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ABSTRACT

In this work we analyze simultaneous UVand white-light (WL) observations of a slowCME that occurred on 2000
January 31. Unlike most CMEs studied in the UV so far, this event was not associated with a flare or filament erup-
tion. Based on vector magnetograph data and magnetic field models, we find that field disruption in an active region
(AR) was driven by flux emergence and shearing motions, leading to the CME and to post-CME arcades seen in the
EUV. WL images, acquired by the Mark IV coronagraph at the Mauna Loa Observatory, allowed us to identify the
CME front, bubble, and core shortly (about 1 hr) after the CME ejection. From polarized brightness ( pB) Mauna Loa
data we estimated the mass and electron densities of the CME. The CME mass increases with time, indicating that
about 2/3 of the mass originates above 1.6 R�. Analysis of the UV spectra, acquired by the Solar and Heliospheric
Observatory Ultraviolet Coronagraph Spectrometer (SOHO UVCS) at 1.6 and 1.9 R�, allowed us to derive the elec-
tron temperature distribution across the CME. The temperature maximizes at the CME core and increases between
1.6 and 1.9 R�. This event was unusual, in that the leading edge and the CME core were hotter than the ambient corona.
We discuss magnetic heating and adiabatic compression as explanations for the high temperatures in the core and
leading edge, respectively.

Subject headinggs: Sun: corona — Sun: coronal mass ejections (CMEs) — Sun: UV radiation

1. INTRODUCTION

A coronal mass ejection (CME) is a large structure of plasma
and magnetic field that is expelled from the Sun into the helio-
sphere. In the last two decades these events have been widely
studied, usually by white-light coronagraphs. However, a multi-
wavelength approach is needed because different phenomena in
the chromosphere and the photosphere involved in the CME evo-
lution give rise to emission in a broad wavelength interval that
extends from radio to X-rays. CMEs may eject cool (�104 K)
chromospheric material, embedded in an erupting prominence,
hot (�106 K) coronal material, and flare plasma (�107 K). Dur-
ingCME propagation,many processes may occur that interchange
different forms of energy (kinetic, potential, electromagnetic, ther-
mal, etc.), leading to plasma heating and cooling. The knowledge
of plasma temperature and density within CMEs is important to
understand these processes; however, at present their temper-
ature structure heating rates are poorly known. First, from the
observational point of view, CMEs appear in a large variety of
geometric shapes, from the more typical three-part structure (an
opening looplike bright front including a dark cavity or void and
a bright core) to complex curved and twisted helical structures. It
is at present unclear how much of the observed variety of CME
geometries is a consequence of projection effects and how much
is related to real differences in the physical structure of the CME
source and/or of the background corona. It is often difficult to
identify the plasma parameters of CME substructures superposed
along the line of sight (LOS), and the three-dimensional geometry
of CMEs is still debated, and this leads to uncertainties in the for-
mulation of CME models. Second, CME models developed so
far were aimed at reproducing only the CME white-light struc-
ture, which depends solely on the electron density distribution,
while only a few attempts have been done to reproduce their UV

appearance, which depends also on plasma temperature and out-
flow speed (see Ciaravella et al. 2001). This is probably due to
the scarcity of simultaneous white-light and UVobservations of
CMEs. Most UV spectroscopic observations with good statistics
are performed below the heliocentric distance of 2 R�, while con-
tinuous 24 hr observations from space are available only above
2 R�. As a consequence there are few simultaneous observations
of CMEs in UVand white light at the same heliocentric distance
focusing on the initiation and early evolution of CMEs (see Dere
et al. 1997).
Nevertheless, in the last few years important information on

the distribution of physical parameters within CMEs has been
derived from the UV data acquired by the EUV Imaging Tele-
scope (EIT; Delaboudinière et al. 1995) and the UVCS (Kohl
et al. 1995) instruments on board the SOHO spacecraft. In partic-
ular, UVCS data make it possible to study (from the line Doppler
shifts and the so-called Doppler dimming technique) the com-
plex three-dimensional velocity structure of these events. Differ-
ent CMEs show peculiar features at the core such as: a single
bright emitting knot with transverse velocity changes (Ciaravella
et al. 1999); many bright knots or spots with different velocities
interpreted as ‘‘different, isolated CME structures’’ (Ventura et al.
2002); an S-shaped configuration suggesting a helical topology
of the erupted prominence (Ciaravella et al. 2003); and rotation
of the velocity vector associated with helical motion of plasma
around ‘‘an erupted magnetic flux tube’’ (Antonucci et al. 1997).
Often the CME core is visible in spectral lines from ions that
form in a low-temperature plasma (�104 K; see, e.g., Ciaravella
et al. 1997; Ventura et al. 2002), but recent observations also
detected higher temperature emission (T > 1:6 ; 106 K) in the
CMEvoid and at the top of the prominence core (Ciaravella et al.
2003). However, there are few studies on possible plasma heat-
ing sources within CMEs (see, e.g., Akmal et al. 2001).
In this work we describe the results obtained from the analysis

of UVCS observations at 1.6 and 1.9 R� of a CME that occurred
on 2000 January 31, and was simultaneously observed in white
lightwith theMark IVCoronagraph at theMaunaLoaObservatory.
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Because our data cover the CME initiation in white light and UV
at low altitudes (�2 R�), we aim at inferring the physical param-
eters of the CME in its early stages. After a brief description of
the event from white-light Large Angle and Spectrometric Co-
ronagraph (LASCO) and Mauna Loa data (x 2), we describe the
evolution of the AR identified as the CME source as seen by
SOHO EITand the Yohkoh Soft X-Ray Telescope (SXT; Tsuneta
et al. 1991) and by the Imaging Vector Magnetograph (IVM) at
the Mees Solar Observatory (see Mickey et al. 1996) and SOHO
Michelson Doppler Imager (MDI; Scherrer et al. 1995) instru-
ments (x 3). In xx 4 and 5 we summarize, respectively, the UVCS
and Mark IVobservations. Then, after a brief description of the
technique used in the white-light data analysis (x 5.1), we derive
the physical parameters of the three-part CME such as electron
density (x 5.2), CMEmass (x 5.3), and electron temperature (x 6),
while in x 7 we describe their evolution between 1.6 and 1.9 R�.
After a discussion of uncertainties possibly affecting our com-
putations (x 8), discussion and conclusions are given in x 9. We
find that this CME differs from most of those studied so far in
the UV, in that it originates rather high in the corona, and the lead-
ing edge and the core are hotter than the background corona. We
discuss possible heating mechanisms and compare with CME
theories.

2. THE 2000 JANUARY 31 CME:
WHITE-LIGHT MORPHOLOGY

In this section we describe our event as seen by the SOHO
LASCOandMaunaLoa/Mark IVcoronagraphs.4 The twoLASCO
C2 and C3 telescopes are externally occulted coronagraphs ob-
serving the white-light corona from 2.0 to 6.0 R� and from 3.7
to 32.0R�, respectively. LASCOdata consist of a sequence of im-
ages taken typically every 24minutes (for amore complete instru-
mental description, see Brueckner et al. [1995]). The Mark IV
K-coronameter at the Mauna Loa Observatory acquires images
of the low corona (700–1080 nm) from�1.12 to�2.79R�; data
are acquired over a period of about 3 minutes with an angular res-
olution of 0.5�, and a 960 ; 960 pixel image of the corona is then
reconstructed.

The event occurred in the northeast quadrant. The LASCOC2
and C3 images show, late on 2000 January 31 (�18:30 UT), a
complex of streamer-like features immersed in a diffuse bright-
ness visible at all latitudes. In particular, three thin northward fea-
tures are centered at latitudes of �N56�, N64�, and N78� (see
Fig. 1e), respectively. Starting from the image acquired at 19:48UT
by LASCOC2 ( previous frame at 18:54), a bright front appears
centered at a latitude of �N58� (angular width of �50�; see
Fig. 1f ), followed by the arrival of a bright core (Fig. 1g). The
CME propagates toward higher latitudes entering the LASCOC3
field of view near a latitude of�N65

�
and deflecting the north-

ernmost radial feature westward. From the CME arrival times in
the LASCO C2 and C3 field of view, the CME front propagates
at a projected speed of �480 km s�1 at 3 R�; hence, this event
can be classified as a slow or gradual CME. Tracing the CME
trajectory back in time we derive that it crosses the limb at a lat-
itude of�N50

�
; this angle is used in x 3 for the identification of

the CME source region.
Difference images from the Mauna Loa Mark IV coronameter

show a complex system of rising looplike features that later reaches
the LASCO C2 field of view generating the observed CME (see
Figs. 1b–1d ). In order to smooth the noise fluctuations we built
these difference images from averages over about half an hour
(i.e., 10 exposures). In Figure 2 (left) we show a Mark IV differ-
ence image (superposed for future reference onto an EIT Fe xii
k195 difference image) obtained from an average over 9 minutes,
which is more representative of the ‘‘instantaneous’’ appearance
of the CME. In this figure it is easy to recognize the opening CME
front and the dark void; below the void the CME structure is more
complex and shows looplike features surrounding a bright knot
that we identify as the CME core. Vršnak et al. (2004) observed
in Mark IV data an ‘‘oval’’ pattern surrounding the flux rope in
the early phases of the CME and identified it as ‘‘the hot envelope
formed by the reconnected field lines being wrapped around the
rope.’’ More recently an ‘‘helical structure surrounding the CME
core’’ with the ‘‘shape of the flux rope surrounded by a bubble’’
has also been observed by Lin et al. (2005) in LASCOC2 images
enhanced by thewavelet technique. Hence, in agreement with these
authors, we interpret these features as the concentric loops at the
edges of the CME bubble. Figures 1 and 2 also show that the
UVCS slit (see below) is favorably located to observe the whole
CME.

Fig. 1.—(a) Mauna Loa Mark IV image of the white-light corona in the first noncorrupted available image; for future reference, we plot here and in the following
panels the position of the UVCS slit at 1.6 and 1.9 R� (see text). (b–d) Early phase of the 2000 January 31 CME development as seen by the Mauna Loa Mark IV
Coronagraph. These images are constructed as differences between observations acquired at the times indicated in each panel: white color corresponds to a density in-
crease, while black indicates a density decrease. (e) LASCO C2 image of the white-light corona before the CME front enters in the telescope field of view superposed
onto a Mark IV image. ( f–h) CME development observed in LASCO C2 and Mark IV difference images; in each panel we give times of LASCO images used to con-
struct the differences.

4 See Mauna Loa and LASCO movies at http://mlso.hao.ucar.edu /cgi-bin /
mlso_datasum.cgi?2000&1&31&ACOS and http://lasco-www.nrl.navy.mil /
daily_mpg / 2000_01/, respectively.
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Because, as we describe in x 3, there are no clear signatures in
the disk activity associated with our CME, the only estimate for
the CME initiation time can be derived from white-light obser-
vations. However, CME start times inferred from LASCO images
are only approximate. Figure 3 is a composite image showing the
CME height versus time curve from the LASCO and Mark IV
data obtainedby integrating the observed intensity over 10

�
around

the CME latitude (in order to exclude from the average the CME
flanks) and subtracting the average pre-CME coronal intensity
calculated over the whole data set. The resulting Figure 3 shows
that the front seems to start rising at a heliocentric distance of
about 1.6R�. From a second-order fit of the curve we find that the
CME front starts rising (with zero initial speed) at �18:13 UT5

from a heliocentric distance of 1:52 � 0:08 R� with an accelera-
tion of 34 � 4 m s�2. This is more than 10 times larger than the
acceleration derived fromLASCO images at larger heights. These

results are in agreement with studies of the CME main accelera-
tion phase (see, e.g., Maričić et al. 2004) and in qualitative agree-
ment with some CMEmodels that predict the front material to be
at a heliocentric distance �1.2 R� before it starts accelerating
(see Lin et al. 2004).
As shown in Figure 3, the speed of the CME front increases

from �30 km s�1 at 1.6 R� (18:30 UT) up to �160 km s�1 at
2.6 R� (20:00 UT), while the speed of the core shows a large
spread of values between 70 and 100 km s�1, but no significant
acceleration. Hence, within the Mark IV field of view, the ratio
between the front and core speed is no larger than 2. A similar
ratio between the velocity of the CME front and its driver is ac-
ceptable and has been observed (see, e.g., Foley et al. 2003) and
modeled (see, e.g., Chanè et al. 2005) by previous authors. How-
ever, Figure 3 shows that above�2.5 R� the CME core starts to
decelerate, while the front keeps accelerating. LASCOC2 images
suggest that above this altitude the CME interacts with a pre-
existing radial structure (as suggested by the dark raylike feature
that cuts through the CME front in Figs. 1f and 1g); this process
leads to a destructuring of the whole CME three-part configuration
(Fig. 1h) and probably disconnects the CME core from the ex-
panding front. As a consequence in the LASCO C3 field of view,
the CME appears as a ‘‘double event’’ with two unstructured ex-
panding features. An analysis of this phenomenon is beyond the
scope of this work, which concentrates on the CME early evolu-
tion. However, it is worthmentioning that in principle it is possible
to interpret thewhole event as consisting of two sequential CMEs.
In this interpretationwhat we called ‘‘front’’ is the front of the first
CME, while the looplike feature that we identified as the edges
of the CME bubble surrounding the core are the front of the sec-
ond CME. In our view the agreement of Figure 2 with previous
observations of the CME three-part structure is a strong argu-
ment in favor of the single CME scenario.

3. PRE- AND POST-CME ACTIVITY

In this section, after the identification of the AR likely associ-
ated with our CME, we examine the available SOHOMDI, EIT,
and Yohkoh SXT data with the aim of understanding what trig-
gered the January 31 CME. The source region of the January 31
CME is not easily identified because the event was not associated
with any flare and/or prominence eruption. On 2000 January 31
there are two ARs in the northeast quadrant (see Fig. 4): one of

Fig. 2.—Left: Composite image obtained by superposing a Mauna Loa difference image (19:23–19:32 UT) and an EIT Fe xii difference image (18:36–19:25 UT)
showing the CS connecting the neutral cusp-type Y-point (observed in the EIT field of view) and the expanding CME bubble (visible in the white-light image). Right : Cor-
responding nondifferenced images fromMauna Loa (19:23 UT) and EIT Fe xii (19:25 UT). For future reference, in both panels we also show the position of the UVCS
slit at 1.6 R�.

Fig. 3.—CME height vs. time image obtained by integrating over 10� around
the CME latitude the Mauna Loa (bottom left) and LASCO C2 white-light
images (see text).

5 This time may correspond only to the initiation of the main acceleration
phase; Mark IV data before this time show a streamer swelling that may indicate
the real onset of the event to be at earlier times. Because we have no Mauna Loa
observations before 17:30 UT (or before 17:42 UT, taking into account the poor
quality of the first exposures) , we cannot definitely infer the real CME start time.
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these two regions (NOAA 8852) is located too close to the solar
center (N10�, E27� on 2000 January 31, 16:32UT) to be the source
of a CME that propagates mainly in the plane of the sky (see be-
low). The second AR (NOAA 8851) is at N27

�
, E42

�
(see Fig. 4):

the radial from this AR projects onto the plane of the sky at about
N48�, hence, close to the latitudewhere the CME trajectory crossed
the solar limb.

SOHO MDI observations show this region to be of a simple
�-type magnetic morphology and to include a pair of sunspots
and other satellite spots distributed along two parallel lines enclos-
ing the magnetic neutral line (NL; see Fig. 4). The temporal evo-
lution of AR 8851 shows a continuous increase in its area and
identifiable sunspot number.6 Also, images acquired by the IVM
instrument at the Mees Observatory show that the two larger sun-
spots are moving in opposite directions and parallel to the mag-
netic neutral line.7 These observations hint at flux emergence
accompanied by shearing motions, both factors likely destabiliz-
ing the magnetic configuration above the AR (see, e.g., Liu et al.
2005).

In SOHO EIT Fe xii images before the event AR 8851 appears
as a bright, small tunnel of loops connecting opposite polarities
of the sunspot pair. EIT difference images made about 1 hr after
the event (see Fig. 2) show a radial feature at the CME latitude

connecting the neutral ‘‘Y ’’ point and the white-light CME bub-
ble. We consider this as evidence of the current sheet (CS) that
forms above the EUV loops after the CME ejection disrupts the
AR field. We note here that CSs have been identified in the wake
of CMEs both in LASCO as thin, raylike features connected with
the CME bubble (see, e.g., Webb et al. 2003; Lin et al. 2005) and
by UVCS as emission from unusually high temperature ions (see,
e.g., Ciaravella et al. 2002; Ko et al. 2003; Raymond et al. 2003;
Bemporad et al. 2006); Figure 2 demonstrates that the CS struc-
ture can be observed also in EIT images. Figure 2 also shows that
the extension at lower levels of the white-light opening looplike
CME front connects with the opening branches observed in the
EIT Fe xii images. A similar correspondence between the CME
front and opening loops in the EIT field of view led Dere et al.
(1997) to conclude that the front plasma was at a temperature
higher than the surrounding corona; as we show in the next sec-
tions, the comparative analysis of the UVCS and Mark IV data
confirms this result.

Themagnetic field reconfiguration is also revealed in EIT Fe xii
images by another expanding system of loops (developing after
the event) whose westward footpoints connect AR 8851 with a
region located �3� northward and �16� eastward (see Fig. 4).
These loops become clearly visible in the EIT Fe xii images (Fig. 4)
from the 21:24 UT frame, but brightenings at the two footpoints
are already visible at about 19:00 UT. In the following hours
these loops expand slowly outward, decreasing in intensity and
finally disappearing on February 1. At the end of this section we

Fig. 4.—Top left : MDI image showing the position of AR 8851 in the northeast quadrant (small white box) less than 1 hr before our event. First row : Sequence of
MDI images showing the progressive increase of the AR area and the relative motion of the two opposite polarities in the days after the event. Second row : (a) IVM
white-light image of the two sunspots in the AR; the modulus of (b) the LOS and (c) the transverse magnetic field components; (d) a difference between two successive
IVM white-light images showing the relative motion of the two sunspots. Third row : Sequence of EIT Fe xii images obtained by subtracting from each image, the last
one acquired before the initiation of the eruption (17:48 UT); these images show the inflating EIT loops lying above the solar limb and the formation of the post-CME
CS. Fourth row : Sequence of SXTand EIT images (in reversed color scale) showing the formation of the UVand X-ray post-CME arcades on the disk and the CS above
the limb.

6 Seehttp://www.solarmonitor.org/region.php?date=20000201&region=08851.
7 See http://www.solar.ifa.hawaii.edu/IVM/Movie/Quick/2000/ivm_AR8851_

20000131.html.
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interpret this secondary system of loops as a further consequence
of the reconnection phenomena connected with the CME.

Activity in the AR is also observed by Yohkoh SXT. The
observations have a gap of about 5 hr, around the time of the
CME occurrence; however, when observations have been resumed
(January 31, 21:24UT; see Fig. 4), SXTimages show a largeX-ray-
emitting arch whose footpoints roughly correspond to those of
the secondary loop system seen in EIT Fe xii images.We conclude
that a number of data from different experiments contribute to the
identification of AR 8851 as the source of the January 31CME.
In our interpretation, the cusp-type loops observed above the so-
lar limb in EIT Fe xii difference images are the ‘‘genuine’’ post-
CME loops, while the EUV loops observed on the solar disk
(Fig. 4) are probably a secondary product of the CME, as indi-
cated by their asymmetric position with respect to AR 8851.

The CMEwas probably induced by the emergence of flux and
by shearing motions in AR 8851 that lead to an unstable config-
uration, the formation of a flux rope, and eventually to the large-
scale field disruption and CME ejection. In order to understand
these processes and the origin of the helical flux ropes, it is im-
portant to study the interactions between the local ARs field and
the large-scale ambient field, as has been recently done by sev-
eral authors (see, e.g., Luhmann et al. 2003; Leamon et al. 2004).
In particular, Luhmann et al. (2003) found that the presence of a
bipolar AR below the streamer belt changes the global magnetic
configuration and, depending on the tilt angle between the dipo-
lar field and the source surface neutral line, may lead to a partial
opening of some closed field lines. Hence, the emerging mag-
netic flux in newly formedARsmay induce significant topological
changes in the coronal fields triggering the ‘‘breakout’’ opening
of closed coronal field lines and, possibly, the ejection of mass
along these lines (see, e.g., Liu et al. 2005).

In order to study the configuration of the coronal magnetic
field above AR 8851 and provide a first-order representation of

the large-scale magnetic field configuration we used the potential
field source surface (PFSS; see, e.g., Altschuler &Newkirk 1969)
model available at the Community Coordinated Modeling Center
(CCMC) Web site8 assuming a source surface radius of 2.5 R�.
Results from this model are given in Figure 5, which shows two
groups of streamer belt field lines in the northeast quadrant. The
first group crosses the solar disk in the northeast direction, then
turns southward, and the second group projects over the solar
limb in a high-latitude region (see green field lines in Fig. 5). An
open field region (black field lines in Fig. 5) is also visible in EIT
images as a darker region on the disk (Fig. 4). At lower altitudes,
some closed field lines (red lines in Fig. 5) project onto the plane
of the sky at the CME latitude, and other field lines connect the
negative polarity region close to AR 8851with a northward posi-
tive polarity region and indicate the connection between AR and
background fields. If a flux rope was ejected from below these
closed field lines nested within the streamer belts, these lines will
expand toward the CME latitudes and possibly interact with the
southern end of the polar streamer belts leading to the observed
northward CME deflection.
We propose here a scenario for the CME occurrence and devel-

opment, on the basis of the evidence described above. In the car-
toon shown in Figure 6 we consider a small bipole (representing
the sunspot pair magnetic field) embedded in the surrounding
large-scale field (a positive and a negative unipolar region lo-
cated northwest and southeast of the sunspot bipole, respectively;
see MDI images in Fig. 4). According to MDI data, between
the axes of the two nested bipolar fields there is an �90� angle.
The progressive twisting provided by themagnetic shearing (and
shown by IVM data; see Fig. 4) and the corresponding change in
the tilt angle between the AR bipolar field and the NL probably
led to an unstable configuration and to the flux rope eruption
(�18:00UT; Fig. 6, panel 1). Because of the rising flux rope,mag-
netic reconnection occurs between the AR field and the overlying

Fig. 5.—Top: Coronal magnetic field reconstructed from a PFSS (superposed
onto an MDI image) starting from the photospheric fields measured during the
Carrington rotation 1959. This image shows the streamer belts (green) and the
close (red) and open (black) field lines; the black arrowmarks the CME latitude.
Bottom: Same as top, superposed onto the last LASCO C2 image acquired be-
fore the arrival of the CME front (19:48 UT).

Fig. 6.—Cartoon showing a possible scenario for the CME occurrence.
Bottom row: Magnetic shearing and flux emergence lead to the formation of a
rising flux rope (1). Then, field lines connecting the opposite polarities (dark
gray, negative; light gray, positive) of the sunspots interact with those connect-
ing the external opposite polarity regions (2) leading to a magnetic reconnection
that (3) leaves the flux rope free to escape. Then, during the following expan-
sion, a CS forms below the CME bubble (4). Top left : Top view of the reconnec-
tion process occurring between phases (2) and (3).

8 See http://ccmc.gsfc.nasa.gov / indexNavText.html.
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large-scale field, leaving the flux rope free to escape (Fig. 6,
panels 2–3, and from a top view, a–b). This ‘‘secondary’’ mag-
netic reconnection also leads to the formation of loops: these loops
are those visible on the solar disk in Yohkoh SXTand SOHO EIT
images (Fig. 4), which joins the positive and negative polarities
of the sunspots with their eastward negative and westward posi-
tive spread out polarity regions, respectively. Below the expand-
ing CME, a ‘‘primary’’ magnetic reconnection closes the open
field, leading to the formation of the CS (Fig. 6, panel 4) observed
above the solar limb in EIT difference images (Fig. 2); then the
flux rope pushes the overlying closed field lines (red lines in Fig. 5)
toward the coronal hole open field lines (black lines in Fig. 5). The
material embedded in these arcades forms the CME front (which
leaves the corona from a heliocentric distance of about 1.6 R�;
see Fig. 3), the flux rope forms the core, and the CME expands
along the open field lines. Magnetic reconnection of field lines
wrapped around the rising rope forms the white-light feature ob-
served in between the CME front and the core (Fig. 2). During the
expansion the CME interacts with the streamer belts above the
north pole (Fig. 5), deflecting westward one of the radial struc-
tures visible in LASCO and being deflected northward as observed
in LASCO images (Fig. 1).

4. UVCS OBSERVATIONS

The UVCS instrument (Kohl et al. 1995) on board the SOHO
satellite consists of two channels for the observation of spectral
lines in theUVrange (namely, the O vi and Ly� channels) and one
white-light channel. In this work we analyze data acquired by the
O vi channel, which is optimized for observations in the spec-
tral range around the O vi kk1031.90/1037.63 doublet and, at the
selected grating position, covers the interval between 984 and
1080 8 in first order and 492–540 8 in second order. An addi-
tional mirror between the spectrometer grating and the detector
allows observations at longer wavelengths that include the neu-
tral hydrogenLy� k1215.67 line (redundant channel). TheUVCS
slit, perpendicular to the sunward direction on the plane of the
sky, may be moved along the radial direction to observe the solar
corona between 1.4 and 10 R� with a field of view of 400, and it
can be rotated by 360� around an axis pointing to the center of
the Sun to cover all position angles. The detector pixel size corre-
sponds to a spatial resolution of 700 and a spectral resolution of
0.0993 8 (0.0915 8 pixel�1 for the redundant channel).

The UVCS observations of the January 31 CME started on
2000 January 31 at 17:05UTand ended onFebruary 1 at 02:00UT.
The UVCS slit was centered at a northern latitude of 60

�
in the

east quadrant (see Fig. 1) at 1.6 and 1.9 R�: the instrument took
alternatively 12 exposures at 1.6R� and three exposures at 1.9R�
(with an exposure time of 120 s); hence, we have nearly ‘‘simul-
taneous’’ observations of the same event at two different altitudes.
The slit width was 50 �m: data were acquired with a spatial bin-
ning of 6 pixels (i.e., a spatial resolution of 4200) and a spectral
binning of 1–3 pixels depending on the selected wavelength in-
terval. In particular, the five selected spectral ranges are 1063.4–
1068.1, 1029.5–1044.4, 1024.3–1027.7, 987.5–993.4, and1211.8–
1220.7 8 (redundant channel). Table 1 lists the lines included in
these ranges, together with the temperature of formation of the
emitting ion, from the ionization balance of Mazzotta et al. (1998).

Figure 7 (top and bottom left panels) shows the time evolution
of the Ly� and O vi k1032 line intensities at different latitudes
along the UVCS slit centered at 1.6 R�: in this section we report
only results for this heliocentric distance, while data at 1.9R� are
discussed below (x 7). It is difficult to identify in Figure 7 the pas-
sage of the CME: the data show only an approximately constant

Ly� and O vi k1032 line intensity until�18:30 UT, then a rapid
decrease (by about 30%and 40%, respectively), followed by some
intensity fluctuations. Hence, we do not observe, as expected, a
sharp rise in the line intensities at the time the CME front enters
the UVCS slit. To enhance its visibility we show ‘‘running dif-
ference’’ UVCS images in the middle panels of Figure 7, which
show that UVCS is imaging the expanding CME bubble.We sur-
mise that the bright emitting knot imaged around 20:00 UT at a
latitude of �50�–55� is the CME core, no longer visible at later
times because it had already moved to higher levels. Around the
core, the Ly� image shows the typical three-part structure of the
CME, and the leading edge and dark void are also clearly visible.
A similar structure is observable in the O vi running difference
image, but the CME core is hardly visible. At later times, the Ly�
CME image appears to be slightly ‘‘distorted’’ toward northward
latitudes. This happens because, as already mentioned, the CME
is deflected toward higher latitudes during observations. The CME
structures are faint: for instance (Fig. 8, left) the core emission in
the Ly� line is only�10% higher than the background emission,
while the O vi line enhancement is barely detectable and there is
no emission from the Si xii line intensity (within a�40% uncer-
tainty; see Fig. 8, right).

In the selected spectral intervals there are neither two lines from
different ionization states of the same element nor two different
lines emitted from the same ion (see Table 1); hence, the line ratio
techniques for the estimate of Te (see, e.g., Wilhelm et al. 2002)
cannot be applied. Moreover, the standard technique used to de-
rive the electron density from the ratio between the O vi doublet
lines (Noci et al. 1987) holds only for negligible outflows, which
is not the case for CMEs. Hence, in order to infer theNe-values, we
use Mauna Loa pB measurements (as we describe in x 5).

5. MARK IV OBSERVATIONS

On 2000 January 31 theMark IVK-coronameter at theMauna
LoaObservatory acquired 91 exposures from 17:30 to 22:07UT;
the first three exposures are corrupted and have not been used.
The Mark IV pB measurements are shown in Figure 9; in order
to facilitate the comparison, this figure (left) shows the pB mea-
sured at 1.6 R� over a rectangular area that matches the UVCS
slit over the same timescale used for Figure 7. Faint structures are
better visible in the right panel of this figure, where we show the
difference images obtained after accumulating the original data
over 9 minutes (three exposures). The pB is higher at positions
along the slit that delineate branches, closely resembling the to-
pology predicted by the Lin & Forbes (2000) model. The simi-
larity between the pB and the Ly� images is not surprising: pB

TABLE 1

Lines Included in the UVCS Spectral Ranges

kobs
(8)

kID
(8) Ion Transition logTmax

991.62........... 991.58 N iii 2s22p2P3=2 2s2p2 2D5=2 4.9

1025.69......... 1025.72 H i Ly� 4.5

1028.04......... 1028.04 Fe x 3s23p43d 4D7=2 3s23p43d 4F7=2 6.0

1031.90......... 1031.91 O vi 1s22s2S1=2 1s22p2P3=2 5.5

1034.50......... 1034.48 Ni xiv 3s23p3 4S3=2 3s23p3 2P3=2 6.2

1036.34......... 1036.34 C ii 2s22p2P1=2 2s2p2 2S1=2 4.6

1037.02......... 1037.02 C ii 2s22p2P3=2 2s2p2 2S1=2 4.6

1037.63......... 1037.61 O vi 1s22s2S1=2 1s22p2P1=2 5.5

1041.04......... 520.66 Si xii 1s22s2S1=2 1s22p2P1=2 6.3

1215.67......... 1215.67 H i Ly� 4.5

1219.58......... 609.79 Mg x 1s22s2S1=2 1s22p2P3=2 6.8
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depends on the electron density, and, for a fixed outward velocity
and approximately constant electron temperature, the Ly� inten-
sity is dictated by the electron density as well.

Both pB (Fig. 9, left ) and UVCS (Fig. 7, left ) data show, until
�18:30 UT, a bright emission that disappears after �19:00 UT.
As shown in Figure 3, the CME front seems to start rising at a
heliocentric distance of about 1.5–1.6 R� (i.e., about the height
of the UVCS slit). This may explain why we do not see the ar-
rival of the CME front onto the UVCS slit (i.e., a sudden increase
in the line intensities) and we see only an intensity decrease pre-
ceding the arrival of the CME core: at the beginning of our ob-
servations the front material is probably ‘‘in equilibrium’’ at the
height of the UVCS slit. Hence, this material is ejected outward,
and we see an intensity decrease because of the plasma electron
density decrease at this height.

In xx 5.1 and 5.2 we use the Mark IV pB data to evaluate the
CME electron densityNe . Then, given the outflow speed vout, we
estimate Te from a comparison of the predicted and observed UV

line intensities in the CME core, front, and void (x 6). From the
densitymeasurementswe also estimate themass of different CME
features (x 5.3).

5.1. Density Diagnostics from White-Light Observations

The observed pB(�)obs as a function of the distance of obser-
vation � is given by an integral along the LOS, z ¼ (r 2 � �2)1

=2,
of a geometric function (see Altschuler & Perry 1972) multiplied
by the local density Ne(z), the total Thompson cross section �T

and other constant factors. The pB(�)obs profile can be inverted
(by assuming the density to be expressed in powers of the helio-
centric distance r) via the van de Hulst technique (van de Hulst
1950) and an electron density profile Ne(r)pB can be derived.

Given the uncertainties of the Mark IV instrument (see Elmore
et al. 2003), we have reliable pB-values only below �2 R� (see
left panel in Fig. 10); hence, the Ne(r)pB profile derived with the
above technique gives reliable density values only at heliocen-
tric distances lower than this altitude. As we discuss below (x 6),

Fig. 8.—Left : Ly� and O vi k1032 intensity evolution averaged over 10� around a latitude of N50�. Note that both spectral lines show an intensity decrease (which
corresponds to the transit of the CME void), but only the Ly� line has a significant emission at the CME core (around�20:00 UT); this is interpreted as a combination
of temperature and Doppler dimming effects (see text). Right : Time evolution of the Si xii k1040 line ( plus signs) and its average over 16 minutes (solid line), showing
possibly a minimum at the time of the CME core transit.

Fig. 7.—Top left : Ly� intensity evolution along the UVCS slit (x-axis) at different times (y-axis) as observed at 1.6 R�. Colors range from 0 (white) to 5:2 ;
1011 photons cm�2 s�1 sr�1 (black). Top center: Ly� running difference evolution at 1.6 R�, colors from �4 ; 1010 (black) to +3 ; 1010 photons cm�2 s�1 sr�1 (white).
Bottom left : Same as top left, for the O vi k1032 line, colors from 0 (white) to 3:1 ; 1011 photons cm�2 s�1 sr�1 (black). Bottom center : Same as top center, for the O vi k1032
line, colors from �3 ; 109 (black) to +3 ; 109 photons cm�2 s�1 sr�1 (white). Top and bottom right : Same as top and bottom center, for data acquired at 1.9 R�.
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in order to derive the CME plasma electron temperature from the
UV line intensities we also need to estimate the contribution to
the observed emission originating from the corona behind and in
front of the CME along the LOS. For instance, 90% of the ob-
served Ly� coronal emission along the LOS at 1.9 R� arises from
a region centered on the plane of the sky about 6 R� thick. This
implies that for our UV data analysis we need a density profile
reliable at least up to a heliocentric distance of �3.5 R�.

The above considerations led us to use the following method to
evaluate anNe(r) profile representative of the coronal background
electron densities before the arrival of the CME. First, analyzing
the available pB coronal images at the CME latitude immediately
before the event, we found from the pB inversion technique that
the electron density below �2 R� is given by Ne(r)pB ¼ 3 ;
108/r(R�)

7 (cm�3). Above that heightwe assume theGuhathakurta
& Holzer (1994, hereafter GH) profile Ne(r)GH, which is given
by

Ne(r)GH ¼ (1:4 ; 106)r�2:8 þ (8:0 ; 107)r�8:45

þ (8:1 ; 107)r�16:87; ð1Þ

times the constantmultiplier k required tomakeNe(r)GH ¼ Ne(r)pB
for heliocentric distances�2R�. Because the Thompson scatter-
ing is more efficient when the photon scattering angle is 90�, the
main contribution to pB(�)obs arises from the coronal plasma close
to the plane of the sky (i.e., z smaller than�1 R� from this plane).
As a consequence, themain differences between the pre-CME and
the CME pB observed values are due to changes in the electron
density in a region close to this plane. Moreover, the January 31
CME appears to propagate mainly in the plane of the sky (as con-
firmed also by the absence of Doppler shifts in the UV spectral
lines; see below). Hence, we evaluateNe in transient coronal struc-
tures under the assumption that the electron density profile along
the LOS is

Ne(z)¼ kNe(z)GH; if jzj > L=2;

Ne(z)¼ kNe(z)GH þ N̄e; if jzj � L=2; ð2Þ

Fig. 9.—Top left : Mauna LoaMark IV pB as measured at the position of the UVCS slit at 1.6 R� (x-axis) at different times ( y-axis). To facilitate a comparison between
Mark IV pB and Ly� images (see Fig. 7), pB data have been plotted on the same scale as the UVCS data; colors range from 0 to 8 ; 10�8 (in units of B�1

� ). Top right : Same
as top left, but with the difference image at 1.6 R� obtained by subtracting the average pB over the first�30 minutes from the following exposures. Bottom left and bottom
right : Same as top left and top right, at 1.9 R�.

Fig. 10.—Left : Mark IVobserved radial pB profile (17:42 UT) averaged over
10

�
around a latitude of N50

�
. Right : Comparison between the density profile

derived via pB inversion (dotted line), the GH profile multiplied by a factor of 6
(solid line), and densities derived from the LASCO pB observed in a coronal
streamer (Strachan et al. 2002, stars).
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where N̄e is the additional electron density that allows us to re-
produce the observed pB. The length L is a free parameter that
can be evaluated from the dimension projected onto the plane of
the sky of the considered structure assuming an a priori three-
dimensional geometry. The additional density N̄e is, in first ap-
proximation, inversely proportional to L, so that the product N̄e L
is nearly independent of the choice of L. This method yields an
average electron density Neh i in the region given by

Neh i ¼ 1

L

Z þL=2

�L=2

kNe(z)GH þ N̄e

� �
dz: ð3Þ

We note that the observed pB depends solely on the distribution
of Ne along the LOS, unlike the UV line intensities, which also
depend on the outflow speed vout and the electron temperature Te.
Therefore, no further assumptions are needed about the plasma
physical parameters. This gives us a means to disentangleNe and
Te from vout in the observed UV intensities. In the next sections
we describe the results of this analysis, and in x 8we discuss how
possible variations in the Ne distribution we assumed along the
LOS may affect our results.

5.2. Estimate of the CME Electron Density

The procedure described in the last section has been applied
pixel by pixel (along the UVCS slit) to the region occupied by
the CME, throughout the time interval covered by our observa-
tions. Before describing the results, we qualitatively discuss what
can be inferred from observations. As we have shown in Figure 9,
pB data reveal the bright CME core, so we expect the core plasma
to be denser than the surrounding regions. However, after the
transit of the CME front, the Ly�, O vi, and Si xii line intensities
decrease, and significant emission from the core is seen only in
the Ly� line (see Fig. 8). The radiative component of the O vi

line can be reduced byDoppler dimming, but its collisional com-
ponent and the intensity of the Si xii line can be reduced (in spite
of an increase in electron density) only by temperature effects.
In particular, because the O vi and Si xii emissivities peak at tem-
peratures of log T ¼ 5:5 and 6.3, respectively (in this work we
used the line emissivities given by the CHIANTI spectral code,
ver. 5, with the ionization balance of Mazzotta et al. [1998]),
a decrease of the collisional component of both lines can be ex-
plained only by a temperature increase above log T ¼ 6:3; hence,
we may expect the core region to be denser and hotter than the

surrounding plasma.9 In the following we show how this qualita-
tive conclusion is confirmed by our quantitative analysis.
In Figure 11 (left) we show the results from the technique de-

scribed in the last section; in particular, in this figure we give the
coronal background electron density and the additional density
N̄e at the latitudes of the CME core as a function of time. By
comparing this plot with the top panels in Figure 9 it is possible
to identify clearly the transit at the UVCS slit height of the CME
front (between 18:00 and �18:50 UT) and core (density peak
around 20:00 UT); this is also confirmed by the Ly� evolution
shown in Figure 8 (left). In between the front and the core, the den-
sity plot of Figure 11 (left) shows a secondary peak (�19:20 UT):
this is the CME substructure that, in x 2, we identified as the edges
of the CME bubble also visible in Figure 2. This substructure
gives no significant emission in the UV lines: the left panel of
Figure 8 shows between the CME front and the core only a de-
crease in the Ly� and O vi line intensities. Hence, in the fol-
lowing we refer to this region simply as to the CME ‘‘void’’: we
warn the reader that the density value we derived in the void has
to be considered an upper limit to the void density, because of the
presence of CME substructures in the same region.
The background pB has been reproduced by multiplying the

GH density profile by a factor of k ¼ 6 (see eq. [2]). Figure 10
(right) shows that the so obtained profile is in good agreement
below�2 R� with the profile derived from theMark IVobserved
pB and above this altitude with previous measurements (Strachan
et al. 2002) in a coronal streamer. The CME density has been
derived by assuming an increased density N̄e over an extension
along the LOS L ¼ 1 R� centered on the plane of the sky. This
assumption has been suggested by the average dimension pro-
jected onto the plane of the sky of the CME bubble (see Fig. 9),
which apparently moves on that plane because we do not ob-
serve any significant line Doppler shift. The computed N̄e-values
strongly depend on the selected L-values; however, the average
Ly� emission is not significantly affected. In coronal plasmas the
Ly� emission, due mainly to the radiative excitation, is roughly
proportional to the factor NeL. Because a decrease in L is bal-
anced by an increase in the N̄e computed from the observed pB
and vice versa, the assumption of theL-value does not significantly

Fig. 11.—Left : Background plus additional electron density (solid line) as computed (assuming a CME extension L along the LOS of 1R�) from theMark IV pB data
as a function of time averaged over 10� around a latitude of N50�. Values of the additional density N̄e (see text) can be obtained by subtracting from the solid curve the
background constant density of 7:4 ; 106 cm�3 (dotted line). Right : Comparison between the evolution of the observed Ly� intensity ( plus signs) and the Ly� intensity
computed from the densities shown on the left, for negligible outflows and a plasma temperature Te ¼ 106:2 K (see text).

9 The O vi intensity decrease could also be explained by a temperature de-
crease below log T ¼ 5:5, but in this case we should observe a Ly� intensity
much larger than observed.
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affect the computed Ly� line intensity (uncertainties in this tech-
nique are discussed in x 8). The right panel of Figure 11 compares
the observed Ly� intensity and the intensity computed from the
pB-derived densities shown in the left panel of the same figure:
this plot is discussed in x 6. We anticipate that the lack of agree-
ment between the observed and reconstructed Ly� intensities in
this figure will be ascribed to the evolution of plasma parameters
throughout the CME (x 6).

5.3. Estimate of the CME Mass

The CMEmass is derived from the observed pB by converting
the excess brightness images to excess mass images. This is done
by ‘‘assuming three factors: the CME depth and density distribu-
tion along the line of sight and the angular distance of the CME
from the plane of the sky’’ (Vourlidas et al. 2000). These are the
same assumptions we made in our computation of the electron
density; hence, the two techniques are analogous. According to
our previous computations, in this section we estimate the mass
of the different parts of the CME by assuming that the additional
electron density N̄e derived from the pB data is representative of
the CME density. Because the CME three-dimensional geometry
is unknown, the derived values will give only an approximate es-
timate of the real CMEmass and depend on the assumed geometry.

From Figures 7 and 9 we see that (projected onto the plane of
the sky) the bright CME core has a typical radius of order rcore ’
0:1 R� ’ 1:4 ; 105 km. In order to infer the mass of the core we
assumed either (1) a high-density spherical blob of plasma with
radius rcore or (2) a cylindrical structure with base surface �r

2
core

extending over a depth of 1 R� along the LOS and crossing the
plane of the sky. In spherical geometry the core extends along
the LOS over 0.2 R�, and the additional electron density N̄e we
computed to reproduce the observed pB is about 5 times larger
than the density previously computed (Fig. 11), so that the pro-
ductNeL keeps approximately constant; in this geometry we esti-
mate a core mass of �3 ; 1013 g. In cylindrical geometry (L ¼
1 R�) the additional density is of order N̄e ¼ 3:5 ; 106 cm�3 (see
Fig. 11 and Table 2), and the core turns out to have a mass of
�6 ; 1013 g.

In order to derive the mass of the CME front we assumed
either (1) a hemispherical shell surrounding the core with thick-
ness and internal radius of 2 ; 105 km or (2) a semicylindrical
sheath with thickness and internal radius of 2 ;105 km extend-
ing along the LOS over 1 R� (see Figs. 7 and 9). Starting from an
additional density N̄e ’ 2:7 ; 106 cm�3 (see Fig. 11 and Table 2),
the front mass in the two geometries turns out to be (1)�5 ;1014 g
or (2) �6 ; 1014 g, respectively.

As for the CME void between the front and the core, by assum-
ing the shape of a hemispherical shell with internal radius of 1:4 ;
105 km and thickness of 6 ; 104 km, with an additional density of
2 ; 106 cm�3 we derive a mass of�7 ; 1013 g, while with a semi-
cylindrical sheath with the same thickness extending along the
LOS over 1 R� the mass turns out to be�1 ; 1014 g. However, as
already mentioned, because of the presence of the secondary sub-
structures between the CME front and core, the estimated void den-
sity (and hence its mass) has to be considered as an upper limit.

In conclusion, the total CME mass we estimate is of order
(6 8) ; 1014 g depending on the adopted geometry; this mass re-
sides mostly in the CME front surrounding the core, while the
mass of the core is less than 10% of the total CME mass.

6. UVCS DATA: ESTIMATE OF THE CME
ELECTRON TEMPERATURE

Given an a priori L-value and the electron density Ne and
plasma outflow speed vout (hence the Doppler dimming factors

for the Ly� and O vi lines), we may compute the expected Ly�,
O vi, and Si xii line intensities as a function of Te: a comparison
of the predicted and the observed intensities allows us to infer
the electron temperature of the plasma. However, the Si xii is a
second-order line and, because of the large uncertainties in the
estimate of its intensity (see Fig. 8, right), cannot be used to in-
fer temperatures, while the Ly� and O vi line intensities have a
better signal-to-noise ratio. Both these spectral lines may have a
radiative and a collisional component; however, at typical coronal
temperatures (T �106 K), collisional excitation would give a ra-
tio between the Ly� and Ly� intensities of order �0.13–0.14,
while for resonant scattering amuch lower ratio (�0.001–0.002)
is expected (see, e.g., Raymond et al. 1998). Because in our data
the observed I(Ly�)/I (Ly�) ratio is of order�0.004 and�0.002
at the beginning and at the end of UVCS observations, respec-
tively, we can safely assume that the observedLy� emission arises
almost entirely from radiative excitation, making it easier to es-
timate the expected Ly� intensity Iexp(Ly�). Moreover, possible
uncertainties in the vout values do not sensibly affect the computed
Iexp(Ly�) for vout � 100 km s�1 (see, e.g., Kohl et al. 1997). Hence,
the computation of the Ly� intensity is easier than that of the
O vi line, for which we have to compute both the radiative and
collisional components and the estimate of the Doppler dimming
factor is more critical. For these reasons we infer temperatures
from the Ly� intensity, while we use the O vi and Si xii line in-
tensities for a consistency check.

In order to compare the observed line emissions with those
computed from the CME region, we need to evaluate the contri-
bution from the external corona behind and in front of it along
the LOS. To this end, it is necessary to assume a background den-
sity profile, electron temperatures, outflow speeds, and disk in-
tensities. In agreement with our previous computation, we used
theNe profile discussed in x 5.1 (eq. [2]). Moreover, we assumed
the electron temperature to be constant along the LOS and equal

TABLE 2

Ly�, O vi k1032, and Si xii k1040 Line Intensities at 1.6 R�

CME Region Front Void Core Postcore

Observed Line Intensities

( photons cm�2 s�1 sr�1)

I(Ly�) (1011) .................... 3.5 � 0.1 2.6 � 0.1 2.8 � 0.1 2.5 � 0.1

I(O vi k1032) (1010 ) ........ 1.9 � 0.1 1.2 � 0.1 1.2 � 0.1 1.2 � 0.1

I(Si xii k1040) (1010 )....... 1.2 � 0.2 0.8 � 0.1 0.7 � 0.1 0.8 � 0.1

Computed Line Intensities

( photons cm�2 s�1 sr�1)

I(Ly�)CME......................... 1.8 ; 1011 1.1 ; 1011 1.2 ; 1011 9.5 ; 1010

I(Ly�)TOT ......................... 3.4 ; 1011 2.7 ; 1011 2.8 ; 1011 2.6 ; 1011

I(O vi k1032)CME
rad ............... 3.8 ; 109 2.0 ; 109 6.0 ; 108 7.6 ; 108

I(O vi k1032)CME
col ............... 7.2 ; 109 2.7 ; 109 1.9 ; 109 1.7 ; 109

I(O vi k1032)CME
tot ................ 1.1 ; 1010 4.7 ; 109 2.5 ; 109 2.5 ; 109

I(O vi k1032)TOT.............. 1.9 ; 1010 1.2 ; 1010 1.0 ; 1010 1.0 ; 1010

I(Si xii k520)CME.............. 8.4 ; 109 6.5 ; 109 4.7 ; 109 3.9 ; 109

I(Si xii k520)TOT .............. 1.0 ; 1010 9.0 ; 109 7.0 ; 109 6.0 ; 109

Plasma Parameters

Ne (cm
�3) ......................... 1.0 ; 107 9.4 ; 106 1.1 ; 107 7.4 ; 106

logTe................................. 6.30 6.40 6.45 6.40

vout (km s�1)..................... 30 50 80 80

Notes.—Ly�, O vi k1032, and Si xii k1040 line intensities observed and
computed in the CME front, void, core, and postcore (see text) at 1.6 R�. For a
discussion of the uncertainties in the computed values, see x 8.
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to the kinetic temperature of 106:20 we derived from Gaussian
fits to the Ly� line profile (see below), the outflow speed vout to
be�100 km s�1 constant along the LOS, and the disk intensities
to be equal to the values we estimated for the 2000 June obser-
vations (see Bemporad et al. 2003). We then assumed that the
measured intensities derive from a background coronal emission
plus a CME emission, originating from a region centered on the
plane of the sky and (in agreement with the analysiswe performed
on pB data) extending over a length L¼1R� along the LOS. The
Ly�, O vi k1032, and Si xii k1040 line intensities from the back-
ground corona at 1.6 R� turn out to be 1:6 ; 1011, 7:7 ; 109, and
2:0 ; 109 photons cm�2 s�1 sr�1, respectively. These values have
to be added as a constant background to the line intensities es-
timated for the CME region in order to reproduce the observed
intensities.

We started our computations at the CME front: in this region,
by assuming an outflow speed of �30 km s�1 (as suggested by
the Mauna Loa pB observations; see Fig. 3) and by using val-
ues for the fraction of neutral hydrogen atoms as a function of
temperature given by the CHIANTI spectral code (ver. 5.0) with
the ionization equilibrium of Mazzotta et al. (1998), the observed
Ly� intensity of 3:5 ; 1011 photons cm�2 s�1 sr�1 is reproduced
provided the average electron temperature in the CME region is
log Te ¼ 6:3. At later times, the right panel of Figure 11 shows

that the Ly� intensities computed from the electron densities we
derived, assuming the same temperature and outflow speed we
assumed in the CME front, are significantly different from the
observed values. Hence, it is necessary to assume different val-
ues of Te and vout in order to reproduce the intensities observed at
later times. Taking advantage of the outflow speedsmeasured from
Mauna Loa data, we infer the electron temperature we need to re-
produce the observed Ly� intensities after the transit of the CME
front.
Results from this computation are given in Table 2; the out-

flow speed in the CME void is assumed to be intermediate be-
tween the front and core speeds (see Fig. 3). For the postcore the
value is uncertain because there are no visible pB structures in
the region, and we assumed the same speed as that of the CME
core. In this table, errors in the observed intensities are of order
2%, 5%, and 18% for Ly�, O vi, and Si xii intensities, respec-
tively, starting from �20:00 UT throughout the whole data set,
while we derived slightly smaller errors at earlier times when line
intensities are larger. Regions in the first row of Table 2 corre-
spond to the segments shown in Figure 11 (right); these also
show the time intervals over which we computed the average ob-
served intensities and plasma parameters given in Table 2. Once
the Ly� intensities have been reproduced with the appropriate
plasma temperatures, we computed as a consistency check the

Fig. 12.—Top left : Comparison between the normalized O vi k1032 line profiles at two different times (averaged over four spatial bins around the latitude of’N50�

and four exposures) showing a�25% line broadening (FWHM) at an intermediate position between the CME void and core. Bottom left : Evolution at the CME latitude
of the hydrogen (dashed line) and oxygen (solid line) kinetic temperatures as derived fromGaussian fits of the O vi k1032 and Ly� line profiles. Bottom right : Evolution
along the UVCS slit (i.e., at different latitudes) of the oxygen kinetic temperatures; colors range from 3 (black) to 5 ; 106 K (white). Top right : Same as bottom right, for
data acquired at 1.9 R�; colors range from 2 (black) to 5 ; 106 K (white).
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O vi and Si xii line intensities using the line emissivities given by
the CHIANTI spectral code. The oxygen and silicon abundances
were taken to have typical coronal streamer values of log N (O) �
8:7 and log N (Si) � 7:7 (see Bemporad et al. 2003). Values in
Table 2 show a good agreement (i.e., within the errors of the ob-
served intensities) between the computed and observed O vi and
Si xii intensities. Temperatures in Table 2 point toward higher
values in the CME structures with respect to the surrounding
coronal plasma; in particular, the core region turns out to have
a temperature of about 2:8 ; 106 K, hence�76% higher than the
1:6 ; 106 K background corona and�40%higher than the plasma
temperature in the CME front. This corresponds to the tempera-
ture increase we expected from the observed time evolution of
the O vi and Si xii line intensities, as we qualitatively discussed at
the beginning of x 5.2.

Before concluding this section we note that, in case the void
density is overestimated, the void temperature given in Table 2
should be considered as an upper limit. However, the tempera-
ture increase at the CME void and core is further supported by an
analysis of the O vi k1032 line profiles: the kinetic temperatures
we derived from the line profile Gaussian fits are on average
�25% larger in the CME void and core regions than in the CME
front, as shown in Figure 12; larger temperature variations in the
CME regions may be hidden in the average coronal plus CME
line profile. The observed line broadening can also be due to the
plasma bulk motions along the LOS related to the CME expan-
sion: between 1.6 and 1.9 R� the CME expands by about 30%,
and this corresponds to a bulk velocity of �50 km s�1 along the
LOS, hence a Doppler shift of�0.178 that can possibly explain
the observed line broadening; we are unable to distinguish be-
tween these two possibilities. Figure 12 also shows that we do
not observe significant variations in the average hydrogen kinetic
temperature, which keeps nearly constant around 1:6 ; 106 K,
with slightly larger values at the CME front.

7. CME EVOLUTION BETWEEN 1.6 AND 1.9 R�

White-light images show that between 1.6 and 1.9 R� the
projected extension of the CME bubble increases by about 30%.
Hence, by assuming a CME length L along the LOS of 1.3 R�
(i.e., equal to its projected extension) and by using at 1.9 R� the
same technique described in x 5.2 to derive the electron density
from the observed pB, we estimate that both the CME front and
core densities increase by �20%, while the upper limit we de-

rived for the void density is approximately constant.10 Taking into
account the increase in the CME volume it turns out that the total
CME mass increased by about a factor of 2.6 (see x 9 for a dis-
cussion of this result).

In order to reproduce the observed UV line intensities at this
altitude, we derived from the white-light images the plasma out-
flow speeds that we used to compute the Doppler dimming fac-
tors for the Ly� andO vi lines. In particular, the speeds of theCME
front, void, and core turn out to be 100, 90, and 80 km s�1, respec-
tively. Unfortunately, fewer exposures were acquired at 1.9 R�,
and the average UV line intensities are smaller by factors of�2.6
and 4.4, respectively, for Ly� and O vi k1032 lines at the CME
front. Therefore, the line intensities are affected by larger uncer-
tainties; moreover, at this altitude the transit of the CME core is
missed because of a data gap. In any case, by taking larger spatial
averages (as already mentioned, the CME projected extension is
larger) and by applying the same technique described in x 6, we
have been able to derive electron temperatures in the CME front,
void, and postcore. The general trend observed at 1.6 R� is also
confirmed at 1.9 R�; in particular, the observed UV line inten-
sities are well reproduced with a plasma temperature of 106:35,
106:45, and 106:45 K in the CME front, void, and postcore regions
(compared to a coronal background temperature of 106:15), re-
spectively. Interestingly, these temperatures are slightly higher
(by about 10%) than those derived at the lower altitude and
suggest a plasma heating during the CME expansion.

As at 1.6 R�, we find the O vi k1032 line profiles observed at
1.9 R� to be broader in the CME void and immediately after the
transit of the CME core. However, as we mentioned in x 6, this
phenomenon can be due to both the bulk velocity of plasma along
the LOS related to the CME expansion and/or a real increase
of the kinetic temperatures, and we are unable to distinguish be-
tween these two possibilities.

8. UNCERTAINTIES IN THE CME PARAMETERS

In this section we estimate the uncertainties in the plasma den-
sity and temperature. In the technique we used to derive densities
from the observed pB there are two major unknown parameters:
the extension L along the LOS of the region with an additional
density N̄e and the position with respect to the plane of the sky,

Fig. 13.—Left : Typical electron density profiles (normalized to the maximum density value N max
e on the plane of the sky at the position 0 on the x-axis) along the

LOS at 1.6 R� computed with the region of additional density (1 R� long) centered on the plane of the sky (solid line), and centered at angles �CME of 15
� (dotted line) and

30� (dashed line) from this plane. Right : Typical squared electron density profiles (line types same as left) used to compute the emission measure (EM) ¼
R
LOS

N2
e dz;

these curves show that the EM value does not significantly change for different �CME values.

10 Between the same altitudes the average background density decreases by
about a factor of 2.
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where this region is centered. All the results we have shown (ex-
cept for the core mass in spherical geometry) have been derived
by assuming L ¼ 1 R� and �CME ¼ 0 (where �CME is the angle,
measured from the plane of the sky, where the region with addi-
tional density N̄e is centered along the LOS); in the following we
discuss how changes in L and �CME affect the derived parameters.

As we mentioned, the assumption �CME ¼ 0 is suggested by
the lack of significant Doppler shifts in the UVCS Ly� line pro-
files (i.e., thewavelength shift, if any, is�0.18, which is the spec-
tral binning of our data). For instance, if we suppose that the
region with the enhanced density is centered at angles �CME �
30� from the plane of the sky, we find an increase in the N̄e-value
of less than 28%. The corresponding change in the background
plusCMEdensity is smaller, as shown in the left panel of Figure 13:
in particular, the

R
LOS

Ne dz and
R
LOS

N2
e dz change from the value

computedwith �CME ¼ 0
�
by less than�3% and 9%, respectively.

We conclude that variations in �CME do not sensibly affect the com-
puted values of the line intensities (hence the derived temperatures).

The assumption of L ¼ 1 R� has been suggested by the ob-
served extent (projected onto the plane of the sky) of the CME
bubble (see Figs. 7 and 9), which we assumed to be representa-
tive also of the CME extent in the direction perpendicular to the
plane of the sky. The left panel of Figure 14 shows the variations
of the computed electron densities as a function of the assumed
length L along the LOS of the region with additional density N̄e.
Let us assume, for instance, that with L ¼ L0 we derived a value
of Neh i ¼ Neh i0 for the electron density, and that the computed
Ly� intensity I(Ly�) ¼ I(Ly�)0 reproduces the observed value
with log T ¼ 6:3 (data points in the two panels of the figure).
Hence, the left panel of Figure 14 (dotted curve) shows that, by
assuming for instance an error of 50% on L (so that L ¼ L0�
50%), we have Neh i ¼ Neh i0�15%

20% (error bars in the left panel of
this figure). The corresponding error in the estimate of the Ly�
intensity is I (Ly�) ¼ I (Ly�)0�30%

40% [because I (Ly�) / LNe],

and from the right panel of Figure 14 we see that this uncertainty
corresponds to log T ¼ 6:3þ0:25

�0:1
on the temperature value (see error

bars in Fig. 14, right). We note that with this uncertainty all CME
temperatures may be either under- or overestimated; hence, tem-
perature differences between different structures will be main-
tained, and the general trend of higher temperatures at the CME
void and core is still valid.

The a priori chosen value of Lmay significantly affect the de-
rived value of the additional density N̄e and the computed CME
mass. However, as shown by the solid curve of Figure 14 (left),
changes in the L-value are balanced by changes in N̄e, so that

the product LN̄e keeps approximately constant. As a consequence,
larger N̄e-values correspond to smaller values of the volume oc-
cupied by the CME (because of the reduced length L along the
LOS) and the variation in the computed mass for L ¼ L0 � 50%
are of order only �5%.

9. DISCUSSION AND CONCLUSION

In this work we studied the early evolution of a CME that oc-
curred on 2000 January 31, with the aim of inferring the structure
of the CME in the early stage of its development. Mauna Loa
white-light and UVCS UV data allowed us to reconstruct the
CME configuration: a comparison of the observed structure with
that predicted by the Lin& Forbes (2000) CMEmodel shows the
two to be quite similar. In particular, it has been possible to iden-
tify, less than 1 hr after the CME initiation, its typical three parts
(front, void, and core) in both white-light and UV data.
From the pB data we derived the electron densities in these

structures: the densities are 35% and �50% over the average
background coronal density for the CME front and core, respec-
tively. From these densities we tentatively derived the mass of
different CME structures by assuming some simple geometries
for their three-dimensional shape. At 1.6 R� the total mass we
compute is� 6 8ð Þ ; 1014 g. This value is on the small side with
respect to more typical CMEmasses of �1015–1016 g; however,
as pointed out by Lin et al. (2004), the mass of a CME increases
with increasing heliocentric distances because of the progressive
reconnection of new field lines around the CME bubble. In the
Lin et al. scenario,most of theCMEmass (�80%) is added shortly
after the onset of reconnection; hence, it is possible that the mass
value we derive is representative only of the initial mass of a
CME in the early phase of its development. The total mass of this
CME (as derived at higher levels from LASCO C3 images)11 is
about 2:1 ; 1015 g, hence a factor of �3 larger than themasswe de-
rive at 1.6 R�. The mass of CMEs measured in LASCO images
increases with time also because of the partial filling of the tele-
scopefield of view and the value of 2:1 ; 1015 g derived byLASCO
may correspond to the upper limit reached before the CME starts
leaving the LASCO field of view. Hence, a CME mass at 1.6 R�
of 1/3 its totalmassmeasured at higher levels seems to be realistic.
This picture is confirmed by the analysis of data at 1.9 R�: taking
into account the increase in the CME volume, between 1.6 and
1.9 R� the total CME mass increased by about a factor of 2.6;

Fig. 14.—Left : Computed changes (percent) of the electron density Neh i (dotted curve, average background plus CME density along the LOS) and of the additional
density N̄e (solid curve) as a function of changes (percent) in the length L along the LOS of the CME region. Right : Changes (percent) in the computed Ly� intensity as a
function of log T for different values of L (see text).

11 See LASCO CME catalog at http://cdaw.gsfc.nasa.gov/CME_list/.
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hence, at larger altitude we found a CME mass corresponding to
about 90% of its final value.

An interesting result we derived is the temperature variation
across different CME structures: in particular, at 1.6R� we found
a temperature higher than the surrounding 1:6 ; 106 K corona by
factors of 1.23, 1.57, and 1.76 in the CME front, void, and core,
respectively. This behavior is confirmed by the analysis of data
acquired at 1.9 R� and possibly by the increase (with respect to
the external corona) of the oxygen kinetic temperatures observed
at both altitudes in the CMEvoid and core. A temperature increase
from the CME front toward the core is opposite to that envisaged
by the Lin et al. (2004) model, in which plasma in the outer layers
of the CME bubble is heated in the CS.

However, laboratory experiments on the free expansion of
plasma spheromaks12 into a vacuum chamber seem to point to-
ward different results. Taylor’s relaxation model (Taylor 1974,
1986) predicts that at the end state of a turbulent relaxation
process of an isolated plasma, the field, subject to the constraint
of conservation of the global magnetic helicity, relaxes to a min-
imum energy state (often called the ‘‘Taylor state’’). In particu-
lar, in this final equilibrium the plasma is in a force-free state,
:< B ¼ kB, with an uniform k throughout the volume. Experi-
mental studies of Yee & Bellan (2000) demonstrated that during
the expansion of a plasma spheromak, while the magnetic he-
licity K is conserved, the k-parameter decays with time. Because
k / W /K, where W is the magnetic energy, this implies a mag-
netic energy dissipation as a result of the expansion. This dissi-
pation leads to a heating of the expanding plasma bubble, which
opposes the adiabatic cooling due to the expansion. In particu-
lar, ‘‘bothmagnetic heating and adiabatic cooling are expected to
occur, but heating will dominate for low-� plasmas’’ (Yee &
Bellan 2000), leading to a total temperature increase in the ex-
panding CME. Hence, our detection of slightly larger temperatures
at 1.9 R� confirms this picture. Moreover, because in the Yee &
Bellan (2000) experiments the larger k-decay (hence the larger
magnetic energy dissipation) occurs close to the center of the
expanding spheromak (see Yee &Bellan 2000; their Fig. 18), we
should expect a larger plasma heating (hence larger temperatures)
at the center of the expanding bubble, as we observe in our CME.

Interestingly, the same behavior has been predicted by Kumar
& Rust (1996), who found that the conservation of magnetic

helicity in an expanding flux rope requires a decrease in the total
magnetic energy. Magnetic energy transforms into bulk kinetic
energy, gravitational potential energy, and heating of the plasma
cloud via anomalous resistivity. In the early phases of a cloud’s
evolution heating dominates over the expansion cooling, and the
peak temperature is attained when the flux rope is still within the
corona. In this phase the flux rope temperature may increase from
�8000 K up to �1:7 ; 106 K (see Kumar & Rust 1996). Hence,
the event we observed is unique in that, because of the absence of
‘‘cool’’ chromospheric plasma ejected within the CME flux rope,
we have been able to study the effect of the CME expansion
on plasma temperatures across the CME bubble. In this scenario
we may argue that the higher temperature emission observed by
Ciaravella et al. (2003) in the CMEvoid and at the top of the prom-
inence core was possibly due to this phenomenon.

A different explanation can be given for the higher (with respect
to the coronal background) temperatures observed at the CME
front. At the low heliocentric distance of 1.6 R� we are dealing
with plasma heating that cannot be provided by a shock, as the
speed of the front is too small. The sound speed vs ¼ (�p/�)1

=2 ¼
(5/3)kBTe /mH½ 	1=2 in the corona at the temperature given above
is about 140 km s�1, while the Alfvén speed vA ¼ B/(��)1

=2 ¼
B/(8�NemH)

1=2 is of order 570 km s�1 for a 1 G magnetic field
and an electron density of 7:4 ; 106 cm�3; hence, the CME front
moves at a subsonic and sub-Alfvénic speed. In case of plasma
heating by a simple adiabatic compression we expect the product
� ¼ TeN

1��
e ¼ Te /N

2=3
e to be nearly constant. Because �coronal /

�front ’ 0:98 from the electron density and temperature values
given in Table 2 for the CME front and the density and tem-
perature given above for the external corona, we may conclude
that, within the uncertainties, plasma heating at the CME front
is provided in first approximation by an adiabatic compres-
sion. The same result is confirmed, in first approximation, also
at 1.9 R�.
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