane)



Can Breakout occur in a Helmet Streamer?

I Problem can be alleviated by incorporating
multipolar arcades within the closed field region.

Potential Field With Concentrated Arcades

I This configuration mitigates some of the
advantages of the Breakout model: Now we have
stronger overlying fields above the separatrix.



_ Breakout Eruption in a Helmet Streamer
Play Movie

Helmet Streamer with Three Arcades

Play Movie Eruption of the Central Arcade



Case 2

Schematic of the Magnetic
Field Topology

South pole



A 3D Breakout Eruption?

Initial State Field Reconnects through Separatrix

Twisted Magnetic Field Rises Further Reconnection and Rapid Rise
of Field Lines



What do Flux Cancellation and Breakout have

IN common?

 There must be beee magnetic energyresent in the
coronal magnetic field parallel current twist shear

e This energy is stored over a long period and sgldaver a
short period

« Stability of the pre-event configuration involvas
competition between magnetic field tension and reign
pressure (e.qg., for force-free fields):

JkB =0
(VkB)kB=0
B'YB= B2 2

e Eruption occurs when field line tension is reduaed
pressure Is increased beyond a critical point



Comparison of Observables for Flux Cancellation

and Breakout

Observable/ Characteristig

Flux Cancellation

Breakout

Multipolar Field Topology

Allowed but not required

Required

Location of Reconnection

Below the Arcade

Above the Arcade

Sheared Field at Neutral
Line

Required

Required

Shearing or Twisting Flow

SAllowed but not requirec

Required

Converging flow at the
neutral line

Required

Allowed but not required

Presence of a Flux Rope

Forms prior to eruption

Forms after eruption

In practice, these observables do not adequatestyndjuish the

mechanisms



July 14, 2000 X class flare and CME - Flux Cancellation or Breakout?
Evolution of the Radial Component of the Magnetic Field (MDI Magnetograms)

03:12UT, July 11 03:15UT, July 13 04:51UT, July 14 01:36UT, July 15

Post Flare Loops (after an X5.7 Flare at 10:24UT on July 14, 2000)

EIT 195A Loops, 11:24UT, July 14, 2000
TRACE 195A Loops, 10:58UT, July 14, 2000




Bastille Day Event, July 14, 2000

Radial Magnetic Field Potential Magnetic Field Lines Showing a
+ Potential Field Loops Multipolar Character and a Separatrix




Mayl2, 1997 CME Event
Radial Magnetic Field + Potential Field Loops on May 11, 1997

Potential field based on an

MDI magnetogram taken at
01:40UT, May 11, 1997

Multipolar magnetic field structure




How do we determine the
underlying mechanism of CMESs?

 \We must refine the models to the point that
they can directly address the observations

* We need to study CME initiation
mechanisms for specific events to see If
they can plausibly explain them.

« Example: May 12, 1997



Working Towards A Realistic Model of Active Regi@iMESs

Boundary Condition for the Sun on May 11, 1997
Non-uniform mesh, High resolution in active region

MHD Coronal simulation:
1000G bipolar active region
9G Background dipole

0

Co-latitude

180

longitude 360
Raw SOHO Smoothed Version
MDI data Suitable for MHD

The Future: Simulation of the
Sun on May 11, 1997 and
subsequent eruption on May 12.



Summary

Flux Cancellation and Breakout are promising ma@ras
for CME Iinitiation

MHD simulations have shown that the mechanisms can
release considerable amounts of magnetic energy

Why donet we know which (if either) mechanism is
responsible for fast CMEs?

Evidence for both mechanisms often exists in acsipi
event

CME initiation is a threshold effect in both models
(%flux change, critical shear)

CME Initiation does not produce significant
photospheric magnetic field changes

The way to resolve these questions is difficulit, b
achievableDetailed modeling of events and comparison
with observations



Extra Slides



Which Configuration has a Flux Rope?



Which Configuration has a Flux Rope?

Antiochos, DeVore, & Co-workers: Amari et al., 1999:
Created with surface flows (shearing) Created with surface flows (shear+twist)

Amari et al., 1999, 2003: Created by cancelling flux



Four Flux Systems

Center Arcade Overlying Arcade

Side Arcade SideArcade



No Solar Wind: Shearing of Field Transfer of Flux

This is the Breakout Process



Solar Wind: Three Helmet Streamers

S=0 S= 85@
I Flux is not easily transferred between the Stream
I Eruption occurs, but it is not Breakout




Shearing of Central Streamer: Eruption

t=100 , t=1475, t=172.5, t=197.5,

1 hour = 2.5,



From Linker & Mikic, 1995 (ApJ 438, L45)



3D Simulation of a Coronal Mass Ejection

Play Movie
>



Implications for CMEs In the Solar Wind?

I More complicated topology than a single helnietamer eruption
I Caution: 2D picture may be misleading



MHD E QUATIONS

(PoLYTROPIC M ODEL)
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MHD E QUATIONS

(IMPROVED ENERGY EQUATION MODEL)
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