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ABSTRACT

On the basis of previous works, we investigated coronal mass ejection (CME) propagations and the consequent
type II radio bursts invoked by the CME-driven shocks. The results indicate that the onset of type II bursts depends
on the local Alfvén speed (or the magnetoacoustic wave speed in the nonYforce-free environment), which is governed
by both the magnetic field and the plasma density. This determines that the type II burst cannot appear at any altitude.
Instead, its onset positions can never be lower than a critical height for the given coronal environment, which con-
sequently determines the start frequencies of the emission: for an eruption taking place in the magnetic configuration
with a backgroundfield of 100G, the onset of type II bursts should occur at around 0.5R� from the solar surface, and the
corresponding start frequency of the fundamental component is about 150 MHz. This result is consistent with similar
estimates based on observations that bring the corresponding frequency to a few hundred MHz. Our results further
indicate that the onset of type II bursts depends on the rate of magnetic reconnection as well. When magnetic re-
connection during the eruption is not fast enough, a type II burst may not occur at all even if the associated CME is fast
(say, faster than 800 km s�1). This may account for the fast and radio-quiet CMEs. Related to these results, properties of
the associated solar flares and type III radio bursts, especially those used as the precursors of the type II radio bursts, are
also discussed.

Subject headinggs: Sun: coronal mass ejections (CMEs) — Sun: flares — Sun: magnetic fields —
Sun: radio radiation

Online material: color figure

1. INTRODUCTION

It is now generally accepted that a typical solar eruptive pro-
cess manifests three different but related phenomena: solar flares,
eruptive prominences, and coronal mass ejections (CMEs). In
such a process, a huge amount of magnetized plasma and energy
can be flowing into the outermost corona and interplanetary space
at a considerably large speed, say, a few times 103 km s�1 (e.g.,
Forbes 2000; Klimchuk 2001; Priest & Forbes 2002; Lin et al.
2003). As the bulk of the magnetized plasma (the CME) prop-
agates through the corona at high speed, it is very likely to invoke
and to drive a fast-mode shock ahead of it like a piston when its
velocity exceeds the local magnetoacoustic speed (or the Alfvén
speed, in a force-free environment such as the solar corona). The
long-duration gradual solar energetic particle events (see Lee 2005
for a review), the type II radio bursts observed during major
eruptions (Cane et al. 2002; Vourlidas 2004; Gopalswamy 2004a,
2004b), and the broadening and the Doppler dimming shown by
the spectral profiles of O vi and Ly� lines (Raymond et al. 2000;
Mancuso et al. 2002) constitute convincing evidence of the pas-
sage and the propagation of the CME-driven shocks. A recent
statistical study by Mancuso & Raymond (2004) further suggests
that all type II radio bursts might be piston-driven, originating at
the tops or flanks of CMEs.

An alternative exciter of the type II radio burst is the so-called
blast wave, which is believed to originate in proximity to the solar

flare. This scenario is obviously based on the idea that the flare
takes place explosively, like a bomb blowing out the nearby
material in every direction. Unlike the CME-driven shock, to our
knowledge, there is not a rigorous theory describing the dynam-
ical properties of the driver of such a wave. The earliest records of
the CME/flare-related blast wave in the literature can be found in
the works of Wagner (1982), Wagner & MacQueen (1983), and
Gary et al. (1984). However, the low spatial and temporal reso-
lutions of these earlier studies cannot rule out the possibility that
the shocks were CME-driven.
Furthermore, observations of type II and III bursts indicate that

while type III bursts may appear at any altitude, from the very low
corona (corresponding to gigahertz frequencies) to interplanetary
space (corresponding to kilohertz frequencies), type II bursts do
not behave the same way: the reported highest frequencies of the
fundamental components of type II bursts usually do not exceed
a few hundred MHz (e.g., see Kundu 1965; Zlotnik et al. 1998;
Klassen et al. 2000; Dulk et al. 2000; Cane et al. 2002; Klassen
et al. 2003; Mann et al. 2003). This suggests a minimum altitude
at which type II emission could be excited. On the basis of the em-
pirical model of the plasma density in the corona given by Sittler &
Guhathakurta (1999), a frequency of 200 MHz corresponds to an
altitude of 0.37R�, or 2:6 ; 105 km from the solar surface, which is
close to the maximum height that the postflare loop system could
reach near the end of a typical flare process (e.g., Švestka 1996; Lin
2002).
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Finally, it has been known for decades that about 50% of type II
bursts are preceded by a group of type III bursts by several min-
utes (e.g., Kundu 1965, p. 339). Recently it has been shown that
the overall frequency envelope of the precursor type III bursts
drifts at a rate close to that of the associated type II bursts (Klassen
et al. 1999; Klassen & Pohjolainen 2002). These type III bursts
usually take place in the impulsive phase of the flare and are
located between the site of the impulsive energy release and the
associated type II bursts (e.g., Klassen et al. 2003). This makes
sense if a reconnecting current sheet is located between the solar
flare and the associated CME: the type II burst is invoked by the
CME-driven shock, and the beam of energetic particles acceler-
ated by the electric field in the current sheet is responsible for the
type III burst.

On the basis of the above arguments, it seems, at least to us, that
the CME-driven shock plays a much more important role in ex-
citing the type II radio bursts than any flare-related blast wave. A
CME has to take off from a stationary configuration. Therefore, a
CME-driven shock cannot be produced until the CME velocity
exceeds the local magnetoacoustic speed. Usually, fast magne-
tohydrodynamic (MHD) shocks are expected to form when the
CME front speed vF exceeds the local fast-mode speed Vf in the
corona, where

V 2
f ¼ V 2

A
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þ
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VA is the local Alfvén speed, � ¼ Vs/VAð Þ2 is a factor of 1.2
smaller than the commonly used plasma � (Vs is the local sound
speed), and � is the angle between the magnetic field and the
propagation direction of the shock. For the force-free or low-�
corona (�T1), Vf is identified with VA, which depends on
both the local magnetic field and the plasma density and de-
clines with increasing distance after peaking in the low corona
(e.g., Lin 2002). As the CME accelerates and the value of VA
drops, it becomes more likely that the CME can drive a shock.

It is, however, difficult to prove that all coronal shocks ob-
served are driven by CMEs (Cane & Erickson 2005; Pohjolainen
& Lehtinen 2006; Vršnak et al. 2006). The detailed process through
which the shock that produces the type II radio burst may be ignited
is still of the subject of active research, so no hard and fast con-
clusions can yet be drawn. In the present work, we focus on the
shocks that are driven by CMEs. We quantitatively investigate
the altitudes at which vF exceeds Vf ; namely, the onset positions
of type II radio bursts. Both vF and Vf depend on variations of
plasma and magnetic field in the corona, and thus so do the onset
positions. The main task of the present work is to seek such a
dependence and to study dynamical behaviors of the related pa-
rameters on the basis of the catastrophe model of solar eruptions.

In the next section, we briefly summarize the model and some
key parameters and results from our previous work. In x 3, we
calculate the onset positions, times, and start frequencies of type II
radio bursts for various background fields and rates of magnetic
reconnection. In x 4, we study properties of the electric field in-
duced by magnetic reconnection in the current sheet, and the pos-
sible implications to the associated flare and type III bursts are
discussed as well. Finally, we discuss the results and give our
conclusions in x 5.

2. SUMMARY OF THE CATASTROPHE MODEL

In the framework of the catastrophe model, the coronal mag-
netic field is initially in equilibrium and keeps evolving in re-

sponse to the continuous motion of the photospheric material
because the coronal field is rooted in the photosphere. Due to
the long timescale (a few days) of the photospheric motion, the
coronal magnetic field remains in quasi-static equilibrium for a
while until the critical point is reached, beyond which the equi-
librium breaks down and the consequent evolution is dynamic.
Such a transition in the system’s evolution from quasi-static to
dynamic constitutes the ‘‘catastrophe’’ (e.g., see Forbes 2000,
Priest & Forbes 2002, and Lin et al. 2003 for reviews).

The magnetic configurations in the catastrophe model depicted
in Figure 1 assume a geometry in which the prominence, the flux
rope, and the CME core are colocated. This is done for mathe-
matical convenience, although in some observed CMEs these
structures do seem to be colocated. The equilibrium in the mag-
netic configuration is realized when the magnetic compression
and tension forces acting on the flux rope balance each other. The
magnetic compression results from magnetic field lines between
the flux rope and the photosphere (or the boundary surface), and
the magnetic tension is in the field lines that pass over the top
of the flux rope and are anchored in the photosphere. The up-
ward motion of the flux rope is therefore driven by the magnetic
compression force, and the flux rope is thrust outward as tension
loses to compression.

Lin & Forbes (2000) constructed an analytic model of solar
eruptions that investigated how magnetic reconnection affects
the CME acceleration and how the acceleration in turn affects
the reconnection process. The role ofmagnetic reconnection in the
eruption is threefold: first, it helps the flux rope to escape smoothly
into interplanetary space, developing into the CME; second,
it creates the growing flare loops in the corona, the separating
flare ribbons on the disk (e.g., see Forbes 2003), and the CME
bubbles, which expand rapidly as the CME propagates in space
(Lin et al. 2004); and third, its non-ideal MHD properties imply
that the problem of opening the closed magnetic field by a purely
ideal MHD process in the force-free environment, also known
as theAly-Sturrock paradox (Aly 1991 and Sturrock 1991),which
was first raised by Aly (1984), is naturally avoided (e.g., Forbes
2000; Klimchuk 2001; Lin et al. 2003).

Incorporating the plasma mass in the flux rope to the catas-
trophemodel, Lin (2004) studied the impact of gravity on both the
triggering and the traveling of a CME. The results showed that for
a prominence containing 2:1 ; 1016 g of plasma initially, which is
close to the upper limit of the total mass that a major CME can
bring into interplanetary space (Howard et al. 1985, 1997; D. F.
Webb 2003, private communication), the effect of gravity is neg-
ligible unless the background field on the boundary surface in the
disrupting configuration is weak enough, say, weaker than 30 G.
Otherwise, evolutions in the system in both the quasi-static and
the dynamic phases are uniquely governed by the magnetic field.
Furthermore, Lin (2004) realized that the background field also
determines the correlation of the solar flare to the associatedCME:
the stronger the background field, the better the flare correlates
to the CME; otherwise, the correlation is poor. Because the back-
ground field governs many important parameters describing an
eruptive process, such as the CME speed, the onset of magnetic
reconnection, the electric field in the current sheet, and the output
power of the eruptive process (e.g., see Lin 2002, 2004), it should
affect the onset positions and times of radio bursts of types II and
III aswell. In xx 3 and 5 below,we quantitatively look into how the
onset times and positions of radio emissions vary with the back-
ground field and other related parameters on the basis of the ca-
tastrophe model of solar eruptions. Consequently, the correlations
of two types of radio bursts will also be investigated. In addition to
those mathematical notations shown in Figure 1, we follow our
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previous practice of using B0 for the magnetic field at the origin
and using Ez for the electric field induced in the current sheet (see
Lin 2002, 2004).

2.1. Important Formulae

Before studying the properties of type II and type III radio
bursts, we investigate CME propagations in various situations.
We start by arranging the equations that govern the dynamical
behaviors of the disrupting magnetic field. In the work of Lin
(2004), the impact of gravity on the CMEpropagationwas studied
and that of increasingmass in the CME bubblewas ignored; in the
works of Lin et al. (2004) and Lin & Soon (2004), on the other
hand, the alternative occurred. In the present work, the impact of
both gravity and increasing mass will be incorporated in our cal-
culations. Some important parameters investigated in this work
are specified in Figure 1. Generally, the magnetic field shown in
Figure 1 is not necessarily in equilibrium, especially since the

configuration includes a reconnecting current sheet. The follow-
ing characteristic values of the above parameters are set for the
purpose of normalization:

k0 ¼ 5 ; 104 km; m0 ¼ 2:1 ; 106 g cm�1;

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

I0=ck0 ¼ 50� G; ḣ0 ¼ 103 km s�1;

where the value of 2k0 adopted is appropriate for a prominence
before the eruption (Priest 1982), I0 is a constant in units of elec-
trical intensity, m0 is the initial mass per unit length inside the flux
rope, which is also used to normalize the total mass per unit length
m, r00 is the initial value of the flux rope radius (Fig. 1), B0 ¼
2I0�/ck0 is the background field strength at the origin, � is the cor-
responding relative strength, �0 is the plasma density at the base
of the corona, and ḣ0 is used to normalize the flux rope velocity ḣ.

Fig. 1.—Diagram of the flux rope configuration, showing the mathematical notation used in the text (from Lin & Forbes 2000). The x-axis is located on the solar surface,
and the y-axis points upward. The height of the center of the flux rope is denoted by h, p and q denote the lower and upper tips of the current sheet, respectively, and the distance
between the magnetic source regions on the photosphere is 2k.
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By combining the results of Lin et al. (2004) and Lin & Soon
(2004) with those of Lin (2004), we obtain a set of ordinary dif-
ferential equations that govern the dynamical evolution of a rap-
idly expanding CME bubble that includes a flux rope:

dp

dt
¼ 6

5
p0ḣ;

dq

dt
¼ 6

5
q0ḣ; ð2Þ

dḣ

dt
¼ 6

5
ḣ0ḣ;

dh

dt
¼ 6

5
ḣ; ð3Þ

ḣḣ0 ¼ 3:125k2�2

2:1mhL2PQ

;
H2

PQ

2h2
�

k2 þ p2
� �

h2 � q2ð Þ
k2 þ h2

�
k2 þ q2
� �

h2 � p2ð Þ
k2 þ h2

" #

� 1:37 ; 10�2

1þ 5h=69:6ð Þ2
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and
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dt
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� �
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y20 � p2
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p2 þ k2

� �
q2 þ k2
� �

s
;

ð5Þ

where L2PQ ¼ (k2 þ p2)(k2 þ q2), H2
PQ ¼ (h2 � p2)(h2 � q2),

the prime ( 0) indicates the derivative with respect to h, y0 ¼
( pþ q)/2, t is the time in units of minutes, and MA is the rate
of magnetic reconnection measured in terms of the reconnection
inflow speed compared to the local Alfvén speed near the current
sheet. All the lengths have been normalized to k0, masses to m0,
and speeds to ḣ0.

Equations (2) describe the evolution of the current sheet,
equations (3) and (4) describe the motion of the CME bubble, and
equation (5) determines the change of the total mass inside the
CME bubble. The expressions for p0, q 0, and ḣ0 given by Lin &
Forbes (2000) are summarized in the Appendix.

In our calculations, the coronal plasma density �( y) ¼ �0 f ( y)
is taken from the empirical model of Sittler &Guhathakurta (1999),
such that

f yð Þ ¼ a1z
2 yð Þea2z yð Þ 1þ a3z yð Þ þ a4z

2 yð Þ þ a5z
3 yð Þ

� �
; ð6Þ

z yð Þ ¼ 1= 1þ yð Þ; a1 ¼ 0:001272;

a2 ¼ 4:8039; a3 ¼ 0:29696;

a4 ¼ �7:1743; a5 ¼ 12:321;

with f (0) ¼ 1. The function f ( y) in equation (6) describes
an isothermal atmosphere at lower altitudes (<0.7 R�), which
then decreases quadratically with height in the outer corona and
in interplanetary space.

We are now ready to investigate various observational con-
sequences manifested by a disrupting system that is governed by
equations (2)Y(5). During the eruption, the time t ¼ 0 is set at the
moment when the flux rope starts to lose its mechanical equilib-
rium; namely, when the catastrophe begins. For the magnetic
configuration we are working on, magnetic reconnection does not
occur until t ¼ t�, when a neutral point appears at the boundary

surface and a current sheet begins to develop (refer to Lin &
Forbes 2000 and Lin 2002 for more details). So the initial time for
integrating equations (2)Y(5) is at t ¼ t�, and these equations are
solved with initial conditions

t ¼ t�; h ¼ h�; ḣ ¼ ḣ�;

m ¼ m� ¼ 1; p ¼ p� ¼ 0; q ¼ q� ¼ 0: ð7Þ

According to Lin (2002), t� and ḣ� are roughly proportional to
1/� and �, respectively, if the gravity of the plasma inside the flux
rope is neglected.When gravity is considered, however, the above
dependences become complex, especially in the case of a weak
background field (say, � < 30 G; Lin 2004). The time t ¼ t�

specifies the moment when the current sheet starts to form and
magnetic reconnection is initiated inside the current sheet (e.g.,
Lin & Forbes 2000). Thus, it also indicates when the associated
flares in the eruption commence. In the present work, the values of
t� and ḣ� will be determined via the approaches developed by Lin
(2004) for various values of �.

Figure 2 plots variations of t� against � forMA ¼ 0:1. Because
the existence of the electric field Ez in the current sheet is an al-
ternative indication that magnetic reconnection occurs and t� is
also the initial time of Ez, we also plot the time tmax, at which the
electric field Ez is at maximum, against � in Figure 2 for compar-
ison. Their observational consequences related to flares and type II
and type III radio bursts, as well as the correlations among them,
will be discussed later.

When investigating the effects of magnetic reconnection on the
onset of radio bursts in our subsequent calculations, we assume
thatMA is constant and set it equal to either 0.05 or 0.1. Generally
speaking, MA is a function of both time and the properties of the
plasma and magnetic field around the reconnection site, such as
the length and thickness of the current sheet, the strength of the
magnetic field, and the plasma resistivity. Since there is no com-
monly accepted, rigorous theory for how fast reconnection occurs
when driven by a catastrophic loss of equilibrium in the magnetic
field, we assume thatMA is a constant of less than unity in our cal-
culations. For detailed discussions of the functional behaviors and
plausible values ofMA, see Lin & Forbes (2000) and Forbes &
Lin (2000). Recent observations also suggest that the values of
MA that we use for the present work are not bad choices (e.g.,
Yokoyama et al. 2001; Ko et al. 2003; Lin et al. 2005).

Our calculations show that the extra mass added to the CME
bubble during the eruption, which is governed by equation (5),

Fig. 2.—Variations of the Ez initial time, t�, and the time when Ez is at maxi-
mum, tmax, vs. the background field B0 (or �).
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enhances the impact of gravity on the CME propagation. The CME
motion suffers from deceleration for � � 0:685 whenMA ¼ 0:05,
and deceleration occurs for � � 0:423 when MA ¼ 0:1. This in-
dicates that the excess material injected into the CME bubble in-
creases the thresholds of both the background field and the rate
of magnetic reconnection for smooth propagation of CMEs.

2.2. Various Components of CME Speeds

We need to find the component of the CME speed that is re-
sponsible for igniting shocks. We denote this speed component as
vF. Thus, the onset positions of type II radio bursts are determined
by comparing vF to the local Alfvén speed, VA, in the force-free
environment (refer to eq. [1]), and the CME-driven shock forms
when vF exceeds VA. Because the CME is accelerated from rest
following the takeoff of the eruption, it takes vF a while to surpass
VA, if it eventually can. Therefore, we do not expect type II radio
bursts to appear at lower altitudes.

Lin & Soon (2004) and Lin et al. (2004) calculated the time
profiles of various parameters for the CME bubble and the flux
rope. The profiles suggest that expansion of the CME bubble is
fairly rapid, much faster than the adiabatic expansion of the flux
rope itself, and that the ‘‘flux rope’’ that is often observed during
the eruption is very likely the expanding bubble, instead of the
flux rope that is usually used to model the filament or prominence
in the catastrophe model.

Expansion of the CME bubble mainly results from magnetic
reconnection: it is not caused by mass motions of the related
plasma, but rather by the continual propagation of the magnetic
separatrix onto new field lines, which is exactly like what hap-
pened to the flare loop system (e.g., Schmieder et al. 1987; Forbes
& Acton 1996). Thus, according to our model, it is the velocity of
the flux rope that needs to be taken into account for the shock
creation, and the shock is most likely to form in front of point B
in the configuration shown in Figure 1. The CME velocity ḣ that
is deduced by integrating equations (2)Y(5) with the initial con-
ditions given in equations (7) could be an upper limit, since
we treat the CME as a projectile in our calculations (e.g., Lin &
Forbes 2000), and all the magnetic energy released is assumed
to be used in speeding up the CME. Recently, Reeves & Forbes
(2005) studied the heating features associated with CMEmotions
and found that including the thermal energy and evaporation in the
catastrophe model does not change our previous results because
only the work done by the magnetic force on the flux rope affects
the trajectories.

Having carefully reinvestigated their ways to approach the
related problems, we noted that the issues regarding heating and
kinetic energy in the eruption were still dissociated from one
another in the work of Reeves & Forbes (2005). So, in the present
work, we follow our previous practice (Lin 2002, 2004) of as-
suming that half of the released magnetic energy goes to heating
and the other half goes to the kinetic energy of the CME. As for
the accurate partition of the released energy, the debate is still
on: in some events the kinetic energy is dominant (Emslie et al.
2004), in some events the heating is dominant (Sui et al. 2005),
and in some others they are equal (Akmal et al. 2001; Ciaravella
et al. 2001). Thus, for simplicity, we treat them equally in our
calculations.

Allowing half of the released energy to heat the atmosphere
decreases the CME velocity by a factor of

ffiffiffi
2

p
; therefore, the more

accurate expression of vF becomes

vF ¼ ḣ=
ffiffiffi
2

p
; ð8Þ

where ḣ is calculated from equations (2)Y(5) with the initial con-
ditions given in equations (7). To determine the onset positions
and times of the type II radio bursts, we also need to calculate
the local Alfvén speed at the front edge of the CMEs, namely, at
point B in Figure 1.
The magnetic configuration shown in Figure 1 is described by

(e.g., Lin 2001)

By þ iBx ¼
2iI0�k h2 þ k2

� � ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
z2 þ p2ð Þ z2 þ q2ð Þ

p
c z2 � k2
� �

h2 þ z2ð Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2 þ p2
� �

k2 þ q2
� �q ; ð9Þ

where Bx and By are the x- and y-components of the magnetic
field, i ¼

ffiffiffiffiffiffiffi
�1

p
, and z ¼ xþ iy. The magnetic field near point

B is mainly in the x-direction, and

Bxjx¼0; y¼yB
¼ 2I0

ck0

�k h2 þ k2
� � ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

y2B � p2ð Þ y2B � q2ð Þ
p

y2B þ k2
� �

y2B � h2ð Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2 þ p2
� �

k2 þ q2
� �q :

Then we find the local Alfvén speed at point B,

VA yBð Þ ¼

2I0

ck0
ffiffiffiffiffiffiffiffiffiffi
4��0

p
�k h2 þ k2

� �
y2B þ k2

� �
y2B � h2ð Þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
y2B � p2

� �
y2B � q2

� �
f yBð Þ k2 þ p2

� �
k2 þ q2
� �

s
:

ð10Þ

Here we note that the most likely location at which the CME-
driven shock is first ignited is in front of the CME bubble in our
simple model (refer to Fig. 1); in reality, on the other hand, the
CME might move and expand asymmetrically (see Klimchuk
2001 for some examples). So the onset positions of the shock and
thus the type II bursts may vary fromCME to CME: sometimes in
the front and other times at the flanks.Discussionswithmore details
on this issue can also be found in the works of Gopalswamy et al.
(2001b) and Mann et al. (2003).

3. ONSET POSITIONS AND TIMES OF TYPE II BURSTS

When vF and VA are known, we are able to locate the onset
positions of type II radio bursts by comparing vF and VA, both
of which are functions of time and altitude. Figure 3 displays
four panels plotting vF and VA against height ( lower x-axis ticks)
and time (upper x-axis ticks) for various values of � and MA.
Arranging the x-axis labels and legends this way helps us locate
and time the onset of radio bursts easily. Because neither h nor
yB is a linear function of time, especially at the early stage of the
eruption, the distribution of the upper x-axis ticks (for time) is
not uniform, but we set the lower ones (for altitude) uniformly.
In Figures 3a and 3d , the corresponding plasma frequency fpe

at the front point of the CME (see point B in Fig. 1), which is
given by

fpe yð Þ ¼ 0:898408
ffiffiffiffiffiffiffiffiffi
f yð Þ

p
jy¼yB

GHzð Þ; ð11Þ

is also included. Frame ticks for the y-axis in these two pan-
els are arranged such that the left labels and legends are for
velocities and the right ones are for the corresponding values
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of fpe. Two filled circles on the fpe curves, one in each panel,
indicate the position and the time at which vF exceeds VA.
Thus, the segments of the fpe curves to the right of the filled
circles should depict the main feature of the fundamental lane
of type II bursts that is usually seen in the dynamic spectra of
radio emissions.

In Figures 3b and 3c, we note that the behavior of vF compared
to VA becomes more complex than those shown in the other pan-
els. The two curves meet at two or even three places, which im-
plies richermanifestations of the type II bursts in the eruption. The
inset in each panel is used to show more details of the vF and VA
curves in the critical region. Detailed discussions on the relevant
issues will be given soon.

All plots in Figure 3 indicate that vF is less than VA at lower
altitudes and in the early phase of the eruption, and that the
situation reverses as h and yB get larger. We note that the po-
sitions at which vF surpasses VA depend in an apparent way on
both � and MA. For slow magnetic reconnection (MA ¼ 0:05)
and a weak field (say, � < 0:5), vF exceeds VAwhen the CME is
far from the Sun (Fig. 3a). In this case, we see a single inter-
section between vF and VA curves at large altitude and expect the
type II burst to appear at low frequencies as the CME becomes
distant.

In principle, both vF and VA depend on � and increase with �.
Thus, Figure 3 shows that the vF and VA curves move upward in
the plots as � gets bigger. But vF increases slightly faster than VA;
therefore, vF starts to exceed VA, and the type II radio bursts may
be expected at lower altitudes for � ¼ 2 (Fig. 3b). On the other
hand, different behaviors of vF and VA against h and t yield that the
variation of vF compared to VA in the eruptive process is not
monotonic, and the case may happen in which vF is surpassed by
VA again somewhere at higher altitudes and the radio bursts cease

at these heights. Due to the fact thatVA decreasesmonotonically at
high altitudes, we may expect the type II bursts to resume later as
the CME propagates farther away.

In addition to depending on �, vF is also a function of MA.
We have known that large values ofMA mean a fast CME (e.g.,
Lin & Forbes 2000; Forbes & Lin 2000; Lin 2002). Thus, in-
creasingMA allows vF to be able to reach VA in the lower corona
even if � is not very large (see Fig. 3c). Eventually, vF over-
whelms VA at large distances. Therefore, in the cases shown in
Figures 3b and 3c, we should be capable of observing the type II
burst switching on at lower altitudes earlier, switching off after a
while, and then switching on again as the CME becomes farther
away later on.

Coinciding with our intuition, the eruption taking place in the
strong field (� � 1) with fast magnetic reconnection (MA ¼ 0:1)
speeds up the CME in a significant way such that vF gets larger
than VA at lower altitudes in the early phase of the eruption, and
type II radio bursts occur with the higher start frequency (Fig. 3d ).
The time profiles of various parameters for the CME bubble given
in Figure 5 of Lin & Soon (2004) indicate that the apparent ac-
celeration of CME commences with the formation of the current
sheet and the initiation of reconnection. Thus, vF does not exceed
VA and type II radio bursts do not start earlier than the formation of
the current sheet. Because the type II burst is produced by the
CME-driven shock, the location of the CME front, yB, determines
the onset positions of the burst. The current sheet starts to form
and reconnection begins at t ¼ t� � 12 minutes and yB � 0:2 R�
for � ¼ 1:0 andMA ¼ 0:1. The values of t� and the correspond-
ing values of yB depend on � such that both of them vanish as �
goes to infinity (see also Fig. 2), but they are approximately tens
of minutes and a few tenths of the solar radius, respectively,
forMA ¼ 0:1 and � ¼ 1:0, which may correspond to the typical

Fig. 3.—Variations of the CME front velocities, vF, and the local Alfvén speed, VA, vs. height and time for different background fields and rates of magnetic
reconnection: (a)MA ¼ 0:05 and � ¼ 0:5, (b)MA ¼ 0:05 and � ¼ 2, (c)MA ¼ 0:1 and � ¼ 0:69, and (d )MA ¼ 0:1 and � ¼ 1. The corresponding plasma frequencies
fpe at the CME front are also plotted in (a) and (d ) to demonstrate how fpe varies with altitude. The insets in (b) and (c) show more details of the critical regions and use
the same units.
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major eruptions. Therefore, the start frequencies of the fundamental
lanes of the type II burst are generally lower than 200 MHz.

Before continuing, we need to note that there is not a uni-
versally accepted standard for MA to distinguish fast and slow
magnetic reconnections in the realistic eruptive event. Theo-
retically, Lin & Forbes (2000) and Lin (2002) found that mag-
netic reconnection with MA ¼ 0:1 always leads to fast energy
conversion that may result in a major flare and a fast CME in the
realistic coronal environment, and that whenMA becomes small
(say, less than 0.01), the energy conversion becomes difficult
and the relevant eruption may even be prevented and the asso-
ciated CME stops propagating. A couple of failed eruptive events
have actually been reported (Filippov & Koutchmy 2002; Ji et al.
2003).

Yokoyama et al. (2001) found that the value ofMA for a gradual
event ranged from0.001 to 0.01, andKo et al. (2003) and Lin et al.
(2005) found that its value for major events ranged from 0.01 to
0.1. In the present work, we investigate the response of the dis-

rupting magnetic field of interest when decreasing MA, but we
also avoid the case in whichMA is too small to allow the eruption
to develop smoothly. So we define, with some arbitrariness, that
magnetic reconnection withMA ¼ 0:1 is fast and that withMA ¼
0:05 is slow.
Having obtained the curves in Figure 3, we realize that inter-

sections of the vF and VA curves vary with both � and MA. Col-
lecting those values at intersections for different values of � and
MA allows us to investigate the height yB and the frequency fpe,
as well as the time tin at which the type II burst takes place, as
functions of MA and �. Figures 4a, 4b, and 4c plot the values of
such yB, fpe, and tin against � for MA ¼ 0:05, respectively, and
Figure 5 displays the same functions forMA ¼ 0:1. In each panel
of the two figures, we denote the area where type II bursts occur
with ‘‘Type II burst occurs’’ and that where type II bursts are
prohibited with ‘‘No type II burst.’’ Corresponding to the cases
shown in Figures 3b and 3c, variations of yB, tin, and fpe versus �
are not monotonic if the values of � are within the range between
the turning points T1 and T2 denoted on each curve in Figures 4
and 5. The curves shown in Figure 3c are for the critical case in

(a)

(b)

(c)

Fig. 4.—Positions (a), times (b), and frequencies (c) at which vF exceeds VA as
functions of � for MA ¼ 0:05. Two turning points at each of these curves are
explicitly marked.

(a)

(b)

(c)

Fig. 5.—Same as Fig. 4, but for MA ¼ 0:1.
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which � takes the value at point T1 in Figure 5. For the eruption
that takes place in themagnetic structure with � in this region, one
may expect that the type II burst occurs at an early stage of the
eruption with higher start frequencies, disappears later on as the
CME gets higher, and then may resume when the CME reaches
much larger altitudes. Such a behavior of type II radio bursts was
indeed observed (Gopalswamy et al. 2001a).

A general conclusion that we can draw from Figures 4 and 5 is
as follows: vF may exceed VA easily if the eruption happens in an
environment with large � (refer to the domain of � at the right of
point T2 on each curve in Figs. 4 and 5). In this case, type II bursts
are expected to begin at lower altitudes (around 0.2Y0.7 R� from
the solar surface; Figs. 4a and 5a). Correspondingly, the onset of
the bursts following the triggering of the eruption is relatively
early, varying from a few minutes to around 20 minutes (Figs. 4b
and 5b), and the start frequencies of the bursts are high, ranging
from 80 to 200 MHz (Figs. 4c and 5c). As for the eruption from
the magnetic structure in an environment with small � (in the �
domain at the left of point T1 in each panel of Figs. 4 and 5),
vF may not be able to exceed VA until the CME propagates to
large distances (around 9 R� forMA ¼ 0:05 and 1.5 R� forMA ¼
0:1), which are related to the low start frequencies (<4 MHz
for MA ¼ 0:05 and <30 MHz for MA ¼ 0:1) and the late on-
sets (tin > 43 minutes for MA ¼ 0:05 and tin > 30 minutes for
MA ¼ 0:1).

However, we note that the possibility exists for small values of
� that a type II burst does not appear at all. Comparing Figures 4
and 5, we find that this case is more likely to happen if recon-
nection is slow. Figure 4a indicates that vF would eventually
surpass VA at large distances and very late times, but this does not
necessarily mean that type II bursts could actually take place,
because it is Vf , given in equation (1), that vF needs to exceed in
order to invoke type II bursts. In the lower corona, Vf � VA as a
result of the force-free environment (�T1). As the altitude gets
higher (say, beyond 2.5 R�), however, the gas pressure becomes
greater than the magnetic compression, and the force-free environ-
ment no longer exists (� � 1). In this case, even if vF can exceed
VA, it may not be able to surpass Vf and invoke type II bursts.
Furthermore, observations indicate that fast CMEs usually under-
went a deceleration process during propagation, which enhances
the difficulty for vF to exceed Vf . These facts imply that fast CMEs
(vF � 800 km s�1) in some circumstances may not necessarily be
able to produce type II radio bursts. Such CMEs are usually
known as radio-quiet fast CMEs and have been observed in many
events (Gopalswamy 2004b, pp. 223Y224, and references therein).

4. RECONNECTING ELECTRIC FIELD AND FEATURES
OF TYPE III BURSTS

Another important parameter in the eruption that we need to
discuss is the electric fieldEz induced bymagnetic reconnection in
the current sheet. LikeMA, Ez also measures the rate of magnetic
reconnection inside the current sheet. Since it has dimensions of
the electric field, it is also known as the absolute rate of magnetic
reconnection, compared toMA, which is known as the relative one
(Lin & Forbes 2000). In our calculations, we usually assume that
the relative rateMA is constant, but Ez is not. According to Lin &
Forbes (2000) and Lin (2002), Ez is given by

Ez ¼
MAB

2
y 0; y0ð Þ

c
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4��0 f y0ð Þ

p ; ð12Þ

where By can be obtained from equation (9), and Ez is eval-
uated at the midpoint y0 of the current sheet for simplicity.

Justifications of such an approach can be found in the works
of Lin et al. (2004) and Lin & Soon (2004).

The overall evolutionary behaviors of Ez weakly depend on
f ( y), and its strength roughly varies with � quadratically, as im-
plied by equation (12) (Lin & Forbes 2000; Lin 2002). Here we
study the other properties of Ez and the corresponding observa-
tional consequences.

The role of Ez in the eruption is twofold. First of all, Ez is
the absolute rate of the energy conversion through magnetic re-
connection and directly governs the evolution of various man-
ifestations of solar eruptions, including brightenings of the flare
region (Forbes & Malherbe 1991; Yokoyama & Shibata 1994;
Miyagoshi & Yokoyama 2004), motions of the flare ribbons
and loops (Lin et al. 1995; Forbes & Acton 1996), the time
at which the flare reaches its maximum (Qiu et al. 2004), and
dynamic features of the associated CMEs (Lin 2002; Jing et al.
2005).

Secondly, charged particles, especially electrons and protons,
can be easily accelerated by Ez in the current sheet (Litvinenko
1996, 2003; Wood & Neukirch 2005 and references therein), and
the beam of energetic particles is responsible for type III radio
bursts (Kundu 1965; Cane et al. 2002; Gopalswamy 2004a, p. 307;
Pick et al. 2005a, 2005b). As these energetic particles propagate
downward, they may also account for the heating of the lower
atmosphere and brightening of the flare regions (e.g., Švestka
1976).

Therefore, behaviors of Ez in the eruption should be respon-
sible for several important observational consequences regard-
ing type III radio bursts and solar flares, no matter whether the
heating is due to the conduction front or due to the bombard-
ment of energetic particles. We used to utilize the peak time of
the CME kinetic power to approximately represent the time of
the associated flare at maximum (Lin 2002, 2004), but the above
two items suggest that it is more appropriate to use Ez to describe
the flare features.

In addition to the time profile of Ez, our work on this issue is
also related to the evolution of the current sheet. On the one hand,
the current sheet is the product of the eruption as a result of the
catastrophe (e.g., Forbes & Isenberg 1991); on the other hand, the
current sheet is also an essential region for energy conversion,
including particle accelerations. So the trajectories or the motion
patterns of energetic particles should be somehow confined and
regulated by the size of the current sheet before they escape from
the current sheet. In the following subsections, we investigate
the implications of the properties of Ez and the current sheet
for the behaviors of type III bursts, including those used as pre-
cursors of the associated type II bursts (e.g., Klassen et al. 2003),
and for the possible correlations of type II bursts to solar flares as
well.

4.1. Impact of the Current Sheet Evolution
on Type III Burst Features

Type III radio bursts are recognized as energetic electron beams
that propagate through the coronal or interplanetary plasma.
The plasma environment is unstable to such beams, and the cor-
responding instability excites Langmuir waves in the plasma,
which produce radio emissions at the local plasma frequency.
The magnetic field plays a role in guiding the electron beams.
If the magnetic field is open, electron beams could propagate
to very high altitudes, most of the time all the way to the Earth,
and the resultant type III burst can be observed on the dynamic
spectrum to drift over a wide frequency range from gigahertz to
kilohertz (Cane et al. 2002; Gopalswamy 2004a, pp. 307Y311).
If the field is closed, on the other hand, the motions of electrons
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are limited to a local region, and the frequency drift of type III
bursts is confined in a small range, which results in the short
frequency drift of type III bursts on the dynamic spectrum.
Compared to the fully open field, the region of the magnetic
field near the current sheet (Fig. 1) is apparently confined. The
confinement of such a configuration on the motions of ener-
getic particles can be seen from the behaviors of those type III
radio bursts that usually were used as the precursors of the as-
sociated type II bursts (e.g., Klassen et al. 2003 and references
therein).

In addition to the figures shown in previous works, Figure 6
manifests another example of the precursor and the type II radio
burst. It was obtained from the 2003 October 26 event by the
Hiraiso Radio Spectrometer (HiRAS; Kondo et al. 1995). This dy-
namic spectrum in the eruption consists of a decimetric type IVY
like envelope of the type III radio bursts and two lanes of the
associated type II radio bursts, which represent the emissions
at the fundamental frequency ( f ¼ fpe) and at the harmonic fre-
quency ( f ¼ 2 fpe), respectively.According toKlassen et al. (2003),
such an envelope of type III radio bursts constitutes a precursor
of the associated type II radio bursts. Like those displayed in
previous works, the fine structures in the frequency drift pat-
terns of individual type III bursts are also clearly manifested in
Figure 6. Detailed analyses and investigations of this event will
be performed in future work.

So far, some common features of the precursors can be sum-
marized from Figure 6 and previous works as follows. First,
they are composed of a group of fine structures such that indi-
vidual components of type III bursts in the envelope are dis-
tinguishable from one another; second, the extension of each
individual component of type III bursts in the frequency domain
is confined in a small range; third, the precursor envelope com-
mences at the lower layers of the atmosphere (or the higher
frequencies) and slowly drifts toward the higher layers (or the
lower frequencies) during the eruption; and fourth, compared to
the precursor, the type II burst itself does not show similar fine
structures, and the corresponding frequency drift in the high-

frequency range is apparently faster than that of the precursor.
Therefore, the drift in the precursor envelope represents a
motion pattern different from those represented by either type II
or type III bursts.
If we relate the motions of the energetic particles responsible

for the precursors to the evolution in the current sheet, espe-
cially in its length, q� p (Fig. 1), we realize that the shape of
the precursor may represent the current sheet evolution, since
the motions of these particles are confined in the current sheet.
As indicated by Figure 1, the lower tip of the current sheet, p, is
located at the top of the postflare loop system, and the upper tip,
q, is at the bottom of the CME bubble. Basically, the evolution
of p is governed by magnetic reconnection and that of q is dom-
inated by both the motion of the CME (or flux rope) and mag-
netic reconnection (Lin & Forbes 2000; Forbes & Lin 2000; Lin
2002).
Soon after the formation of the current sheet, the electrons

brought into the current sheet by the reconnection inflow are
quickly accelerated by the electric field Ez. At the initial stage,
both the CME and the current sheet are located and confined in
the lower part of the closed magnetic structure; therefore, the
accelerated electrons are allowed to travel within a small space.
With the rapid propagation of the CME, as our previous works
indicated (see Fig. 6g of Lin 2002 and Figs. 8 and 9 of Lin et al.
2004), the length of the current sheet and the volume of the
disrupting magnetic field quickly increase, the room for elec-
trons to move also quickly expands simultaneously, and the en-
ergetic electrons may eventually escape to the outermost corona
and interplanetary space as they come across the open field.
This scenario leads us to expect that some type III bursts (es-
pecially those that serve as precursors of the associated type II
bursts) manifest a short drift range in frequency at the begin-
ning of the eruption (e.g., see Zlotnik et al. 1998; Klassen et al.
1999; Klassen & Pohjolainen 2002), and then the frequency
drifts quickly extend to a large range toward low frequency, form-
ing the normal type III radio bursts (refer to Fig. 1 of Klassen
et al. 2003 for more details). However, the cases like that shown

Fig. 6.—Dynamic spectrum of the event observed on 2003 October 26 by HiRAS. Both the type II burst and the precursor on this spectrum can easily be recognized. [See
the electronic edition of the Journal for a color version of this figure.]
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by Figure 6 certainly exist. In this kind of eruption, no energetic
electrons escaped from the current sheet and reached the open
field, and the disturbance that they caused was limited to the
confined region.

Furthermore, Figure 6 and the other observations of type III
radio bursts indicate that no matter how far a type III burst is
able to extend to the low-frequency range, a cutoff at the high-
frequency end exists for most of the type III bursts, and that the
values of this cutoff frequency decrease with time in the erup-
tion. This can be ascribed to the motion of the flare loop system
in eruptions. The closed magnetic field lines holding flare loops
underneath the current sheet, which are produced by magnetic
reconnection, form an obstacle that prevents the energetic par-
ticles frommoving in the same directionwith the same energy (see
Forbes & Acton 1996; Sheeley et al. 2004). The flare loop system
continues to grow as a result of magnetic reconnection and forces
the obstacle to move upward, causing the cutoff frequency of
type III bursts to decrease. Since we mentioned earlier that our
investigations of type III bursts in the present work are quali-
tative only, quantitative models, especially of the normal type III
bursts, will be developed in the future.

4.2. Natures of Ez and Resultant Flares

The time t� indicates the initiation of Ez, so it also marks the
start of the flare. Figure 2 suggests the early ignition of a flare in
an eruption with strong � (see also Lin 2004). In addition to the
initial time t�, four other parameters are also important for us
to be able to specify behaviors of the flare. These parameters are
the maximum of the electric field, Emax, the time when Ez is
at maximum, tmax, the FWHM of the time profile of Ez, and the
product of the FWHM with Emax. Among these parameters, tmax

has been plotted against � in Figure 2 for easy comparisonwith t�.

As we pointed out earlier, Ez directly governs the energy
conversion in the eruption, so using tmax to approximate the
time when the flare is at maximum is reasonable. The values
of Emax determine the largest rate at which the magnetic flux is
brought into the current sheet and is annihilated to heat and
accelerate plasma and particles. They are approximately pro-
portional to �2, as indicated by equation (12). The values of the
FWHM determine the time interval in which the most efficient
energy conversion process is in progress, and its product with
Emax could be used as an index that indicates the potential im-
pact of magnetic reconnection on heating the flare region and
on accelerating charged particles. In a sense, the value of the
FWHM could also describe the time interval of the flare’s im-
pulsive phase.

Figure 7 plots the time profiles of Ez for � ¼ 0:5 (Fig. 7a)
and for � ¼ 1:0 (Fig. 7b), with each panel displaying two curves
corresponding to MA ¼ 0:05 and MA ¼ 0:1, respectively. The
two curves in each panel start at the same time, because t� does

Fig. 7.—Time profiles of Ez for (a) � ¼ 0:5 and (b) � ¼ 1:0, with each panel
displaying two curves that correspond toMA ¼ 0:05 andMA ¼ 0:1, respectively.

Fig. 8.—Variations of parameters for the reconnecting electric field Ez vs. � for
MA ¼ 0:1: (a) Emax, (b) the FWHM of the Ez � t profiles, and (c) the product of
Emax and the FWHM.
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not depend on MA. They differ from each other by a factor of
the ratio of the two values ofMA, but they almost have the same
value of tmax and the same FWHM. Thus, in Figures 2 and 8 we
just display the variations of tmax and the other four parameters
forMA ¼ 0:1 only. The plots in Figure 2 and each panel in Fig-
ure 8 reveal important observational consequences of solar
flares and their correlations to type II radio bursts.

We note that both the tmax and t� curves shown in Figure 2
suggest the early impulsive phase of the flare as the eruption
takes place in a magnetic structure with large �. This is con-
sistent with the conclusion of Lin (2004). As indicated by equa-
tion (12), Figure 8a shows the quadratic dependence of Emax

on �. Figures 8b and 8c imply that the most violent energy con-
version occurs in a short period after the triggering of the erup-
tion, and its impact on the consequent processes increases in an
apparent way with �.

Functional behaviors of various parameters for Ez against �,
shown in Figures 2 and 8, are suggestive of the early occurrence
of the particle acceleration by Ez and the very energetic particle
beams produced in major eruptions. This leads us to expect that
the hard X-ray emissions due to nonthermal electrons and the
early type III radio burst that constitutes the precursor of the as-
sociated type II bursts will take place simultaneously in the rele-
vant events, as observed by Klassen et al. (2003). Furthermore,
correlations of type II bursts with the other manifestations could
be revealed by comparing t� and tmax in Figure 2 with tin in Fig-
ures 4b and 5b.

We find that the lag of the type II burst behind its precursors
and the associated flare is not apparent, provided that magnetic
reconnection in the current sheet is fast (MA ¼ 0:1). In a typical
eruptive process (usually with � > 50 G), such a lag is within
30 minutes (either tin � t� or tin � tmax), and the correlation of
type II bursts to solar flares, CMEs, hard X-ray emission, and
type III bursts is easy to establish. The results of Mancuso et al.
(2002) suggested a lag of 2.5minutes,Klassen et al. (2003) reported
a lag of about 2 minutes, and Figure 6 indicates that the onset of
type II bursts in the 2003 October 26 event was 4.5 minutes
behind that of the precursors. Combining these results with
those that can be deduced from Figures 2 and 8b qualitatively
replicates the conclusions given byCane&Reames (1988), which
are that type II bursts typically start at the time when the H� flare
reaches the maximum and that the start frequency of the type II
burst is typically higher when the associated flare has a shorter
impulsive phase.

In the case of slow reconnection (MA ¼ 0:05), on the other
hand, establishing the above correlations is not trivial. In or-
der to invoke type II bursts earlier with high frequencies at
lower altitudes, the disrupting magnetic configuration should
have a stronger background field (� > 1:5; note the position of
the turning point T1 in Fig. 4). For a weak background field
(� < 1:5), the CME-driven shock may never form, as we have
pointed out. Even if the CME-driven shock could form at the
lower altitudes, it might also disappear at higher altitudes (note
the shape of the curves between the two turning points T1 and
T2) unless the background field was very strong (� > 4). In the
case of � ¼ 1:4 andMA ¼ 0:05, we have t� ¼ 8:6 minutes, and
tmax is about 10 minutes, which is roughly the same as that for
MA ¼ 0:1. But Figure 4b shows that the onset of a type II burst
could be as late as tin ¼ 50 minutes, and the onset position
might be as high as 10 R�. With such a large difference between
onset times of various manifestations, it is very hard to establish
any correlation among them, since the other eruptions are quite
likely to occur during this period, especially during the solar

maximum. Another issue that makes the job even harder is that
the CME-driven shock, and thus the type II burst, might not be
ignited at all. This result, combined with those fromMA ¼ 0:1,
implies from a different viewpoint that the role of magnetic
reconnection in governing CME propagations and the resultant
type II radio bursts is more significant than that of the strength
of the magnetic field.

5. CONCLUSIONS

After modifying our previous works related to the catastrophe
model of solar eruptions, we have investigated the behaviors of
the electric field induced by magnetic reconnection inside the
current sheet, the CME propagations, and the onset positions
and times of radio bursts of types II and III during the eruption.
Modifications were made by including the impact of gravity
of the prominence material inside the flux rope and the excess
mass brought into the CME bubble by magnetic reconnection
through the current sheet on the catastrophe and on the CME
propagation. According to the works of Lin et al. (2004) and
Lin & Soon (2004), we paid the necessary attention to various
components of CME velocities that can be obtained from ob-
servations and distinguished the one that may account for the
ignition of the CME-driven shocks from the others. This helps
us determine the onset positions, times, and start frequencies of
the type II radio burst. Consequent implications of our results to
observations were carefully analyzed and discussed. The main
results are summarized as follows.

1. Because of its ideal MHD nature, the catastrophic be-
havior of the disrupting magnetic field is not affected by the
excess of the material that results from magnetic reconnection.
The impact of gravity on the catastrophe occurring in the mag-
netic configuration including a flux rope with 2:1 ; 1016 g of
material becomes apparent when the average strength of the back-
ground field on the boundary surface B0 is weaker than 30 G (or
� < 0:3; see also Isenberg et al. 1993 and Lin 2004). But the
impact of the added mass does affect the CME propagation. For
a flux rope with the same initial mass, the added material causes
the CME propagation to suffer from deceleration as � < 0:685
forMA ¼ 0:05, or as � < 0:423 forMA ¼ 0:1. As the value of �
exceeds these thresholds, on the other hand, the impact of gravity
becomes dim.
2. Both� andMA play an important role in governing the onset

and the subsequent evolutionary features of type II radio bursts.
With a strong magnetic field and fast reconnection, the velocity at
the CME’s leading edge may quickly exceed the local Alfvén
speed and invoke type II bursts at low altitudes and with high start
frequencies. For themajor eruption that develops into a CMEwith
a terminal speed of around 1000 km s�1 (with � > 0:7 andMA ¼
0:1, or with � > 1:5 andMA ¼ 0:05), we estimated that the onset
position of type II bursts is at around 0.5 R�, corresponding to the
start frequency of the fundamental lane of 150 MHz. B. Vršnak
(2006, private communication) suggested that a value of 150MHz
might be too large for an altitude of 0.5R� and that 110MHz seems
more appropriate.
3. In governing the onset positions, times, and start frequen-

cies of type II radio bursts, the roles of MA and � roughly com-
pensate each other (refer to Figs. 4 and 5); namely, for MA� ¼
constant, values of these parameters for the type II bursts are
roughly the same. But the positions of the two turning points
and the shapes of those curves shown in Figures 4 and 5 indicate
that the other properties of type II bursts are more dependent on
MA than on �. The functional behavior of the Alfvén speed
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versus the altitude determines that even fast CMEs (>800 km s�1)
may not be able to produce type II bursts ifMA is small. Examples
of the radio-quiet fast CMEs have been reported by many authors
(e.g., see Gopalswamy 2004b, pp. 223Y224).

4. The precursor of type II bursts consists of a sequence of
type III bursts that are produced by electron beams accelerated
by the electric field Ez in the reconnecting current sheet at the
early stage of the eruption. The motions of these electrons are
confined in the current sheet, which is short at the beginning, so
the frequency drift range of the precursor on the dynamic spec-
trum is small and may evolve to the ordinary type III bursts
as the current sheet becomes long enough or as electron beams
meet the open fields.

5. Because Ez governs the absolute rate of energy conversion
via magnetic reconnection, its evolutionary behaviors may be
used to determine some features of solar flares, such as the
initial and maximum times. Both the times are very close to the
onset time of the eruption for the background field with inter-
mediate strength (� � 0:5), which implies that the flare is well
associated with the CME in the relevant eruptive process. But it
is not easy to build up the association of type II bursts with flares
if the coronal environment does not allow fast reconnection to

occur unless the background field is fairly strong (� � 1:5;
compare Fig. 4 with Fig. 8).

6. Overall, our studies of the type II radio burst in the present
work are based on the assumption that the type II burst is caused
by the CME-driven shock. But the cause of the type II burst, es-
pecially the metric type II burst, is still an open question. Recent
works byCane&Erickson (2005), Pohjolainen&Lehtinen (2006),
and Vršnak et al. (2006) investigated various eruptive events and
noted that the CMEmight not be the driver of the shocks that ignite
the type II bursts, although problems exist with the assumption that
those shocks are not being driven by CMEs.
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APPENDIX

EXPRESSIONS FOR SEVERAL VARIABLES

The expressions for some parameters in equations (2)Y(4) were not given explicitly in the text. To make those equations much more
understandable, we collect the expressions from Lin & Forbes (2000) and list them below:

p0 ¼ Ã0hARq � ARhA0q

ARpA0q � A0pARq

;

q0 ¼ ARhA0p � Ã0hARp

ARpA0q � A0pARq

;

ḣ0 ¼ I0

c

� �2 k2

2mhḣL2PQ

H2
PQ

2h2
�

k2 þ p2
� �

h2 � q2ð Þ þ k2 þ q2
� �

h2 � p2ð Þ
k2 þ h2

" #
; ðA1Þ

with

Ã0h ¼ � c2Ez

2I0ḣ
� A0h

¼ c

2I0

MAB
2
y 0; y0ð Þ

ḣ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4�� yð Þ

p � A0h;

where

A0p ¼
kp h2 þ k2

� �
k2 þ q2
� �

h2q k2 þ p2
� �

k2 þ q2
� �� �3=2 h2 � q2

� �
�

p2

h2
;
p

q

� �
� h2K

p

q

� �� 	
;

A0q ¼
k h2 þ k2
� �

k2 þ p2
� �

h2 k2 þ p2
� �

k2 þ q2
� �� �3=2 h2 � q2

� �
�

p2

h2
;
p

q

� �
� h2K

p

q

� �� 	
;

A0h ¼ � k

h3q

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2 þ p2
� �

k2 þ q2
� �q �

h2q2E
p

q

� �
� h2 h2 þ q2

� �
K

p

q

� �

þ h4 � p2q2
� �

�
p2

h2
;
p

q

� �	
ðA2Þ
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and

ARp ¼
kp h2 þ k2

� �
q k2 þ p2
� �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2 þ p2

k2 þ q2

s *
1� p2

h2

� �
� sin�1 q

h


 �
;
p2

h2
;
p

q

� 	

� F sin�1 q

h


 �
;
p

q

� 	
� q

2h

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h2 � q2

h2 � p2

s
1þ ln

kH3
PQ

r00LPQ h4 � p2q2ð Þ

" #( )+
;

ARq ¼
k h2 þ k2
� �
k2 þ q2
� �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2 þ q2

k2 þ p2

s *
1� p2

h2

� �
� sin�1 q

h


 �
;
p2

h2
;
p

q

� 	

� F sin�1 q

h


 �
;
p

q

� 	
� q

2h
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h2 � p2

h2 � q2

s
1þ ln
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PQ
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" #( )+
;

ARh ¼
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2h2LPQHPQ

(
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 �
;
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h2
;
p

q

� 	

: ðA3Þ

Here K, E, and � in equations (A2) are the first, second, and third kinds of complete elliptic integrals, respectively, F, E, and � in
equations (A3) are the first, second, and third kinds of incomplete elliptic integrals, respectively, and By in the expression for Ã0h

can be deduced from equation (9).
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