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ABSTRACT

Aims. To investigate if solar coronal mass ejections are driveimipéy coupling to the ambient solar wind, or through thesesle

of internal magnetic energy.

Methods. We examine the energetics of 39 flux-rope like coronal masgiens (CMEs) from the Sun using data in the distance range
~ 2-20R,, from the Large Angle Spectroscopic Coronograph (LASCO}paththe Solar and Heliospheric Observatory (SOHO). This
comprises a complete sample of the best examples of flux@bfies observed by LASCO in 1996-2001.

Results. We find that 69% of the CMEs in our sample experience a cleddutifiable driving power in the LASCO field of view.
For these CMEs which are driven, we examine if they might bé@ithg most of their driving power by coupling to the solamali

We do not find conclusive evidence in favor of this hypotheSis the other hand, we find that their internal magnetic gnerg
viable source of the required driving power. We have estdhatpper and lower limits on the power that can possibly beiged by

the internal magnetic field of a CME. We find that, on the averéige lower limit on the available magnetic power is arouth of
what is required to drive the CMEs, while the upper limit cands much as an order of magnitude larger.

1. Introduction a typical CME, they concluded that CMEs are likely to be pow-

The basi i f | acti CMEs) f ered by momentum coupling with the solar wind, which is an
€ DbasiC energetics of coronal mass €jections ( S) r(Ei‘i’ecnvely infinite energy reservoir for most CMEs. It may be

the Sun is a subject of intense research. The amount of G j that they did not measure individual CMEs to arrivéiat t

ergy required to disrupt initially closed magnetic fielddm lift o, 1,sion, nor did they present adequate calculationsgpart
and accelerate CMEs against the gravitational field of the S It is therefore an aggregate statement and as we willatee |

are key ingredients of CME initiation models (e.g., Amari €l in o rrect one. In contrast, our method, which is outlimed

al. 2000; Antiochos, DeVore & Klimchuk 1999; Forbes 2000)60‘2, involves detailed measurements of each CME in our sample.
While the energetics of CMEs in the lower corona 1S poorl anoharan (2006) has studied the evolution of 30 large Earth
understood, the energetics of CMES beyon@R, is SOme- iretad CMESs by combining data from LASCO with that from
what better understood (Vourlidas et al. 2000; Vourlidaalet e Ooty Radio Telescope (ORT). His dataset spans distances
2002; Lewis & Simnett 2002). Since the advent of the excel) .~ 2 R,—1 AU. He notes that the average CME in his sample

lent dataset of CMEs provided by the Large Angle Spectrascop, . :
Coronograph (LASCO, Brueckner et al. 1995) aboard the SO'%'nves at the Earth around 13 hours sooner than a typiceépar

solar wind would, and thereby concludes that CMEs are not

and Heliospheric Observatory (SOHO, Domingo et al. 199 imply dragged along by the solar wind; they have to be driven
there have been only a few papers that have examined the Nihe expenditure of some kind of internal energy. Howeter,

ergetics of several CMEs. Vourlidas et al. (2000) (Papeptnfr CMEs in his sample slow down significantly at distance80

now on) studied the evolution of the potential, kinetic analgm : : : : :
netic energies of 11 flux-rope CMEs in an attempt to undedstagfc')J;;ltsigg%?;isﬁ?;r:@?%oiagg&d might be influencing CME

the driving mechanism for such CMEs beyon@R,. They sur- _
mised that the energy contained in the magnetic fields aegect " this work, we concentrate on flux-rope (FR) CMEs be-
by the CMEs could be responsible for propelling them. Sonf&use (i) flux-ropes are commonly invoked by several current
recent studies of the initiation of flux rope CMEs (Amari et atheoretical and numerical models of CMEs (e.g., Chen 1996;
2000) suggest that 55% of the available magnetic free energyfumar & Rust 1996; Gibson & Low 1998; Birn, Forbes &
could be available for propagating the CME through the caronochindler 2003; Kliem & Torok 2006) and (ii) their physica
On the other hand, Lewis & Simnett (2002) used an ifR&rameters can be derived by in-situ observations (e.glaga
geneous method to study the weighted average profile ofall th?88; Lepping et al 1990; Hu and Sonerup 1998; Mulligan and
CMEs in the LASCO C2 and C3 fields of view from March 199dRussel 2001; Lynch et al. 2003; Lepping et al 2003). Gengrall
to March 2000 in order to investigate similar questions.yrhd-ASCO observes many eventsaiently structured to be char-
found that the mechanical (i.e., kineticpotential) energy of a &cterized as FR CMEs under some viewing assumptions (e.g.,
typical CME in this period increased with time at a remarkab(Crémades and Bothmer 2004). In Paper 1 and in here, we have
constant linear rate as it propagated through the LASCO @2 g#fiopted a much stricter definition for a FR CME; namely, the

C3 fields of view. Based on this constant rate of input power §Y€nt must exhibit a clear circular structure with visiblgas
tions in its core. In other words, the CME must resemble ¢tjose
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on this criterion, we study the evolution of potential and kithat for 27 CMEs, the mechanical energy rises linearly wittet
netic energies of 39 individual FR CMEs between 1997 ar{dategory A, table 1), whereas 12 CMEs show no such trend (cat
2001. This comprises a complete sample of the best exampgsry B, table 2). In other words, 27 out of 39 CMEs (69%)
of FR CMEs observed by LASCO in 1996-2001 (out of aboutelong to category A, whereas the remaining 12 (31%) CMEs
4000 events). In doing so, we obtain better statistics tha@n fbelong to category B. The upper panel of figure 1 shows an ex-
per 1 and include a wider variety of events through the risirgmple of a CME in category A (table 1), where the linear rise of
phase and maximum of cycle 23. We find that the mechanigakchanical energy with time is clearly evident. The lowargla
energy (i.e., kinetic+ potential energy) of 69% of the eventsof figure 1 shows an example of a CME in category B (table 2).
increases linearly with time. This implies that these event For the CMEs in category A (table 1), we fit a straight line to
clearly “driven” by the release of some sort of energy. Based the plot of mechanical energy vs. time. The slope of thidgitita
our examination of these individual events, we investigfatee line gives the driving power. As pointed out in paper 1 (alse s
CMEs could be powered by coupling to the solar wind. We aldéurlidas 2004, Lugaz et al 2005) the mass of a given CME
examine if the release of the internal magnetic energy of #CMan be underestimated by at most a factor of 2. Furthermore,
can account for its driving power. this would be a systematic error in the mass estimate forengiv
CME. It does not fiect thedope of the mechanical energy vs.

) time curve for a given CME. The errorsp on the values of
2. Data Analysis the driving power thus arise only from the errors in deteingn
the slope of the straight line fit. Column 2 of Table 3 gives the
driving powerPp determined in this manner and column 3 of
We have selected 39 flux rope CMEs from LASCO data betwetable 3 gives the associated eroay for each CME in category
Feb 1997 and March 2001. We select these events based on theBoth these quantities are expressed in units &f #éyhr.
morphological appearance in coronograph images; theyaappe
like magnetic flux ropes viewed along their cross-sectiom.
have compiled a complete list of all CMEs that appear like fl
ropes in the LASCO data between February 1997 and Marthe driving power could be provided by the release of theinte
2001 and selected the best cases for this study. The Thomaanmagnetic energy of the FR CMEs. In order to estimate the
scattering process by which free electrons in the CME statpsower that can possibly be released by magnetic fields aetvect

photospheric light and give rise to these intensity imagas hyith an expanding CME, we need to know the magnetic field
a rather sharp dependence on the scattering angle. CMEs #wtected with the CME.

retain their overall morphology in LASCO images are there-
fore probably ones that remain in the plane of the sky threugh ) ) o )
out these fields of view (Cremades and Bothmer 2004; also <ed 1. Direct estimate of magnetic fields carried by CMEs

§ 3.2). Since the calculations of CME mass (see paper 1) assyii€asurements of the coronal magnetic field (much less the mag
thatthe CME is in the plane of the sky, this lends credencelto thetic field entrained by CMEs) are few and far between. Using
estimates of CME mass and velocity. We now briefly describggio measurements of what is presumably synchrotron emis-
the procedure we follow in order to obtain the evolution of EM sjon from electrons populating the CME structure, Bastizal.e
energy from a time sequence of such intensity images. TeB4nt(2001) have estimated the magnetic field in a CME on April 20
sity of Thomson-scattered light depends directly on themwwl 1998 to be- 0.1 — 1 G. We adopt the value of 0.1G as a working
density of coronal electrongfawhich the scattering takes placefigyre for our purposes.

By backtracking through the Thomson scattering calcutatio ~ The magnetic energy contained in the CME can be written
we are thus able to construct mass images from the observed;ig

tensity images. Each pixel of the mass image gives the urfac B2

density (g cm?) of coronal electrons. By subtracting a suitablg,, = — | A, (1)
pre-event (or, in some cases, post-event) mass image frem th 8

image containing the CME, we obtain an image which gives thi¢éhereB is the magnetic fieldA the cross-sectional area of the
excess mass (over the background corona) carried by the CNBVE andl its length perpendicular to the plane of the sky. We
We circumscribe the extent of the flux-rope structure withim measureA directly for each CME (in each image), and we take
CME as evident in the image and get its total mass by simgijo be equal to the heliocentric distance of the CME center of
summing the masses of all the pixels comprising the CME. Iti8ass (in each image). The assumption lfamplies a reason-
also straightforward to obtain the center of mass of the fape  able flux rope length of one solar radius at the solar surfeite.
structure of the CME from such a mass image, since we kn@awer (Py) that can possibly be released by the advected mag-
the mass contained in each pixel and its spatial co-ordinate netic field is

time sequence of such mass images gives the evoluton of CME_ g2 ¢

mass and the velocity of the center of mass. The time evmiutica; Em=Pn= a7 O lA. (2

of kinetic and potential energies of the CME are calculatethf g .

these quantities. This part of the data analysis procedsieri- Note that we have not accounted for the temporal variatidhef

ilar to that used in Paper 1, and we refer the reader there faagnetic fieldB in computingPy. We use a conservative value
further details. of 0.1 G for the magnetic field and fit a straight line to the time
evolution ofl A to get the values oPy shown in column 8 of
table 3. The associated err@f, quoted in column 9 of table 3
arises only from the errar 5 in the stright line fit to the time
Having obtained the time evolution of the kinetic and patnt €volution ofl A. The quantityry is defined as

energies of a CME, we add them together to obtain the time evo- g2
lution of its mechanical (i.e., kinetie potential) energy. We find om = 87 A (3

2.1. Mass images

3. Estimate of magnetic power

2.2. Driving power



Prasad Subramanian and Angelos Vourlidas: Energeticslaf Soronal Mass Ejections 3

o2

@ 15r ‘ ‘ ]
8 L O DD - ]
g 10- m o P 3
i B .
Q5 o =
+ r oo oo .
W ormo™ ‘ ]
S 5 10 15

Time in hours

S

g 25; O 3
@ 2.0F . = o U =
3 F Do O o ]
= 15° o M E
L £ O E
210 . =
+ 0.5 E
W 0.0- ‘ ‘ E
S 5 10 15

Time in hours

Fig. 1. The mechanical (i.e., kinetie potential) energy for two representative CMEs plotted asnation of time from initiation.
The mechanical energy for the CME on 200822 (upper panel) increases linearly with time, implyingtttheere is a constant
driving power on the CME as it propagates outwards. Such CME&sncluded in category A (table 1). The mechanical enengy f
the CME on 19988/13 (lower panel) shows no such trend. Such CMEs are includedtegory B (table 2).

The quantitie®Py anday are expressed in units of ¥erghr  magnetic flux carried by the CMEs in our sample, we can write
in table 3. Since we do not account for the possible decreasdthie following expression for the CME magnetic energy:
the advected magnetic field as the CME propagates outwards, 1

Py is anupper limit on the power that can possibly be provided,, = T
T

by its dissipation.

wherel andA are the length and cross-sectional area of the
flux rope, respectively. We takeequal to the heliocentric dis-
tance of the CME as we did in (1). Consequently, a lower limit
on the power derived from the decrease of magnetic energy as
the flux rope expands outwards is given by
On the other hand, magnetic clouds observed by near-Earth
spacecraft are thought to be near-Earth manifestation$df<C p,, - — a1 . (5)
that are directed towards the Earth (e.g., Webb et al. 2000;  dt dt A

Berdichevsky et al. 2002; Manoharan et al. 2004). We eneisage haye information about the time derivative of the qugintit
a scenario where some of the magnetic flux carried by a CMﬁ\ for each of the CMESs in our sample. The valuesPqf are
is expended in driving it; what is left of it when it arrivestae  0ted in column 4 of table 3 in units of @erghr for the CMEs
Earth is detected by in-situ measurements of the correspgnd, cateqory A i.e., the ones that show clear evidence ofiardyi
near-Earth magnetic cloud. We can compute the magneticpowg,ver. The quantityy quoted in column 5 of table 3 is the error
by assuming that the CME carried the same amount of magn&liGhe value of the magnetic power, expressed in units 8¢ 10
flux near the Sun as whatis observed in the near-Earth magngfiyhy. The errorory in the value of the magnetic power arises
cloud. Such a calculation will necessarily yieldioaver limit on fr? the errobrga in the average magnetic flux and the eergp
the power that can be expended by the advected magnetic fig @wting a straight line to the time evolution bfA. The error in

in driving the CME. _ -
g the value ofB.A2 is related tooga by ogpz = 2 B.A oga. The
P{glue ofoy is defined by

O BA2 2 O'|/A 2
(ﬁ)z) +(E) ©

(B.A?, (4)

2.3.2. Magnetic flux carried by near-Earth magnetic clouds

Ev = — (BAY
8

Since the CMEs in our sample propagate primarily along t
plane of the sky, they will not be detected as near-Earth mag- J(

netic clouds. However, Lepping et al. (1997) estimate trrﬁ—av(TM -p
age magnetic flux carried by 30 well observed magnetic clouds
to beB.A = 10.8 x 10?° Mx, with a standard deviation error of
oea = 8 x 107° Mx. The value ofoga they quote is representa-
tive of the range of fluxes carried byftérent magnetic clouds
and not of the errors in individual measurements. The adiualAs mentioned earlier, the mechanical energies of the 27 CMEs
error forB andA is of the order of 6- 7% (Lepping et al. 2003) in category A (table 1) increase linearly with time, implgia

and it is therefore insignificant in comparison to the oddhax  constant driving power for these CMEs. The mechanical ener-

variation, oga. If we assume thaB.A is representative of the gies for the 12 CMEs in category B (table 2), on the other hand,

3. Results and Interpretation
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Table 1. CategoryA: CMEs for which Mechanical Energy increases linearly withet

Date Time PA  Speed AtRadius Mass Eruptive Prominence
° (kmys) (Ry) (x10™g)

97/17/01 20:11 271 275 20 1 Y
97/1y16 23:27* 85 595 20.5 5 N
980204 17:02 289 425 19.5 5 N
980224 07:28 90 500 19 1 N
980507 11:.05 270 450 21 10 N
9806/02 08:08 245 600 14.5 10 Y
990702 17:30 39 220 16.5 5 Maybe
990802 22:26 271 380 24 25 Y
000322 04:.06 323 350 14 5 Maybe
000505 07:26 338 260 9 1 N
000529 04:30 278 178 10 15 Maybe
000606 04:54 359 400 15 4 Y
000608 17:07 59 310 10.5 2 N
000723 17:30 14 400 9 1 N
000802 17:54 46 700 20 7 Y
000803 08:30 302 620 18 6 Y
000927 00:50 327 455 15 1 N
001026 00:50 99 200 12.5 2 Maybe
001y12 09:06 329 282 15 2 N
001y14 16:06 258 500 20 2 N
001y17 04:06 75 450 18 3 Y
001y17 06:30 188 500 18 3 Y
01/0y07 04:06 298 550 17 3 Y
01/0y19 17:.06 78 900 18 3 Maybe
01/0210 23:08 229 900 23 4 Y
01/0301 04:.06 292 400 20 1 Maybe
01/0323 12:06 284 400 15 7 N

& The time refers to the previous day.
Column 1 Date on which a given CME occurre@plumn 2 Start time in the C2 field of viewColumn 3 central position angle of the CME
(CCW from solar north)Column 4 Speed of the CME at the radius quoted in columr€6fumn 5 This is the farthest radius until which
we have been able to track the CMEolumn 6 Mass of the CME at the radius quoted column 5. For instameeCME on 9711/01 has a
speed of 275 kiis and a mass of 19g at 20 R; Column 7 Denotes whether or not the CME was associated with a praroéeruption
(see§ 3.4); ‘Y’ denotes that the CME was associated with a promieegruption, ‘N’ denotes the converse and ‘Maybe’ denotegiation
where we are not certain that a prominence eruption was iassdavith the CME.

Table 2. CategoryB: CMEs for which Mechanical Energy remains constant withetim

Date Time PA  Speed AtRadius Mass Eruptive Prominence
) (knmys) (Ro) (x10®9g)
97/0223 0255 82 910 155 1 Y
97/04/13 16:12 269 510 24 0.8 Y
97/0430 04:50 84 330 18.5 0.7 N
97/08/13 08:26 273 350 20 1 N
97/1019 04:42 92 260 11 1 Y
97/103¢* 18:21 88 225 17.5 1 N
97/131  09:30 262 410 23 1 N
990523 07:40 288 600 30 1 N
9907/04 21:54 89 181 16 2 Maybe
00/11/04 01:50 213 794 29 3 Y
01/01/19 12:06 74 403 17 1 N
01/03/22 05:26 255 377 14.5 2 Y

& The time refers to the previous day.
Columns same as table 1.

show no such trend. Figure 1 shows an example from each catt. Source of Driving power for CMEs from ~ 2-20 R,: solar
egory; the upper panel shows an example of a CME for which wind or advected magnetic field?

the mechanical energy increases linearly with time, imgya _ ) i
constant driving power, while the lower panel shows an exam3ased on the constancy of power required to drive a typical

where there is no evidence for a linear increase of mechiani€aE, Lewis & Simnett (2002) have surmised that CMEs could
energy with time. be driven via momentum coupling with the solar wind, which is

an dfectively infinite energy reservoir for the CMEs. However,
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they did not measure individual CMEs to arrive at this concldimit on the available magnetic power is an appreciabletioac
sion; they employed a weighted average method that gave thisvhat is needed to drive a representative CME in our sample.
result for a typical CME between March 1999 and March 200@he lower limit on the available magnetic power is computed o

CMEs could be driven by the ambient solar wind via the hythe basis of the magnetic flux detected near the Earth. This ma
dromagnetic buoyancy fordeswing. We write the following ex- netic flux represents the amount that is left over after dgithe
pression for this force following equation (22) of Yeh (1995 CME, heating it and overcoming the solar wind frictionalgira

It is therefore significant that the driving power computedtoe

Fsowind = 7 Q? (= V Pw) , (7) basis of this residual flux can still account for an appreeiab

] fraction of what is needed to drive the CME.
wherer Q? represents the cross-sectional area presented by the

CME and the term inside the brackets is the gradient in the am-

bient pressure which drives the solar wind. Evidently, & thiv- 3.2, Propagation Effects and Evolution of the White Light

ing force on a CME is predominantly due to coupling with the  Flux-rope Structure

solar wind, it should be proportional to its cross-secti@raa.

We now take a closer look at the CMEs in category A (Table 1$0 far, we have been using the generic term “CME” to describe
Figure 2 is a scatterplot of the mechanical driving forcesusr the properties of the flux-rope-like feature which is onlyaatp
mean CME size (measured in number of pixels) for these CME¥.the overall CME phenomenon. It is implicit in our discussi

We calculate the driving force by dividing the driving poviera that this feature comprises a well-defined structure, &sy$at
CME (§ 2.2) by the velocity of its center of mass. The correlatiopould correspond to the flux-rope prediciedoked in several
between the driving force and CME size is evidently poor, aléME models. In Paper 1, we suggested that the flux-rope CME
there is little evidence to suggest that larger CMEs expede propagates as an isolated system based on our findings of con-
larger driving force. This casts doubt on the hypothesisttie stant total energy for those events. This result suppoetsdita
CMEs in category A (table 1) (which are clearly “driven”) ardhat the white light signature of a flux-rope CME is indeed a
powered by coupling with the ambient solar wind. flux-rope.

On the other hand, several researchers have suggested thaperhaps we could get more clues on the nature of the flux-
a combination of dferent kinds of Lorentz forces can drive theope signature by looking into its dynamical evolution tlis a
CME outward (e.g., Chen 1996; Kumar & Rust 1996). Most rétux-rope, we would expect small or no distortion of its shape
cently, Kliem & Torok (2006), have investigated the irgsting as it propagates in the coronagraph field of view. We would als
possibility of the so-called torus instability being respible for  expect small correlation with the evolution of the otheceien
driving the CME. This instability relies on the interplaytveen the CME. The evolution of the flux-rope CME can be followed
the Lorentz self-force in the torus-like CME structure ahd t through the evolution of its center-of-mass. Figure 3 shthes
opposing Lorentz force due to the ambient magnetic field.  front and center-of-mass height-time plots for four reprea-

We therefore turn our attention to the CME magnetic field tgve flux-rope CMEs in our sample. For about half of the events
see if it can act as a driver. In view of the considerable uag®r (18/39), the center-of-mass seems to closely track the evalutio
ties in determining coronal magnetic fields, we have contputef the front. The events of 19974/13 and 19985/07 shown in
upper and lower limits on the rate of energy released by ttge maigure 3 are examples of such CMEs. For such CMEs, the flux-
netic field advected by each CME. The procedures we adopt sge and the CME front propagate with similar velocities and
explained in§ 2.3.1 and§ 2.3.2. We have computed the magdistortion of the flux-rope is observed. This result supptne
netic powers only for the CMEs in category A (table 1), whickdea that the white-light feature is indeed an isolated retign
are evidently driven. structure.

The quanti_tyPM is an upper limit on the available magnetic The events of 20003/22 and 20003/23 shown in figure 3
power andry is the associated errgr@.3.1). These are listed gre representative of the other half of our CME sampl¢3ap
in columns 8 and 9 respectively of table 3. Column 10 of ta&or these CMEs, the center-of-mass seems to deceleraieaela
ble 3 gives the ratio oy to the required driving powd?p and to the CME front as is evident from the diverging height-time
column 11 gives the error associated with this quantity.a4ee- curves. This is caused by a progressive center-of-madstehif
age of the numbersin column 10 is.829+ 1.677. We thus find wards the back of the flux-rope. The location of the center-of
that the upper limit on the available magnetic power could®e mass is biased towards the location of the brightest pixihsmw
much as an order of magnitude larger than what is requiredthe flux-rope structure. Thus, the shift of the center-obmia
drive the CME. While this discrepancy might seem ratherdargdue to a brightness increase at the back of the flux-rope vidich
it may be noted that besides driving the CME, part of the irder equivalent to mass accumulation at that location. An inspec
magnetic energy could also be expended in heating the plaspfithe LASCO mass images supports our conclusion. It appears
entrained in the CME (e.g., Kumar & Rust 1996) and in ovethat the flux-rope structure of the CME propagates at a slower
coming the “frictional drag” with the solar wind (e.g., Viaket speed than the other ejecta coming behind the main CME struc-
al. 2004; Cargill 2004). In-situ measurements of neartbaidg- ture (the post-CME coronal outflow) which results in the accu
netic clouds (Burlaga 1988; Lepping et al 1990; Hu and Sgmertulation of mass at the back of the flux-rope. This is exactly
1998; Mulligan and Russel 2001; Lynch et al. 2003; Lepping athat one would expects if the CME core is a low beta structure,
al 2003) reveal that there is an appreciable amount of magnet flux-rope, propagating in the solar wind flow. The same behav
flux leftover after dissipation by these means. ior has also been seen in 3D MHD models of erupting fluxropes

The quantityPy, is the lower limit on the available magnetic(Lynch et al 2004). We believe that these observations geovi
power andoy is the associated err@r@.3.2). These are listed a strong indication that the white light “flux-rope”-likedture
in columns 4 and 5 respectively of table 3. Column 6 of tablei8 indeed a magnetically closed structure; a flux-rope. We al
gives the ratio oPy to the required driving powdPp and col- suggest, that the samfext is responsible for the so-called “dis-
umn 7 gives the error associated wWiRfy /Pp. The average of the connection” or “V-shaped” features mentioned often in tterd
numbers in column 7 is.84 + 1.35. We thus find that the lower ature. In that case, only the back of the flux-rope is visilileee
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Fig.2. The mean size (in number of pixels) for the CMEs in categoryable 1) plotted as a function of their driving force. The
low correlation co#ficient suggests that there is no evidence to claim that |&@Y§#Es have larger driving forces (s€6.1).

Table 3. Driving power and Magnetic power for Categaky

Date Pp Op Pm oM Pwm/Po 0Py /Pp Pm oM IE)TA/PD OBy /Py

97/11/01 0.229 0.022 0.620 0.925 2.708 4.032 5.872 0.667 25.583 042.9
97/1y16 2.426 0.198 0.287 0.431 0.118 0.712 24548 2595 10.1170691.

9802/04 1.477 0.158 0.336 0.505 0.228 0.583 10.945 0.132 7.410 970.8
980224 0.306 0.077 0.511 0.758 1.668 2.480 6.642 0.808 21.686 392.6
980507 3.295 0.355 0.494 0.739 0.150 0.751 8.145 1554 2471 3047
980602 7.274 0.656 0.718 1.086 0.098 0.926 23.054 3.809 3.169 2405
9907/02 0.835 0.127 0.187 0.278 0.224 0.757 18.826 3.061 22.5506673.

990802 0.478 0.023 0.324 0.481 0.678 1.009 7.200 0.682 15.053 251.4
000322 1.060 0.017 0.312 0.463 0.295 0.441 3.147 0409 2975 70.38
000505 0.358 0.038 1.120 1.665 3.122 4.646 1.324 0.160 3.693 70.44
000529 0.488 0.052 0.528 0.783 1.082 1.608 2311 0.274 4733 20.56
000606 1.153 0.031 0.659 0.979 0.572 0.851 4750 0.622 4121 90.53
000608 0.705 0.095 0.840 1.269 1.190 1.802 9.941 1.364 14.088 331.9
000723 0.747 0.208 0.740 1.106 0.989 1.505 3.566 0581 4.770 00.78
00/0802 3.557 0.099 0.562 0.843 0.158 0.295 28.542 3970 8.025 151.1
000803 3.789 0.200 0.839 1.271 0.221 0.411 30.443 4.224 8.035 151.1
000927 0.805 0.100 0.433 0.654 0.540 0.844 17.342 2.020 21.5505102.

001026 0.224 0.020 0.196 0.291 0.874 1.301 1.771 0.246 7.890 51.09
001112 1.187 0.041 0.410 0.611 0.346 0.525 8.740 0.804 7.361 80.67
00/1/14 0.630 0.075 0.890 1.348 1.408 2.140 20.874 2.654 33.1042104.

001y17 1.120 0.029 0.747 1.117 0.668 1.001 9.486 1.241 8487 0111
00117 0.826 0.050 0.695 1.031 0.841 1.251 8.843 1.806 10.710 882.1
010107 1.372 0.089 0.633 0.960 0.461 0.714 22125 3517 16.1245632.

01/0/19 2.630 0.256 0.792 1.182 0.301 0.554 15,580 2970 5.930 301.1
010210 2.744 0.380 0.103 0.154 0.037 3.685 68.621 8.920 25.0072503.

01/0301 0.481 0.048 0.381 0.569 0.792 1190 22.470 2.450 46.7000865.

01/0323 1.766 0.063 0.577 0.859 0.326 0.498 11900 1660 6.740 410.9
Averages 1.554 0.130 0.553 0.828 0.744 1.352 14704 1970 12819 71.67

The numbers in columns 25 and 8- 9 are expressed in units of ¥Cerghr. Column 1 Date on which the CME occurredolumn 2
Driving powerPp associated with a CMEZolumn 3 Error op associated with the driving powe 2.2); Column 4 Estimate of the magnetic
power Py, that could be released by the CME using an estimate of the etiadield carried by near-Earth magnetic clou@s/umn 5 Error
o associated with this estimaté 2.3.1); Column 6 Ratio of Py to Pp; Column 7 Error associated with the quantiBy, /Pp; Column 8
Estimate of the magnetic pow®¥, that could be released by the CME using an estimate of the etiadield entrained in the CMEColumn
9: Error oy associated with this estimatg 2.3.2); Column 10 Ratio of Py to Pp; Column 11 Error associated with the quantiﬁﬂ/PD.
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Fig. 3. Representative frons(ard and center-of-masgfossesheight-time plots for flux-rope CMEs. The event date is shan

each plot. The left-side panels show events where the frohtanter-of-mass propagate with similar speedgaratcelerations.
The right-side panels show events where the center-of-agssars to decelerate relative to the CME front. $8&4 for further

discussion.

because of the sensitivity of the instrument or becauseadbihi  ages) but not a clear evidence of large-scale filafpemtninence
density of the white-light flux-rope. ejection.

3.3. Association with prominences

We find that 38% or 189 events have a clear association
In theories of filament formation (Karpen et al. 2003 and refvith an eruptive prominengilament. A small number of the
erences therein), flux rope structures are commonly agsdciaevents (18% or /89) have some indication that chromospheric
with either the filament itself or with large-scale struesir material was involved but we cannot conclusively say whethe
within which the filament lies. Most flux-rope models of CMEs large-scale filament was indeed ejected. Almost half of the
also assume that prominence material is contained insiele #vents (44% or 1/39) appear to have no association with a fila-
flux rope. It is therefore tempting to take the observatiohs menfprominence. This is a somewhat unexpected result. Given
flux rope-like structures in white light coronagraphs aslewice the close morphological resemblance of these white lighE&M
for the existence of flux ropes in the solar atmosphere, afigiflux ropes, one would expect a closer correlation betwéen fi
look for the association of filamefprominence eruptions with ament eruption and flux-rope like CMEs. There is always the
these events. However, the relationship between preigxifiix  possibility that filaments on the far side of the Sun couldehav
ropes and white light CMEs is still unclear from an obseosdl  been involved in the events for which we found no filament as-
point of view. To see if our particular sample of CMEs can shegbciation on the visible side or that a filament channel didtex
some light in this issue, we searched for evidence of ereptigut without sifficient amounts of cold material to be detected in
prominencgfilament associated with the CMEs we studied. Wihe images. Since we do not have any information on the condi-
mainly used the EIT 195A images because it is easier to cortens at the far side of the Sun, we rely solely on the avadabl
late the LASCQEIT databases. We also used the NOAA listebservations for the statistics. It might also be posshu¢these
of active prominenc¢flaments, the Nobeyama radioheliograplevents are associated with active region filaments whicheme
database of limb events and Big Beat IFhovies where avail- erally harder to detect. To the extent we can make out from our
able. Our results are shown in column 7 of table 1 and columrtidrrent observations, we conclude that the flux rope CMEs in
of table 2. It was generally easy to discern whether a giventevour sample are not strongly correlated with filament eruystio
involved a prominengélament eruption. For the events labele®ur findings can be contrasted with those of Subramanian et al
“maybe”, we could see some filament motion or sprays of po&001), who found that 59% of CMEs with signatures on the
sibly cool material (the material appeared dark in the EUV insolar disk were associated with prominence eruptions.
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Fig. 4. Statistics for our flux-rope CME sampl@op left: Histogram of CME masse3op right:Histogram of CME kinetic energies.
CME mass as a function of Carrington rotationi@dle leff) and CME kinetic energy as a function of Carrington rotafiniwd/e
right). The bins are averages over 5 rotations. Scattterplot oE @Mss versus front speelottom lef) and CME kinetic energy
versus Carrington rotatiorbbttom righ). The stars correspond to the events associated with egyptominences.

3.4. Statistical properties of flux rope CMEs kinetic energy of flux-rope CMEs as a function of Carrington

_ . rotation. These numbers were calculated by averaging tlze me
Finally, we can use our relatively large sample of eventseto dsyrements over 5 rotations. A sharp rise in mass and kinetic
rive statistical properties for the flux rope CMEs. We suma@ar onergy in 1998 (carrington numbers 1935-1940) is evident de
these statistics in figure 4. The distributions of mass anétié ~ gpjte the rather small number of events. A similar rise in the
energies of the sample are shown in the top panels of figure 4occurence rate (Gopalswamy et al. 2003) and the average mass

Flux rope CMEs have an average mass.af310' gr and per event (Vourlidas et al. 2002) has been seen in the fult sam

an average kinetic energy ofl4x 10* ergs. These numbers carple of LASCO CMEs. Thus, the rise appears to be a real CME
be compared to.T x 10* gr and 43 x 10°° ergs for the aver- characteristic for this solar cycle. It is to be noted, hoerethat
age mass and kinetic energy for the whole sample of LASQQASCO observations were severely disrupted in the lastdfalf
CMEs between 1996-2002 (Vourlidas et al. 2002). The middi®98 and early 1999 and that our statistics have not been cor-
panels of figure 4 show the temporal variation of the mass and
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Table 4. Statistical Properties of Flux-rope CMEs

Sample Average Width  Average Speed Average Mass AveragetiKiBnergy
(deg) (knis) (A0%gr) (10°° ergs)
Flux-rope CMEs 90 490 3.1 4.1
All LASCO CMEs 75 417 1.7 4.3

8 For all CMEs in 1996-2001 (Yashiro et al. 2004)
b For all CMEs in 1996-2001 (Vourlidas et al. 2002)

rected for duty cycle. On the other hand, a slower increatieein ter accounting for dissipation in driving the CME from thenSu
flux-rope CME properties since 1999 is also seen in larger CM&the Earth, heating the CME plasma and overcoming frietion
samples (Vourlidas et al. 2002; Gopalswamy et al. 2003) anddirag forces, this method necessarily yields a lower limitin
probably real. Finally, we look at the properties of the flape available magnetic power. This lower limit on the availaibiag-
CMEs that are associated with filamept®minences. The bot- netic power is around.@4+ 1.35 of what is required to drive the
tom panels of Figure 4 show the scatterplots of the mass a@ME. Taken together, our results thus indicate that therriaie
kinetic energy of the filament-associated CMEs (stars) ard tmagnetic energy of a FR CME is certainly a viable candidate fo
rest of the sample (crosses). Itis evident that filamentaaged propelling it.

CMEs are slightly more energetic than the average CME event.

Their average kinetic energy is46x 10°° ergs, almost 3x times Acknowledgements. SOHO is an international collaboration between NASA
larger than the average kinetic energy8( 10° ergs) of the and ESA. LASCO was constructed by a consortium of instinstiche Naval
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