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Abstract

We describe the evolution of morphological features of the magnetic configuration of CME according to the ca-

tastrophe model developed previously. For the parameters chosen for the present work, roughly half of the total mass is

nominally contained in the initial flux rope, while the remaining plasma is brought by magnetic reconnection from the

corona into the current sheet and from there into the CME bubble. The physical attributes of the difference in the

observable features between CME bubble and flare loop system were studied. We tentatively identified distinguishable

evolutionary features like the outer shell, the expanding bubble and the flux rope with the leading edge, void and core of

the 3-component CME structure. The role of magnetic reconnection is discussed as a possible mechanism for the

heating of the prominence material during eruptions. Several aspects of this explanation that need improvement are

outlined.

� 2004 Elsevier B.V. All rights reserved.
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1. Introduction

In a recent review, Priest and Forbes (2002)
pointed out that the main challenge for the the-

ories of solar eruptions is to understand two basic

aspects of eruptions. The two aspects are the
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cause of eruption itself and the nature of the

observable features which form and develop

during its evolution. The observables include
bright flare ribbons on the solar disk and bright

flare loops in the corona. Accumulation of our

knowledge on the physical processes of solar

eruptions (Wang et al., 2003; Ko et al., 2003) like

solar flares, eruptive prominences and coronal

mass ejections (CMEs) leads us to further be-

lieving that the observable features of solar
ed.
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eruptions should also include rapid ejections of a

large amount of magnetized plasma into the

outermost corona and interplanetary space as well

as detectable correlations of one manifestation to

others (Zhang et al., 2002; Zhou et al., 2003). The

mass, speed and magnetic orientation of the ejecta
are the quantities that determine the geo-effec-

tiveness of a CME. Hence, there is tremendous

practical interests (see e.g., Srivastava and Venk-

atakrishnan, 2002; Venkatakrishnan and Ravin-

dra, 2003; Yurchyshyn et al., 2004) for a fuller

understanding and quantification.

As one of several possible mechanisms for

triggering eruptions, the catastrophic loss of
equilibrium in a coronal magnetic configuration

has been extensively studied for more than two

decades (see e.g., a recent review by Lin et al.,

2003) since it was initially proposed by Van Tend

and Kuperus (1978) and Van Tend (1979). Results

of these works suggest that an MHD catastrophe

constitutes the basic triggering of the major erup-

tion, and that the magnetic reconnection driven by
the catastrophe helps the loss of mechanical equi-

librium in the relevant magnetic system develop

into a plausible eruption (Forbes and Isenberg,

1991; Isenberg et al., 1993; Forbes and Priest,

1995; Lin and Forbes, 2000; Forbes and Lin, 2000;

Lin, 2002).

Fig. 1 shows the proposed configuration of a

disrupted magnetic field in the corona: a current-
carrying flux rope, which is usually used to model

the prominence, is thrust upwards by the cata-

strophic loss of equilibrium, and the adjacent

closed magnetic field is stretched so severely that

the field effectively opens up and a current sheet

forms in the wake of the flux rope producing a

Kopp–Pneuman-type structure (Kopp and Pneu-

man, 1976). Although gravity of the prominence
material may be quantitatively important for some

aspects of solar eruptions (see Forbes, 2000; Low,

2001), it is not essential for the catastrophe be-

havior of a magnetic system with relatively strong

magnetic field (see discussions of Isenberg et al.,

1993; Lin et al., 2003; and Lin, 2004 for more

details). So, consideration of gravity is usually re-

laxed in the catastrophe models.
In the standard two-ribbon flare models (see

�Svestka and Cliver, 1992 and Forbes and Acton,
1996), magnetic reconnection invoked by plasma

instabilities inside the current sheet creates both

flare ribbons on the solar disk and flare loops in

the corona (see the lower segment of the top panel

and the enlargement in the bottom panel of Fig. 1).

In the newly developed CME models, magnetic
reconnection also plays an essential role in helping

the upper extension of the magnetic structures es-

cape into the outermost corona and interplanetary

space (Miki�c and Linker, 1994; Antiochos et al.,

1999; Lin and Forbes, 2000; Forbes and Lin, 2000;

Lin, 2002; Linker et al., 2003).

In general, the focus of the above theoretical

works is either on the energetics or on the dy-
namics of an eruptive process. Parameters inves-

tigated include the total energy that could be

released, velocity and acceleration of CME, evo-

lution of the current sheet, the induced electric

field inside the current sheet that may be respon-

sible for various particle accelerations during the

eruption, and so on. Generic scenarios of magnetic

reconnection process suggest that reconnection
outflow brings the reconnected plasma and mag-

netic flux leaving the reconnection site via both

ends of the current sheet. As sketched by the car-

toon in Fig. 1, magnetic reconnection is thus a

prime driver for morphological changes in ob-

servable features of CMEs. So, as an extension of

previous works, we are investigating here the im-

pact of magnetic reconnection on the morpho-
logical features of an eruption, including the

classical 3-component structure (i.e., the leading

edge, void, and core) of some CME ejecta

(Hundhausen et al., 1994; Low, 2001).

In Section 2, we quantitatively describe how the

reconnected plasma is brought away from the co-

rona during the eruptive process. In Section 3, we

focus on the evolutionary and observable charac-
teristics of the separatrix bubble – the area sur-

rounded by the magnetic separatrix that is

attached to the upper tip of the current sheet (see

the thin red shell shown in the top panel of Fig. 1),

as well as on the impact of the background field

and the rate of magnetic reconnection on those

features. In Section 4, strictly as a speculation, we

qualitatively discuss the possible role played by
reconnection in heating the prominence material

during developmental stages of an impending
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Fig. 1. Schematic diagram of a disrupted magnetic field that forms during an eruptive process. Colors are used to roughly denote the

plasma layers in different temperatures. This diagram incorporates the two-ribbon flare configuration of Forbes and Acton (1996) and

the CME configuration of Lin and Forbes (2000).
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CME process. Finally, we summarize the work in

Section 5.
2. Amount of plasma sent into space during eruption

Lin and Forbes (2000) constructed a model of
solar eruptions. This model consists of a two-
dimensional magnetic configuration in the semi-

infinite x–y plane with y ¼ 0 being the photo-

spheric boundary (or more properly, the base of

the corona) and y > 0 corresponding to the co-

rona. At a given time, t, a force-free flux rope with

radius r0 is located at height h on the y-axis. Below
it there may exist a detached vertical current
sheet along the y-axis with its lower tip at y ¼ p
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and upper tip at y ¼ q as shown in Fig. 2. The

background field in this configuration is produced

by two point-source regions on the photosphere,

which are separated by a distance of 2k. The initial
quasi-static evolution in the system in response to

the slow decrease in k eventually transits into a
dynamic evolution due to the catastrophe occur-

ring as k reaches the critical value kc. The dynamic

evolution of the catastrophic loss of equilibrium is

rapid compared to the change in the background

field. Therefore, k can be considered unchanged

after the catastrophe, and its value is thus fixed at

kc in calculations of any parameter that describes

the eruptive process.
On the basis of this model, we can calculate how

muchmass is sent into the bubble at any given time.

As sketched in Fig. 1, the plasma that enters the

bubble during the eruption has two sources. The
Fig. 2. Diagram of the CME/flux rope configuration that

shows the mathematical notations used in the text (from Lin

and Forbes, 2000). The height of the center of flux rope is de-

noted by h, while p and q denote the lower and the upper tips of

the current sheet, respectively, the distance between the mag-

netic source regions on the photosphere is 2k, and A, B, C, and

D denote four specific points at the edge of the separatrix

bubble such that the size of the bubble is measured either as DD,
the span between A and C, or as Dh, the span between B and D.
first source is the reconnected plasma that is brought

by the reconnection inflow (marked by the thick

blue arrows in Fig. 1) from the corona near the

current sheet and is then sent into the bubble

through the current sheet by reconnection. This

plasma is heated by reconnection as it passes
through the current sheet. The other source is the

direct plasma flow indicated by the blue curved ar-

rows in Fig. 1. This plasma does not go through the

current sheet before entering the bubble, but auto-

matically becomes part of the bubble with the for-

mation of new closed magnetic field lines, therefore

it is not subject to heating in the current sheet.

For the plasma that goes through the current
sheet, the inflow velocity of reconnection is

VR ¼ MAVA, where MA is the Alfv�en Mach number

and VA is the local Alfv�en velocity near the current

sheet, so the total mass of plasma sent into the

current sheet per unit time per unit length is (refer

to Fig. 2)

dm
dt

¼ 2

Z q

p
VRðyÞqðyÞ dy

¼ 2MA

Z q

p
VAðyÞqðyÞ dy

¼ 2MAq0

Z q

p
VAðyÞf ðyÞ dy; ð1Þ

where the factor of 2 at the right-hand side is

arising from the fact that the plasma flows from
both sides into the current sheet, qðyÞ ¼ q0f ðyÞ is
the plasma mass density in the corona, q0 is the

value of qðyÞ at the base of the corona, f ðyÞ is a

dimensionless function that describes the variation

of the mass density against height in the corona

with f ð0Þ ¼ 1, and the integral is taken along the

current sheet. The empirical function of the coro-

nal plasma density deduced by Sittler and Gu-
hathakurta (1999) is used in our calculations for

f ðyÞ, which reads as

f ðyÞ ¼ a1z2ðyÞea2zðyÞ

� ½1þ a3zðyÞ þ a4z2ðyÞ þ a5z3ðyÞ�; ð2Þ

where

zðyÞ ¼ 1=ð1þ 5y=69:6Þ; a1 ¼ 0:001272;

a2 ¼ 4:8039; a3 ¼ 0:29696;
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a4 ¼ �7:1743; a5 ¼ 12:321;

and y is in units of 5� 104 km (see also Lin, 2002).
Unlike the reconnected magnetic flux, the rates of

reconnected plasma flowing from each end of the

current sheet may not necessarily equal to one

another. Because there is not a generally accepted

theory about this rate, we assume, as a zeroth

order approximation, that the reconnected plasma

flows from each end of the current sheet at the

same rate. So one half of the reconnected plasma
enters the separatrix bubble.

On the other hand, it is not quite clear how to

rigorously estimate the amount of mass for the

plasma that does not go through the current sheet.

We assume, for simplicity, that the amount of such

plasma is the same as that of the reconnected

plasma. So, the total mass injected into the bubble

per unit time per unit length just equals dm=dt
given in (1). Since this non-current-sheet compo-

nent of plasma comes from the region of higher

altitudes where the plasma density is lower, we

should keep in mind that taking the two plasmas

to be equal to one another gives only an upper

limit on the total mass inside the separatrix bub-

ble. Our results deduced on the basis of (1) should

be compared with the corresponding results of Lin
(2002) in which neither of the above two added

plasma masses were included in the propagation of

CMEs.

The Alfv�en velocity near the current sheet is

given by:

VAðyÞ ¼
Byð0; yÞffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4pqðyÞ

p ;

where Byð0; yÞ and qðyÞ are the magnetic field and

the plasma density measured just outside the cur-

rent sheet, respectively (see Fig. 2 and the discus-

sion in Lin and Forbes (2000) for further details).

Applying the results of Lin and Forbes (2000) for

the magnetic field and those of Lin (2002) for qðyÞ
we obtain

VAðyÞ ¼
2I0

c
ffiffiffiffiffiffiffiffiffiffi
4pq0

p
� kðh2 þ k2Þ
ðh2 � y2Þðy2 þ k2Þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðq2 � y2Þðy2 � p2Þ

f ðyÞðp2 þ k2Þðq2 þ k2Þ

s
;

where c is the light speed, I0 is a constant with

dimensions of electric current. Substituting VAðyÞ
into Eq. (1) yields

dm
dt

¼ 4I0MAq0

c
ffiffiffiffiffiffiffiffiffiffi
4pq0

p
�
Z q

p

kðh2 þ k2Þ
ðh2 � y2Þðy2 þ k2Þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
f ðyÞðq2 � y2Þðy2 � p2Þ
ðp2 þ k2Þðq2 þ k2Þ

s
dy;

ð3Þ

which determines the rate of the reconnected

plasma injected into the bubble, and parameters h,
p, and q in Eq. (3) and other equations shown

below are all functions of time, t, during the
eruption. This component of plasma from recon-

nection may not enter the flux rope to modify the

amount of mass inside the flux rope, but it does

move with flux rope as it enters the bubble and

affects the dynamical evolution of the flux rope.

Having an integral at the right-hand side of Eq.

(3) makes it very difficult and time-consuming to

solve the ordinary differential equations that gov-
ern the evolution of the system after the current

sheet forms. To simplify calculations, we evaluate

the integral approximately by multiplying the

length of the current sheet with the integrand value

at the middle of the current sheet. The basis of the

approximation is the mean value theorem for

definite integrals: the integral can be evaluated by

taking product of the integral interval with the
value of integrand at a given point within the

interval. In our case, we assume this location to be

the middle of the current sheet. (We will justify

this approximation below.) Thus, Eq. (3) now

becomes

dm
dt

¼ 4I0MAq0

c
ffiffiffiffiffiffiffiffiffiffi
4pq0

p
� kðh2 þ k2Þðq� pÞ
ðh2 � y20Þðy20 þ k2Þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
f ðy0Þðq2 � y20Þðy20 � p2Þ

ðp2 þ k2Þðq2 þ k2Þ

s
;

ð4Þ

where y0 ¼ ðp þ qÞ=2.
The acceleration of the flux rope as well as the

bubble, €h, is related to the external force per unit

length, F , acting on the flux rope, which is pro-

duced by the magnetic field from all the sources
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(electric currents) outside the flux rope. F is given

by

F ¼ m€h;

where m is the total mass per unit length inside the

bubble, which was previously fixed at

m0 ¼ 2:1� 106 g cm�1 in the work of Lin and
Forbes (2000) and Lin (2002), but is now free to

vary with time, t, according to Eq. (4). From Lin

and Forbes (2000), the force F is written as

F ¼ I0
c

� �2 k2

2hL2
PQ

H 2
PQ

2h2

"
� ðk2 þ p2Þðh2 � q2Þ

k2 þ h2

� ðk2 þ q2Þðh2 � p2Þ
k2 þ h2

#
;

and we have (see also Eq. (36) of Lin and Forbes,

2000)

m€h ¼ m _h _h0

¼ I0
c

� �2 k2

2hL2
PQ

H 2
PQ

2h2

"
� ðk2 þ p2Þðh2 � q2Þ

k2 þ h2

� ðk2 þ q2Þðh2 � p2Þ
k2 þ h2

#
; ð5Þ

where (and hereafter) the prime (0) means taking

the derivative with respect to h, L2
PQ ¼ ðk2 þ p2Þ

ðk2 þ q2Þ, and H 2
PQ ¼ ðh2 � p2Þðh2 � q2Þ.

Other equations governing the flux rope mo-

tions given by Lin and Forbes (2000) remain valid

and unchanged. These equations include the Far-

aday’s equation that relates the change in the value

of the flux function at the current sheet to the

electric field, Ez, induced by the reconnection in-

flow near the current sheet, and the condition of
frozen-in-flux at the surface of the flux rope. The

Faraday’s equation is written as

Ez ¼ � 1

c
oA0

ot
¼ � 1

c
oA0

oh
_h; ð6Þ

where A0 is the value of the flux function along the

current sheet, and _h ¼ dh=dt is the flux rope ve-

locity. The ideal-MHD environment outside the

current sheet relates Ez to the velocity of recon-

nection inflow, VR, and the magnetic field, Byð0; yÞ,
near the current sheet. To simplify our calculations

below, we evaluate both the magnetic field and the
Alfv�en speed at the midpoint of the current sheet.

This leads to

Ez ¼
1

c
VRByð0; y0Þ ¼

1

c
MAVAðy0ÞByð0; y0Þ: ð7Þ

The combination of Eqs. (6) and (7) relates the

dynamic properties of flux rope to the evolving

reconnection process inside the current sheet and

describes the quantitative dependence of the global

evolutionary behavior of an eruption on the lo-

calized energy conversion occurring within a fairly
confined area (more details concerning this rela-

tion can be found in Eqs. (24)–(28) as well as

Eq. (40) of Lin and Forbes, 2000).

The condition of frozen-in-flux at the surface of

the flux rope actually represents the ideal-MHD

nature of the magnetic field and the plasma inside

and outside the flux rope, it requires the flux

function at the flux rope surface remain constant
as the system evolves. In the work of Lin and

Forbes (2000), this condition was expressed in

both general and differential forms (refer to their

Eqs. (30) and (32)). The general form is often used

when we investigate the slow evolution of the

system prior to the eruption and the differential

form is used to close the differential equations (4)–

(7) that govern the flux rope motions in the erup-
tive process.

To solve these sets of equations, the following

characteristic values for various parameters in (4)

and (5) are set for the purpose of normalization

k0 ¼ 5� 104 km; m0 ¼ 2:1� 106 g=cm;

r00 ¼ 0:1k0; q0 ¼ 1:673� 10�14 g=cm
3
;

I0=ck0 ¼ 50r G; _h0 ¼ 103 km=s;

where m0 is the initial mass per unit length inside

the flux rope, which is also used to normalize m,
r00 is the initial value of the flux rope radius

(Fig. 2), I0=ck0 is one half the background field

strength at the origin, r in the expression for

I0=ck0 is a dimensionless constant describing the
relative strength of the background field, and _h0
is used to normalize velocity _h. The value of k0
adopted is appropriate for an eruption from an

active region. Applying these values to Eq. (4),

we have
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dm
dt

¼ 1:04204MAr
kðq� pÞðh2 þ k2Þ
ðh2 � y20Þðy20 þ k2Þ

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
f ðy0Þðq2 � y20Þðy20 � p2Þ

ðp2 þ k2Þðq2 þ k2Þ

s
; ð8Þ

and applying them to Eq. (5) gives

_h _h0 ¼ 3:125k2r2

2:1mhL2
PQ

H 2
PQ

2h2

"
� ðk2 þ p2Þðh2 � q2Þ

k2 þ h2

� ðk2 þ q2Þðh2 � p2Þ
k2 þ h2

#
; ð9Þ

where the time, t, in Eq. (8), and hereafter, is in

units of minutes. 1

We are now ready to investigate the evolution

of the system as a function of time. The governing

equations consist of (8) and another four ordinary

differential equations:

dp
dt

¼ 6

5
p0 _h;

dq
dt

¼ 6

5
q0 _h;

d _h
dt

¼ 6

5
_h0 _h;

dh
dt

¼ 6

5
_h; ð10Þ

which are the same as those in Eqs. (47) of Lin and
Forbes (2000). Here, _h _h0 is given by (9), and the

factor of 6/5 in Eq. (10) arises from the normali-

zation of units. The expressions for p0, q0, and _h0 in
(10) here were previously listed in Eq. (43) of Lin

and Forbes (2000). To save space, we do not du-

plicate them.

In our calculations below, the rate of magnetic

reconnection, MA, is approximated by value mea-
sured at the center of the current sheet. In princi-

ple, MA varies with time and the properties of the

plasma and magnetic field near the reconnection

site, such as the length and thickness of the current

sheet, strength of the magnetic field and plasma

resistivity. Since there is no generally accepted

theory for how fast reconnection occurs when

driven by a catastrophic loss of equilibrium, we
1 As in Lin and Forbes (2000), we ignore the force of gravity

in our calculations for simplicity. The impact of gravity on

CME propagation is small provided that the background field

of the disrupted magnetic structure is not too weak, say not

weaker than 30 G or r < 0:3 (see Lin, 2004). In the present

calculations, we take rP 0:5.
assume that MA is a constant less than unity in the

present work. Consult works by Lin and Forbes

(2000) and Forbes and Lin (2000) for detailed

discussions of the functional behavior and the

plausible values of MA.

We next attempt to justify the use of magnetic
reconnection rate measured at the midpoint of the

current sheet to approximate the average rate of

magnetic reconnection and the use of Eq. (4) to

approximate equation (3). Fig. 3 gives the output

power, P , of the eruptive process as a function of

time for r ¼ 1 and MA ¼ 0:1 which was derived

from

P ¼ m _h
d _h
dt

: ð11Þ

The solid curve corresponds to the case of evalu-

ating the reconnection rate at the center of the

current sheet, the dashed curve corresponds to the

rate evaluated at the point with a distance of a

quarter of q� p from the lower tip of the current

sheet, and the dotted-and-dashed curve to the rate

at the point with the same distance from the upper

tip of the current sheet. Fig. 3 confirms that the
results for the three broad scenarios are not too

different – for example, the difference between the

solid curve and the average of the other two (da-
various locations where the rate of reconnection is evaluated

along the current sheet. The results are used for justifying some

approximations and modifications made in the present work.

The solid curve corresponds to evaluating the reconnection rate

at the center of the current sheet, the dashed curve corresponds

to the rate at the center of the lower half section of the current

sheet, and the dotted-and-dashed curve to the center of the

upper half section.



1050
Time (hours)

0

1

2

2

0

1

(a)

(b)

T
ot

al
 m

as
s 

of
 r

ec
on

ne
ct

ed
 p

la
sm

a 
(1

016
 g

)
T

ot
al

 m
as

s 
of

 r
ec

on
ne

ct
ed

 p
la

sm
a 

(1
016

 g
)

σ = 3

σ = 0.5

Fig. 4. Variations of the amount of reconnected plasma m
versus time t for (a) fixed rate of magnetic reconnection with

MA ¼ 0:1 and varying background fields: r ¼ 0:5, r ¼ 1, r ¼ 2,

and r ¼ 3 from low to high (bottom to top curves), respectively,

and for (b) fixed background field with r ¼ 1 and varying rates

of magnetic reconnection: MA ¼ 0:05 (dashed curve) and

MA ¼ 0:1 (solid curve), respectively.

618 J. Lin, W. Soon / New Astronomy 9 (2004) 611–628
shed and dot-dashed curves) is very small. There-

fore, our approximation in evaluating the inte-

grand in (3) at the middle of the current sheet is

reasonable.

During the eruption, time t ¼ 0 is set for the
moment when the flux rope starts to lose its me-

chanical equilibrium. For the magnetic configura-

tion we are dealing with, magnetic reconnection

does not occur until t ¼ t� when a neutral point

appears at the boundary surface and a current

sheet starts to develop (refer to Lin and Forbes,

2000 and Lin, 2002 for more discussions). So, the

initial time for integrating Eqs. (4) and (10) is set at
t ¼ t�. Thus, Eqs. (4) and (10) can be solved under

the initial conditions (Lin and Forbes, 2000 and

Lin, 2002)

t ¼ t� ¼ 12:213=r; h ¼ h� ¼ 1:18113;

_h ¼ _h� ¼ 0:3211r;

m ¼ m� ¼ 1; p ¼ p� ¼ 0; q ¼ q� ¼ 0:

ð12Þ

Fig. 4 shows the total mass of the reconnected

plasma sent into the separatrix bubble against time

(here we assume that the system extension in z-
direction, L, is 105 km, see Lin and Forbes, 2000)

for different background field strengths (Fig. 4(a))

and for different magnetic reconnection rates

(Fig. 4(b)). Four curves in Fig. 4(a) from low to

high correspond to r ¼ 0:5, 1, 2, and 3, respec-
tively. The rate of magnetic reconnection in the

relevant calculations is fixed at MA ¼ 0:1. These
curves indicate that the amount of the reconnected

plasma increases with the strength of the back-

ground field, and that most of the reconnected

mass comes from the low corona. They also sug-

gest that dependence of the added plasma on the

strength of background field is not very significant.
The curves in Fig. 4(b) are also for the variations

of the added mass during the eruption, but the

strength of the background field is fixed at r ¼ 1,

and the rates of magnetic reconnection were eval-

uated with MA ¼ 0:05 (dashed curve) and MA ¼
0:1 (solid curve), respectively. We note that the

amount of the added plasma depends sensitively

on the rate of magnetic reconnection. The increase
in the mass of the added plasma with both the

background field, r, and the rate of magnetic re-

connection, MA, is because the velocity at which
the plasma is brought to the reconnection site is

proportional to MA and to the local Alfv�en speed,

which is also proportional to r. The added mate-

rial mostly originates in the low corona since the

plasma is denser at lower altitudes. Comparison of

the curves in Fig. 4(a) with those in Fig. 4(b) shows
that the rate of magnetic reconnection is more

important than the background field in determin-

ing the amount of the added plasma. This is owing

to the fact that MA governs the speed of plasma

flowing into the reconnection site more directly

than the background field.

Curves in Fig. 4 also imply that although most

of the mass (� 80%) from reconnection is added
within the first 1–1.5 h after the onset of recon-

nection, the mass within the CME is continually

increasing for a long duration of time. This dy-

namical reality means that average masses of
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CMEs derived from the traditional coronagraph

data near the Sun are underestimated. For exam-

ple, the older coronagraph data gave a few times

1015 g for the masses carried away by CMEs

(Howard et al., 1985; Hundhausen et al., 1994).

But results from Helios (Webb et al., 1996) and
LASCO (Howard et al., 1997) indicated that ear-

lier mass estimates were underestimated by factors

of 3–10, probably because mass outflow can persist

well after the CME’s leading edge has left the field

of view of detectors (Webb, 2000). Most recently,

Ko et al. (2003) analyzed a CME that leaves a long

and thin streamer-like structure behind. The high

ionization state of the plasma ([Fe XVIII] emission
features were observed) inside this structure and a

growing flare loop system in EIT 195�A right be-

neath it indicate that it is the current sheet that

develops in a disrupted magnetic field, which is

suggested by Lin and Forbes (2000). The contin-

uous plasma outflow along the current sheet ob-

served by Ko et al. (2003) seems to support Webb’s

(2000) conclusion and our theoretical result.
3. Observational implications of the evolution of

separatrix bubble

As indicated by the cartoon in Fig. 1, the sep-

aratrix bubble that surrounds the flux rope and

attaches to the upper tip of the current sheet is also
the product of magnetic reconnection, like the

post-flare/CME loop/giant arch system below the

current sheet. During an eruption, coronal mag-

netic field and plasma are continuously recon-

necting through the current sheet. The newly

formed closed field lines, both of those anchored in

the photosphere for flare loops and those sur-

rounding the flux rope, are successively produced,
causing both the flare loop system and the separ-

atrix bubble to expand.
3.1. Morphological features

As shown by Fig. 2, the size of the bubble

can be described either by DD, the span between

points A and C, and/or by Dh, the span between

points B and D. Because of the cusp structure
near the tip of the current sheet, the scale of the

bubble in y-direction, Dh, is slightly larger than

that in x-direction, DD. By solving Eqs. (8) and

(10), we are able to track the size of the mag-

netic system at any given time during the erup-

tion. Fig. 5(a) shows DD and Dh versus time for
r ¼ 1 and MA ¼ 0:1. Time t ¼ 0 corresponds to

the onset of the eruption. Before magnetic re-

connection commences at t ¼ t�, the separatrix

bubble does not show any distinctive changes

from its original configuration that are ob-

servable. So the evolutions of DD and Dh at the

stage prior to reconnection are represented with

dashed curves. To demonstrate how the scale of
the separatrix bubble varies with the propagation

of the flux rope, we also plot h, qþ Dh (the

height of the separatrix bubble apex, B, refer to

Fig. 2), and q (the height of the separatrix

bubble bottom, D) versus time in Fig. 5(b).

These curves suggest that expansion of the sep-

aratrix bubble is fairly rapid during the eruption.

For the flux rope located at the center of the
bubble, on the other hand, its scale and expansion

are governed by internal force balance that is

usually determined by the force-free condition in-

side the flux rope. The internal balance relates the

flux rope radius, r0, to the intensity of electric

current, I , inside the flux rope. Parker (1974) de-

rived an exact solution for force-free magnetic field

in the flux rope. But the solution is implicit and
transcendental, so it is cumbersome to use. Isen-

berg et al. (1993) simplified Parker’s solution by

fitting the r0 � I curve with a polynomial expres-

sion within the range of interests. When con-

structing CME models, we further simplify this

relationship to

r0 ¼ r00=J ; ð13Þ

where J ¼ I=I0 and r00 is the value of r0 for J ¼ 1.

A justification for using Eq. (13) to approximate
the solutions of Parker (1974) and Isenberg et al.

(1993) is given in Lin and Forbes (2000). Fig. 5(c)

plots the time-profile of r0 and Fig. 5(d) plots h
and h� r0, respectively, for the case of MA ¼ 0:1
and r ¼ 1. Comparing Figs. 5(c) and (d) with

Figs. 5(a) and (b) indicates that the expansion of

the flux rope itself is much slower than that of the
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Fig. 5. Evolutions of the morphological features of the separatrix bubble and the scale of flux rope for r ¼ 1: (a) DD and Dh. (b) The
parameters for morphological features of the separatrix bubble. The dashed section indicates the stage before reconnection starts. (c)

The flux rope radius r0. (d) The flux rope scale. The inset shows more details: the upper curve is for hþ r0, the lower curve is for h� r0,
and the middle one is for h.
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separatrix bubble. This result suggests that the

most rapidly expanding structure during CMEs is

always the separatrix bubble instead of the flux

rope (filament or prominence).

The snapshots in Fig. 6 capture the evolutions

of various morphological features following the

onset of the eruption (MA ¼ 0:1 and r ¼ 1). The

starting configuration does not contain any mag-
netic reconnection site, such as X-type neutral

point or current sheet, above the boundary surface

as the catastrophe occurs at t ¼ 0. So reconnection

does not commence until t ¼ t� when an X-type

neutral point appears on the boundary surface and

the current sheet starts to form. Magnetic recon-

nection continuously sends reconnected plasma

and magnetic flux into the separatrix bubble
through the upper tip of the current sheet which

causes the volume of the bubble to increase rapidly

(see Fig. 5(a)). Because of the freezing-in of plasma
to magnetic field, the reconnected plasma and any

associated thermal conduction flux can only be

communicated through the separatrices. The

closed field lines detached from the current sheet

prevent the hot plasma from entering the interior

segment of the separatrix bubble. Without a con-

tinuous supply of heat, the interior plasma starts

to cool due to the adiabatic expansion and/or ra-
diation. Therefore, the bubble’s outer shell is

hotter than its internal part and the colors in Fig. 6

are used to schematically denote this difference in

temperature: red and yellow are for higher tem-

peratures and green and blue are for lower ones.

What happened to the flare loop system below the

lower tip of the current sheet is similar: the hotter

loops outside are enclosing the cooler ones inside.
Fig. 6 also indicates that the separatrix bubble

above the current sheet grows much faster in both

size and height than the corresponding flare loop
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Fig. 6. Snapshots of the disrupted magnetic configuration at different times after the onset of the eruption. The eruption starts at t ¼ 0,

and magnetic reconnection does not commence until t ¼ t� when a neutral point appears on the boundary surface and a current sheet

begins to form.
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system below the current sheet. This is because the

flare loops occur in the lower corona with strong

magnetic field and dense plasma compared to the

upper corona in which the separatrix bubble
propagates and expands. The tenuous plasma and

weak magnetic field in the outermost corona and

interplanetary space make it fairly easy for the

separatrix bubble to grow. A detailed comparison
of the curves in Figs. 5(a) and 5(b) with the solid

curve in Fig. 6(g) of Lin (2002) provides us with a

more quantitative understanding of the differences

in sizes and in evolutionary behaviors between
CMEs and flare loops. Interested readers may also

refer to �Svestka (1996), Lin (2002) and Ko et al.

(2003) for more discussions and direct observa-

tional evidence.
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3.2. Implications for 3-component structure of

CMEs

Although our calculation is done in two-

dimensions, the snapshots in Fig. 6 could be con-
sidered as cross-sections of a three-dimensional

configuration, which includes a flux rope with two

ends anchored in the photosphere (please see those

three-dimensional configurations investigated nu-

merically by Amari et al., 2003 and Linker et al.,

2003). The evolutionary behavior of the disrupted

magnetic field revealed by our snapshots in Fig. 6

still offers some valuable observational conse-
quences. Because of the rapid growth of the bubble

and the insufficient supply of plasma, the average

density inside the bubble decreases quickly with

time, and the bubble fades rapidly as it propagates

through the outer corona and interplanetary

space. However, fresh material is continually in-
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Fig. 7. Variations of the average densities of the plasma inside the sep

r ¼ 0:5, MA ¼ 0:05, (b) r ¼ 0:5, MA ¼ 0:1,(c) r ¼ 1, MA ¼ 0:05, and (

curves for �n2.
jected at the outer edge of the bubble, so a limb-

brightened structure may be observable.

Two different densities of the plasma inside

the separatrix bubble are plotted against the

height of flux rope in Fig. 7 for a range of cir-

cumstances: (a) r ¼ 0:5 and MA ¼ 0:05, (b)
r ¼ 0:5 and MA ¼ 0:1, (c) r ¼ 1 and MA ¼ 0:05,
and (d) r ¼ 1 and MA ¼ 0:1. The dashed curves

describe the plasma densities, �n1, averaged over

the volume surrounded by the separatrix S1 (see

Fig. 8), defined at the moment t ¼ t1 ¼ t�, when
a neutral point just appears on the boundary

surface and a current sheet starts to develop.

The solid curves show the densities of the plas-
ma, �n2, averaged over the volume between S1
and the instant (new) separatrix Si at time

t ¼ ti > t�, where i ¼ 2; 3; . . . (Fig. 8).
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d) r ¼ 1, MA ¼ 0:1. The dashed curves are for �n1 and the solid
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bubble surrounded by S1 does not contain the

plasma flowing from the reconnection site, but

only that from pre-existing coronal background.

As magnetic reconnection continues, S1 detaches

from the current sheet. Because of the freezing-in

of plasma to magnetic field, the total amount of
plasma inside S1 does not therefore change. At
time t ¼ t2, field line S2 attaches to the current

sheet and becomes the new separatrix. Progressive

reconnection drives the separatrix from one field

line S1 to another one S2, and then to another one,

S3, and so on (Fig. 8).

Fig. 8 also suggests that both densities, �n1 and
�n2, will decrease quickly as the flux rope moves

outward bringing the separatrix bubble together.

Within a distance in radial direction of about five

solar radii, density �n2 decreases by more than two

orders of the magnitude, and the decrease in �n1 is

also close to two orders of the magnitude. On the

other hand, we also note that the corresponding

curves in different panels in Fig. 7 show a similar
pattern of characteristic decrease, which implies

that the rate of magnetic reconnection and the

background field do not significantly impact the

variations of plasma densities inside the separatrix

bubble. In short, the dependence of the average

densities of plasma inside the separatrix bubble on

the background field and on the rate of magnetic

reconnection are totally different from the corre-
sponding dependence of the added plasma mass

inside the bubble.

In addition to the above dynamical evolution of

CME morphological features, we find that the

freezing-in of plasma to magnetic field also causes

the plasma flowing out of the current sheet to be

guided by the separatrix to fill a thin layer around

the separatrix. The plasma density in this layer is a
function of time, t, and altitude of flux rope, h.
Fig. 9 shows the densities at three positions in this

layer compared to the pre-CME densities at those

heights for different r and MA (both were set to

have the same values as in Fig. 7). As denoted in

Fig. 2, position B is at the top of the bubble, C is at

the edge of the bubble at the same height as the

flux rope center, and D is at the upper tip of the
current sheet. The solid curve corresponds to

position B, the dashed curve to C and the dashed-

and-dotted to D, respectively. Note that the den-

sity is assumed to be the same at all three locations

in the bubble, but the density of the pre-CME

corona varies by an order of magnitude at those

heights according to Eq. (2). The behavior of each

curve at its lower end may be owing to the fact that
the amount of plasma injected into the bubble

at low altitudes increases more slowly than the
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Fig. 9. Variations of the relative plasma densities in the outer shell of the separatrix bubble versus the corresponding altitude of flux
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volume of the bubble. Like �n1 and �n2 in Fig. 7, the
density ratios specified in Fig. 9 depend weakly on

both the background field and the rate of magnetic

reconnection.

We can also show the density contrast between

the dense shell around the separatrix and the

bubble. Fig. 10 plots the densities of the plasma

inside the shell compared to �n1 and �n2, respectively,
for r ¼ 1 and MA ¼ 0:1. Those for different mag-
netic fields and different reconnection rates are not

drawn since the impact of r and MA on the be-

haviors of the densities are weak like those re-

vealed in Figs. 7 and 9. As mentioned previously,

the plasma inside the shell is assumed to be uni-

form, so the results shown in Fig. 10 are inde-

pendent of the positions where the density ratio is

calculated.
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The high and the medium density ratios indi-

cated by Figs. 9 and 10, respectively, suggest that

the dense shell at the outer edge of the bubble may

correspond to the leading edge in the classic three-

part structure of CMEs (Hundhausen et al., 1994;

Low, 2001). It is possible that compressed plasma
ahead of the bubble accounts for the bright leading

edge, especially in CMEs that produce shocks.

More detailed calculations will be needed to elu-

cidate the relative contribution of compression

ahead of the CME and plasma flow into the outer

bubble from the current sheet. The CME bubble

expands rapidly, so that the average density inside

the bubble is lower than that within the outer shell
of the bubble (Fig. 10). Thus the bubble can be

naturally identified with the CME void from solar

observations. Finally, the plasma inside the origi-

nal flux rope, used to model the prominence in

catastrophe model of CMEs, is initially in the

range from 1011 to 1012 cm�3 (see Jensen et al.,

1979; Tandberg-Hanssen, 1974; Priest, 1982) and

this high-density material can be identified with
the CME core.

Meanwhile, more detailed computations will be

required to confirm the proposed identifications.

In particular, we have simply assumed that plasma

is injected into the outer shell of the bubble at a

speed high enough that will be evenly distributed

around the shell. A more modest injection speed
Fig. 11. Disrupted coronal magnetic fields produced in various num

Amari et al. (2003).
would lead to a lower density at the CME front

and a U-shaped or V-shaped structure at the top

of the current sheet. U-shaped or V-shaped

structures are observed in at least 10% of CMEs

and are classified as Coronal Disconnection

Events (Webb et al., 2003).
Before ending this section, we wish to point out

that although the morphological features of CMEs

manifested in above figures are deduced on the

basis of the catastrophe model of solar eruptions

developed by Lin and Forbes (2000), it does not

necessarily mean that the catastrophe model is the

only one that can replicate such features. Recent

numerical simulations within the framework of the
sheared arcade model of CMEs can also duplicate

the disruptive magnetic configurations that we are

studying in the present work. Fig. 11 borrows two

illustrative snapshots from the three-dimensional

simulations of Amari et al. (2003) and Linker et al.

(2003). Similarities of the morphological features

in these configurations to those shown in Fig. 6 are

easily recognizable.
4. Speculations on the heating of CME ejecta

In addition to kinetic energy, much (perhaps

as much as half) of the magnetic energy released

in the eruption would be converted into thermal
erical simulations: (a) from Linker et al. (2003) and (b) from
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energy of plasma. So heating is another conse-

quence of the CME models that include magnetic

reconnection process but there is still no robust

way to constrain how the magnetic energy dissi-

pated by reconnection is divided between heating

and kinetic energy. Recent works by Filippov and
Koutchmy (2002), Ciaravella et al. (2000, 2001),

Akmal et al. (2001) and Ji et al. (2003) suggest

strong heating during eruptions.

By analyzing data from UVCS and LASCO

instruments onboard the SOHO satellite, Ciarav-

ella et al. (2000, 2001) studied the plasma density

range and spatial structure of a CME observed on

December 12, 1997. The analysis of elemental
abundances indicates that the plasma ejected is

chromospheric in origin and the spatial distribu-

tion of intensities of emission lines suggests that

the bulk of ejected plasma may be entangled in an

overall helical structure that consists of several

separate strands. The UVCS spectroscopic diag-

nostics show that the ejecta emit over a wide range

of temperatures from 104:5 to 105:5 K, and the cool
kernel in CIII and other low temperature lines were

surrounded by a warmer shell in OV, OVI and other

high temperature lines. A composite image of CIII,

OV, and OVI of a different CME on April 23, 1999

(Akmal et al., 2001) manifests the same structure

of the ejecta. These two UVCS-LASCO works also

indicate that the time interval in which the CME

material remains emitting is much longer than the
timescale of cooling due to radiation, adiabatic

expansion, etc. Therefore, heat must be supplied

somehow to balance the cooling.

The work by Filippov and Koutchmy (2002)

shows a sudden change in the prominence mate-

rial from absorption to emission in EUV at the

beginning of an eruption. This CME event oc-

curred on April 16, 2000. Unlike the eruption in
the usual sense, the upward motion of the fila-

ment or prominence in this event stopped about

half an hour after the onset. But it provides a

unique chance for us to look carefully at how the

prominence material changes associated with fil-

ament motion because in a typical eruption, the

plasma and the magnetic flux quickly move away

and one can hardly catch any details of the
plasma and magnetic structure inside the promi-

nence. The activity began with the slow rising of
a dark filament (see Fig. 1 of Filippov and Ko-

utchmy, 2002), then the filament was accelerated

up to 100 km/s. Ten minutes after the onset and 6

min after the fast acceleration commences, some

segments of the filament plasma became bright

and emitting in EUV. Fine structures inside the
filament indicate that the bright threads of plas-

ma are entangled with the dark ones which im-

plies that not all portions of the filament were

heated during the eruption. The emission decayed

shortly after the prominence stopped rising. A

more recent work by Ji et al. (2003) shows a

similar evolutionary behavior for a failed eruptive

prominence: the eruption of prominence did not
lead to a full-fledged CME. But hard X-ray

emission near the top and the footpoints of the

prominence, brightening of some original dark

prominence material in EUV, as well as bright

flare ribbons on the solar disk are significant

features of this event.

Filippov and Koutchmy (2002) suggest that the

magnetic energy is converted to the macroscopic
kinetic energy of the filament motion and part of

the kinetic energy of this motion is then turned

into the heating of the plasma through particle

collisions. According to their description, the col-

lisions possibly takes place within many small

shock fronts inside the flux rope.

From the point of view of heating by magnetic

reconnection, we would consider magnetic recon-
nection as a plausible mechanism for heating the

prominence material during the eruption. As

demonstrated by the cartoon in Fig. 1 and the

snapshots in Fig. 6, the hot reconnected plasma

flowing out of the current sheet could be a good

agent to heat the cold prominence material

through mixing although in the configuration used

in our calculations the hot and cold plasmas inside
the bubble are strictly separated without being

able to mix with one another (refer to stripes in

different colors in Fig. 6). In reality, however, the

magnetic field lines inside and around the flux rope

may be highly or sufficiently tangled (see Amari

et al., 2003 and Fig. 11(b)). So some internal re-

connection occurring among the tangled field lines

may cause the flux rope to evolve towards a sim-
pler configuration, for example a linear force-free

one. This is how, in principle, one could expect
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both heating and some mixing of hot and cool

plasma within and around the flux rope.

This scenario is not contrary to the theory of

Filippov and Koutchmy (2002) since it is quite

likely that those small shock fronts inside the

prominence are results of internal magnetic re-
connection. With this physical scenario, the

prominence material is not only being heated di-

rectly but it is also allow to mix with the hotter

plasma generated by magnetic reconnection in the

current sheet below the flux rope (Figs. 1 and 6).

Of course, more rigorous investigation will help

clarify the physical mechanism and the amount of

heating occurring during the eruptive process as
well as whether the hot plasma injected to the

separatrix bubble ought to appear in high tem-

perature lines such as [FeXVIII] observed in some

fast CMEs (Raymond et al., 2003).
5. Summary

As one of two basic aspects of solar eruptions,

the morphological features of CMEs that form

and evolve during the eruption are investigated in

the present work on the basis of a catastrophe

model of CMEs developed by Lin and Forbes

(2000). The calculation indicates that around half

of the magnetized plasma that is ejected into in-

terplanetary space by CME is nominally contained
in the initial flux rope, which is usually used to

model the prominence under the framework of

catastrophe model. The remaining plasma is

brought from the corona in the vicinity of the

current sheet by magnetic reconnection.

We suggest that the separatrix bubble, like the

flare/CME loop/giant arch system, is the product

of magnetic reconnection. As magnetic reconnec-
tion continues to send magnetized plasma into the

separatrix bubble, the bubble swells very fast (i.e.,

much faster than flux rope). So, the ‘‘flux rope’’

that is often observed by coronagraphs may ac-

tually be a rapidly expanding separatrix bubble.

The analyses we conducted also suggest that the

separatrix bubble possesses a thin outer shell that

contains high temperature plasma that has just left
the current sheet. This process probably causes the

separatrix bubble to manifest the three-component
feature of some CMEs. Comparison with obser-

vations indicate that further detailed studies of the

three-component structure are needed.

We also noticed that a fraction of plasma that is

heated by reconnection eventually leaves the re-

connection site via the upper tip of the current
sheet and is sealed in the separatrix bubble. Mixing

of this part of plasma with cold prominence ma-

terial may heat the latter causing it to change from

absorption to emission in EUV. But this process

depends on the complexity of the magnetic struc-

ture inside and around the prominence as well as

on how the magnetic energy, dissipated by recon-

nection, is divided between heat and kinetic energy
during eruptions. So more rigorous investigations

are definitely necessary.
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