
ULTRAVIOLET PROPERTIES OF HALO CORONAL MASS EJECTIONS:
DOPPLER SHIFTS, ANGLES, SHOCKS, AND BULK MORPHOLOGY

A. Ciaravella,
1,2

J. C. Raymond,
2
and S. W. Kahler

3

Received 2005 February 25; accepted 2006 June 19

ABSTRACT

We present UV spectral information for 22 halo or partial halo CMEs observed by UVCS. The CME fronts show
broad line profiles, while the line intensities are comparable to the background corona. The Doppler shifts of the front
material are generally small, showing that the motion of gas in the fronts is mostly transverse to the line of sight. This
indicates that, at least in halo CMEs, the fronts generally correspond to coronal plasma swept up by a shock or com-
pression wave, rather than plasma carried outward by magnetic loops. This favors an ice cream cone (or a spherical
shell ) model, as opposed to an expanding arcade of loops. We use the line widths to discriminate between shock
heating and bulk expansion. Of 14 cases where we detected the CME front, the line broadening in 7 cases can be at-
tributed to shock heating, while in 3 cases it is the line-of-sight component of the CME expansion. For the CME cores
we determine the angles between the motion and the plane of the sky, along with the actual heliocentric distances, in
order to provide quantitative estimates of projection effects.

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

1. INTRODUCTION

The continuous monitoring of solar activity by the EUV Im-
aging Telescope (EIT; Delaboudiniére et al. 1995) and the Large
Angle and Spectrometric Coronagraph Experiment (LASCO;
Brueckner et al. 1995) aboard the Solar and Heliospheric Obser-
vatory (SOHO) has greatly expanded our understanding of co-
ronal mass ejections (CMEs). The CME morphology is often a
three-part structure, with a bright circular front surrounding a
dark void in which a bright prominence core is embedded (Webb
1988; Kahler & Hundhausen 1992; Hundhausen 1999). The
circular front, also called the leading edge, could be swept-up
coronal plasma or plasma carried in the expanding CME mag-
netic loops or arcades. The void is sometimes identified as the
magnetic flux rope corresponding to the magnetic clouds seen in
interplanetary space, and the bright core is sometimes identified
with gas from the ejected prominence.

CMEs with morphology very different from the standard three-
part structure are often observed as well, but this can result from
projection effects. White-light images can reveal morphologies,
speeds, and widths projected into the plane of the sky, but the
three-dimensional structure and actual speeds of CMEs cannot
be obtained from such observations. The projection effects can
be rather severe and can significantly affect the understanding of
CME properties, as the recent work by Burkepile et al. (2004)
shows. To overcome this limitation, indirect methods have been
proposed by several authors. Schwenn et al. (2001) derive a cor-
relation between the radial speed and the projected expansion
speed and estimate the travel time of a CME. Correlation between
the lateral expansion speed of the halo CMEs and the speed of
the ejecta near Earth has been found by comparing LASCO ob-
servationswithAdvanced Composition Explorer (ACE ) andWind
data (Dal Lago et al. 2004). Morphologies of structured CMEs in

theC2field of view (FOV) have been related to the orientation and
position of the source region’s neutral line on the disk (Cremades
&Bothmer 2004). Moran&Davila (2004) andDere et al. (2005)
discuss a promising technique based on the analysis of single-
view polarization images to infer the three-dimensional (3D) struc-
ture of CMEs. The polarization technique gives an average position
along the line of sight for each pixel in the image, but there is an
ambiguity between background and foreground positions.
If a geometry of the CME is assumed, the projected heights

and speeds can be related to the actual ones. Thus, Sheeley et al.
(1999) considered halo CMEs as 3D spherical shells and estimated
that the actual speed for a 40� angular width is as large as 3 times
the projected values. More recently a cone model has been used
to estimate the geometrical and kinematic properties of a 3D halo
CME (Zhao et al. 2002; Xie et al. 2004). In this model the CME
front is a 3D hemispherical thin shell located at the base of a cone
with its apex situated at disk center. The projection of the hemi-
sphere on the plane of the sky (POS) varies from a circular to an
ellipsoidal shape depending on the direction of the cone axis and
angular width of the CME. One the other hand, extended arcade-
like structures have been inferred from white-light (Cremades &
Bothmer 2004) and UV (Ciaravella et al. 2003) observations.
It is now widely accepted that the front-side halo CMEs are

very well correlated with geomagnetic disturbances (Brueckner
et al. 1998; Cane et al. 2000; Gopalswamy et al. 2000;Webb et al.
2000; Zhang et al. 2003). Thus, an important open question in the
study of CMEs, and in particular of halo CMEs, is the detection
of CME-related shocks in the white-light images. It has been
matter of debate which feature of the CME corresponds to the
shock. There have been several hypotheses: the shock is located
at the leading edge of the CME or is ahead of the apparent CME
front (Hundhausen 1987), or as an alternative possibility, Wagner
& MacQueen (1983) proposed that in addition to a shock ahead
of the front, a blast wave is moving through the ejected material.
Sharp edges have been taken as evidence of shocks at the

CME leading edge, but without measurements of the local mag-
netic field or density or the support of MHDmodels (Dryer et al.
1979; Vourlidas et al. 2003), it is not possible to prove the presence
of a shock from white-light images. Vourlidas et al. (2003) used
MHD models to support the identification of shocks, but even
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then the poor constraint on the assumed adiabatic index, �, leaves
some uncertainty.

UV spectra of CMEs can provide significant insight into the
3D structures: the line-of-sight speeds obtained from the Doppler
shifts of UV lines, combined with the projected speeds, provide
the angles between the motion and the plane of the sky along
with the actual heliocentric distances. Spectra can also diagnose
the presence of shocks at the CME fronts: line profiles carry in-
formation on the bulk expansion and thermal status of the CME
material. The number of UVobservations of CMEs is not as large
as those by white-light coronagraphs because the Ultraviolet Co-
ronagraph Spectrometer (UVCS) can only observe CMEs through
its long narrow slit. However, the events observed so far can add
significantly to our knowledge of halo CMEs. In this paper we
present a catalog of halo and partial halo CMEs detected by
UVCS from 1997 October to 2002 July, in terms of their spec-
troscopic properties. Thus far, UV spectra of CMEs have been
analyzed one event at a time because of the great differences among
CMEs and among the observing sequences employed. Considering
the important results from statistical studies of CMEswithLASCO,
this paper is meant to begin the study of UVobservations of CMEs
as a class. We discuss the typical brightness, Doppler shifts, and
linewidths of these events and summarize the nature of each event
and its observed spectrum in the Appendix.

The paper aims to clarify the nature of the CME front and to
determine CME morphology using the different perspective of
halo CMEs as compared to limb events. We investigate the ques-
tion of whether the leading edge corresponds to a shock front,
finding evidence that it does in at least seven events. We also in-
vestigate the morphology of the leading edge, comparing conical,
spherical, and arcade geometries. As part of this study, we derive
the angle of theCME axis from the POS and the actual, as opposed
to the projected, heliocentric distances for CME core material.

Section 2 describes the white-light, radio, and UV data. An
overview of the spectral data diagnostics and Doppler velocity
interpretation is discussed in x 3. The results are presented in x 4
where the projection effects, the intensities, the morphology, and
the shock diagnostics are discussed. A summary is given in x 5.
Finally, in the Appendix we describe the individual CMEs.

2. DATA DESCRIPTION

This paper presents all of the halo and partial halo events in the
period 1997 October–2002 July for which the UVCS slit was at
the right position at the right time to detect the CME front. How-
ever, as we discuss later, in a few cases the front was not de-
tected. We used the list of halos and partial halos as given in the
CME catalog4 to find the corresponding UVCS data, although,
as pointed out by Cremades & Bothmer (2004), some of the an-
gular sizes listed in the CME catalog may be overestimated. Be-
cause we are interested in CME shocks, we also include brief
summaries of the type II radio emission and solar energetic
particle (SEP) fluxes. Aside from the 22 events described in this
paper, UVCS observed the cores of many other halos and partial
halos. Thus, the total number observed in the period 1997October–
2002 July is 53.

Table 1 shows the general characteristics of the events. The first
four columns list the date of the observation, time (height), speed,
andwidth of the events as taken from the CME catalog. In the fifth
column is the POS speed obtained fromLASCO images of the por-
tion of the CME front detected by UVCS. The last four columns
give information on the associated flare (or prominence eruption):
onset and peak time, the location of the source, and the mag-
nitude of the flare.5 Of the 22 CMEs presented in this paper, 13

4 Available at http://cdaw.gsfc.nasa.gov/CME_list.
5 See http://www.sec.noaa.gov/Data/index.html#indices.

TABLE 1

Summary of White-Light and X-Ray Data

LASCO

Flare

Date

First Appearancea

(UT)

Speed

(km s�1)

Width

(deg)

Speed

(UV)

(km s�1)

Onset

(UT)

Peak

(UT)

Location

(deg) Magnitude

1998 Jun 11 .............. 10:29 (3.76) 1223 177 1200 09:57 10:27 E limb M1.4

2000 Mar 29 ............. 10:54 (3.15) 949 Halo 643 Back Back SE limb . . .

2000 Apr 10.............. 00:30 (2.34) 409 Halo 226 23:26 23:42 S14, W01 M3.1

2000 Apr 23.............. 12:54 (4.94) 1187 Halo 1029 Back Back NW limb . . .

2000 May 11............. 23:26 (3.25) 716 141 636 22:21 22:24 . . . C3.6

2000 Jun 28 .............. 19:32 (6.43) 1198 >134 1433 18:48 19:10 N20, W90 C3.7

2000 Aug 12............. 10:35 (3.85) 662 168 644 09:45 09:56 W limb M1.1

2000 Sep 12.............. 11:54 (2.83) 1550 Halo 1022 11:31 12:13 S17, W09 M1.0

2000 Oct 22 .............. 01:27 (3.73) 1024 236 893 22:30 01:17 S30, E90 EPL

2000 Oct 24 .............. 08:50 (3.89) 800 Halo 688 08:04 09:32 E(SE) limb or behind C2.3

2000 Oct 26 .............. 16:50 (3.30) 359 145 478 15:55 16:11 S20, E64 C8.5

2000 Nov 03............. 18:26 (2.52) 291 Halo 195 18:35 19:02 N02, W02 C3.2

2001 Feb 15.............. 13:54 (3.24) 625 Halo 574 13:08 14:16 N07, E12 B8.8

2001 Mar 24 ............. 20:50 (4.33) 906 Halo 589 19:35 19:55 N15, E22 M1.7

2001 Apr 02.............. 22:06 (5.92) 2505 244 2023 21:32 21:51 N17, W78 X20.0

2001 Dec 13 ............. 14:54 (3.32) 864 Halo . . . 14:20 14:30 N16, E09 X6.2

2002 Apr 21.............. 01:27 (3.32) 2393 Halo 2393 00:43 01:51 S14, W84 X1.5

2002 May 21............. 21:50 (2.76) 853 135 860 21:20 21:39 N17, E38 M1.5

2002 Jul 09 ............... 18:44 (3.5) 1076 Halo 1389 Back Back . . . . . .
2002 Jul 15 ............... 20:30 (4.54) 1151 Halo 1117 19:59 20:08 N19, W01 X3.0

21:30 (4.32) 1300 >188 893 21:03 21:32 N19, W01 M1.8

2002 Jul 18 ............... 08:06 (4.40) 1099 Halo 1200 07:24 07:44 N19, W30 X1.8

a Units for the values in parentheses are R�.
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are full halos and 9 are partial halos. Four CMEs originated
from limb sources, four from behind or very close to the limb,
and twowere within 16

�
from the limb. Nine CMEs had sources

on the disk. The source of the 2000 May 11 event has not been
identified.

Table 2 gives the type II radio bursts reported in Solar-
Geophysical Data that are associatedwith the CMEs. Columns (2),
(3), and (4) give the reporting station and onset and end times of
the type II bursts. In some cases the times for one station will in-
clude two separate bursts reported by that station. Cases of no
reported type II bursts may include periods with no observations.
Column (5) gives the reported burst intensity, and column (6)

gives the observed frequency range, where U indicates uncer-
tainty and X indicates the limit of the observing frequency range.
Reports of the Wind WAVES type II bursts are taken from the
WAVESWeb site.6 The reportedWAVES start and stop times are
given in columns (7) and (8), and the observed frequency range is
given in column (9).Associated peak intensity 20MeVSEP events
are taken from the Goddard Space Flight Center (GSFC) EPACT
instrument on Wind and are listed in column (10) with onsets
given to the nearest hour and peak intensities in column (11) in
photons cm�2 s�1 sr�1 MeV�1.

TABLE 2

Summary of Radio and SEP Data

Metric Type II Burst WAVES Type II Frequency Wind 20 MeV

Date

(1)

Station

(2)

Start

(UT)

(3)

Stop

(UT)

(4)

Intensity

(5)

Range

(MHz)

(6)

Start

(UT)

(7)

End

(UT)

(8)

Range

(kHz)

(9)

Onset

(UT)

(10)

Peak Intensity

(11)

1998 Jun 11 .......................... SVTO 1006.0 1018.0 2 35U–85U 1015 10:20 8000–4000 NONE . . .
POTS 1010.9 1018.6 3 40X–70 . . . . . . . . . . . . . . .

2000 Mar 29 ......................... NONE . . . . . . . . . . . . . . . . . . . . . NONE . . .

2000 Apr 10.......................... CULG 2338.0 2347.0 1, 2 30–120 2315 2345 4500–1000 NONE . . .

HIRA 2338.0 2345.0 2 40–120 . . . . . . . . . . . . . . .
LEAR 2338.0 2344.0 3 38–80 . . . . . . . . . . . . . . .

PALE 2338.0 2346.0 2 25–?? . . . . . . . . . . . . . . .

2000 Apr 23.......................... NONE . . . . . . . . . . . . NONE . . . . . . 1530 0.02

2000 May 11......................... NONE . . . . . . . . . . . . 0100 230 750–450 NONE . . .

2000 Jun 28 .......................... SGMR 1858.0 1905.0 2 30–80 NONE . . . . . . 2030 0.002

HOLL 1903.0 1911.0 1 25–144 . . . . . . . . . . . . . . .

2000 Aug 12......................... . . . . . . . . . 2 . . . NONE . . . . . . 1030 0.03

2000 Sep 12.......................... IZMI 1133.0 1149.8 2 25X–180 1200 1220 14000–60 1330 2

SGMR 1142.0 1147.0 2 30–60 . . . . . . . . . . . . . . .

SVTO 1143.0 1213.0 1 25–48 . . . . . . . . . . . . . . .

2000 Oct 22 .......................... NONE . . . . . . . . . . . . 400 500 14000–6000 NONE . . .
2000 Oct 24 .......................... NONE . . . . . . . . . . . . . . . . . . NONE NONE . . .

2000 Oct 26 .......................... NONE . . . . . . . . . . . . . . . . . . . . . NONE . . .

2000 Nov 03......................... NONE . . . . . . . . . . . . 1835 1845 4000–2500 NONE . . .
2001 Feb 15.......................... NONE . . . . . . . . . . . . NONE . . . . . . NONE . . .

2001 Mar 24 ......................... NONE . . . . . . . . . . . . NONE . . . . . . NONE . . .

2001 Apr 02.......................... SGMR 2149.0 2159.0 2 30–80 2205 230/03 14000–250 2230 15

HOLL 2151.0 2216.0 2 25–179 . . . . . . . . . . . . . . .
CULG 2152.0 2157.0 3 28–110 . . . . . . . . . . . . . . .

HIRA 2152.0 2157.0 3 25–280 . . . . . . . . . . . . . . .

PALE 2152.0 2238.0 2, 1 25–180 . . . . . . . . . . . . . . .

2001 Dec 13 ......................... POTS 1423.5 1443 U 2 40X–170U NONE . . . . . . NONE . . .
BLEN 1428.6 1436.3 3 100X–320 . . . . . . . . . . . . . . .

HOLL 1429.0 1448.0 1 42–180 . . . . . . . . . . . . . . .

SVTO 1429.0 1447.0 3 45–180 . . . . . . . . . . . . . . .
2002 Apr 21.......................... PALE 0118.0 0135.0 2 25–180 130 2400 10000–60 0130 20

CULG 0119.0 0130.0 3 57X–130 . . . . . . . . . . . . . . .

HIRA 0119.0 0126.0 3 25X–80 . . . . . . . . . . . . . . .

HOLL 0122.0 0127.0 1 25–180 . . . . . . . . . . . . . . .
LEAR 0125.0 0136.0 2 25–180 . . . . . . . . . . . . . . .

2002 May 21......................... HOLL 2128.0 2156.0 1 25–162 . . . . . . . . . NONE . . .

PALE 2128.0 2156.0 1 25–160 . . . . . . . . . . . . . . .

CULG 2129.0 2145.0 3 57X–160 . . . . . . . . . . . . . . .
HIRA 2129.0 2157.0 3 25X–140 . . . . . . . . . . . . . . .

2002 Jul 09 ........................... POTS 0908.4 0909.7 2 130–170U . . . . . . . . . . . . . . .

2002 Jul 15 ........................... NONE . . . . . . . . . . . . 2115 500/16 5000–175 NONE . . .

NONE . . . . . . . . . . . . . . . . . . . . . NONE . . .
2002 Jul 18 ........................... POTS 0742 0758 3 40X–450 2055 2140 6000–3000 NONE . . .

SVTO 0744.0 0801.0 2 25U–86U . . . . . . . . . . . . . . .

IZMI 0744.8 0802.4 2 25X–170 . . . . . . . . . . . . . . .
LEAR 0747.0 0753.0 2 25U–92U . . . . . . . . . . . . . . .

6 Available at http://lep694.gsfc.nasa.gov/waves/waves.html.
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Finally, the UVCS observations are in Table 3. Aside from the
date, we list the slit height where the CME was first detected, the
polar angle (P.A., measured from north pole) where the slit was
centered, the exposure time for each spectrum, the slit width, the
spatial binning, and the time when the CME was first detected.
The spectral lines in which the CME material was detected are
listed in the eighth column. The detection of the front and the
spectral lines where the front was detected are in the last two col-
umns. In 14 events the front, or a portion of it, was detected in
UV spectra. It is important to mention that many CMEs listed in
the table were also observed at other heights.

For each event in Table 1 the LASCOC2 image and the UVCS
slit position where the front (if any) was detected are shown in
Figures 1–4. In order to show themorphology of the event, we of-
ten usedC2 images taken at later times than those listed in Table 1.

3. THE ULTRAVIOLET SPECTRA

In this section we describe the main characteristics of UV spec-
tra and related diagnostic tools to study the CMEs.

UVCS is a slit spectrometer that can observe the solar corona
from 1.5 up to 10 R� at any polar angle. The 420 long slit can be
up to 8400 wide. The spectrometer was optimized to detect the H i

Ly� line and the O vi kk1032, 1037 doublet, but many other lines
can be also detected in the range 945–1270 8 (473–635 8 in
second order; for a detailed description see Kohl et al. 1995). The
observation of a CME requires placing the entrance slit at the
right time and location in the corona to get spectra of the event as
it crosses the FOV of the slit. The spectra are two-dimensional
images where the vertical axis is the coordinate along the en-
trance slit and the horizontal axis is the wavelength dispersion
direction. Examples of UVCS spectra are shown in Figure 5. The
observations described in this paper include a wide range of

UVCS instrument parameters. Spectral resolutions varied from
0.18 to 0.68 and exposure times ranged from 120 to 600 s. CMEs
observedwith long exposure times (300 and 600 s) cannot be used
to obtain any reliable conclusion on the nature of the front because
other parts of the CME could have been detected along with the
front material (see x 4.4). Some events were observed during the
daily synoptic scans, which spend short times at several heights.
Others were observed during CME watches that maintained one
position for hours.

As a CME enters the slit, line intensity changes are detected
in the spatial and spectral directions. In general, the spectra emit-
ted by different parts of the CME are different. The evolution
of a spectrum during a CME observation is shown in Figure 5.
The top panel shows a typical spectrum of the quiet corona in the
Si xii k520 line, O vi kk1032, 1037 doublet, and H i Ly�. In the
middle panel the faint and broad emission in O vi and Si xii lines
is the CME front. The bright Doppler-shifted knots in the bottom
panel are typical CME core structures.

In the UV spectra, we define the more structured material in
terms of knots /threads and Doppler shifts as the core. An exam-
ple is shown in Figure 6. In this figure the two panels show two
portions of the spectrum. The two wavelength ranges at the bot-
tom and top of the right panel are for direct and redundant paths.
The brightest line in this panel is the H i Ly� from the redundant
path. The core material is usually cold, as evidenced by narrow
line widths and the presence of ions such as C iii k977 and Si iii
k1206 typical of prominencematerial. However, there are events,
like the 2000 October 26 CME in Table 1, in which the core
material was detected in the [Fe xviii] k974.85 line, which forms
at 6 ; 106 K.

The UV spectra provide several important diagnostics that
have been used for the analysis of the CMEs based on Doppler

TABLE 3

Summary of UVCS Observations

UVCS

Date

Height

(R�)

P.A.

(deg)

Exposure

Time

(s)

Slit

Width

(arcsec)

Spatial

Binning

(arcsec)

Detection

Time

(UT) Observed Spectral Lines

Detection

Wide Profile

Spectral Lines

in the Front

1998 Jun 11a .............. 1.78 45 100 84 21 10:11 O vi, Ly�, Si xii Yes O vi, Si xii

2000 Mar 29 .............. 3.64 90 180 28 21 11:16 O vi, Ly�, C iii No . . .

2000 Apr 10............... 2.35 293 120 14 21 02:40 O vi No . . .

2000 Apr 23............... 1.89 225 120 42 21 12:33 O vi, Ly�, Ly� Yes O vi

2000 May 11.............. 3.11 225 120 42 21 23:33 O vi, Ly�, C iii No . . .
2000 Jun 28 ............... 2.35 295 120 14 21 19:00 O vi, Ly�, Ly�, C iii, O v Yes O vi

2000 Aug 12.............. 2.35 282 120 14 21 10:14 O vi, Ly� Yes O vi, Ly�

2000 Sep 12............... 2.56 135 120 42 21 12:11 O vi, Ly�, Ly�, Ly�, C iii, O v Yes O vi

2000 Oct 22 ............... 1.63 100 120 28 21 00:42 O vi, Ly�, Ly�, C iii Yes O vi

2000 Oct 24 ............... 3.10 90 120 42 21 08:44 O vi, Ly�, Ly� Yes O VI

2000 Oct 26 ............... 1.63 100 120 28 21 15:57 O vi, Ly�, Ly�, Si xii, Fe xviii No . . .

2000 Nov 03.............. 1.46 200 200 14 42 19:49 O vi, Ly�, Ly�, C iii No . . .
2001 Feb 15............... 2.90 0 600 21 42 13:54 O vi, Ly� Yes O vi

2001 Mar 24 .............. 2.16 16 300 21 42 20:08 O vi, Ly� Yes O vi, Ly�

2001 Apr 02............... 1.99 223 600 14 42 21:56 O vi, Ly� Yes O vi, Ly�

2001 Dec 13 .............. 2.46 349 300 21 42 14:23 O vi, Ly�, C iii, O v, Si xii Yes O vi

2002 Apr 21............... 1.64 262 120 28 42 01:09 O vi, Ly�, Ly�, Si xii, Fe xviii No . . .

2002 May 21.............. 1.95 46 200 42 42 21:38 O vi, Ly�, Si xii, Al xi Yes O vi, Si xii, Al xi

2002 Jul 09 ................ 1.71 270 120 21 21 18:24 O vi, Ly�, Ly�, Ly�, C iii Yes O vi, Ly�
2002 Jul 15 ................ 3.62 0 120 42 21 20:34 O vi, Ly�, Ly�, C iii No . . .

2.56 0 120 42 21 21:15 O vi, Ly�, Ly�, C iii Yes O vi

2002 Jul 18 ................ 2.11 0 120 42 21 08:08 O vi, Ly�, Ly�, C iii No . . .

a LYA detector data are available and the slit width is 1400. The Ly�, Ly�, and Ly� are the H i Lyman lines. The O vi is the oxygen doublet kk1032, 1037. C iii,
Si xii, O v, Al xi, and Fe xviii are k977, k520 (k499), k1218, k550, and k974, respectively.
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Fig. 1.—LASCO C2 image with the UVCS slit at the position where a CME was first detected, for the 1998 June 11, 2000 March 29, 2000 April 10, 2000 April 23,
2000 May 11, and 2000 June 28 events. The UVCS detection time is generally different than the C2 image shown in the figure (see Table 3).
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Fig. 2.—Same as Fig. 1, but for the 2000 August 12, 2000 September 12, 2000 October 22, 2000 October 24, 2000 October 26, and 2000 November 3 events.
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Fig. 3.—Same as Fig. 1, but for the 2001 February 15, 2001 March 24, 2001 April 2, 2001 December 13, 2002 April 21, and 2002 May 21 events.



shifts, line width, and line intensities (Ciaravella et al. 2002;
Raymond et al. 2000; Raymond & Ciaravella 2004).

The Doppler shift of the spectral lines provides the component
along the line of sight:

VLOS¼
�k
k

c; ð1Þ

where c is the speed of light. For spectral lines formed by scat-
tering of radiation from the solar disk, this formula can under-
estimate the Doppler shift if the material is far from the plane of
the sky (Noci & Maccari 1999). Most of the events listed in the
tables show large Doppler shifts, such that Doppler dimming
greatly reduces any radiative component and the observed emis-
sion is collisionally excited.

When VLOS is combined with the LASCO plane-of-sky speed
VPOS, the total speed and the angle with the plane of the sky can
be obtained. Knowing the angle, the true height of the observed
portion of the CME can be computed (Ciaravella et al. 2005).
This is especially important for halo CMEs, as they can be much
higher in the corona than they appear in the white-light images.
The interpretation of the Doppler velocity is discussed further in
the next section.

UV spectra also provide an alternative method to estimate a
reliable outflow speed by using the spectral lines with radiative
components, such as the O vi kk1032, 1037 doublet. The colli-
sional components of the O vi lines have an intensity ratio of 0.5,
while the ratio of the radiative components is 0.25 for emitting

plasma at rest. The radiative component originates from the res-
onant scattering of the chromospheric line by the oxygen ions of
the corona. As the ions move outward in the corona, the radiative
component dims because the solar emission and coronal absorp-
tion profiles are Doppler shifted apart. Thus, the line ratio increases
and eventually becomes collisional when the outflow speed is such
that the absorbing and emitting profiles no longer overlap. How-
ever, at higher speeds the nearby lines of C ii kk1036.34, 1037.02
can pump the radiative component of the k1037 line at outflow
speeds of 170 and 370 km s�1, respectively (Noci et al. 1987;
Li et al. 1998). In very fast CMEs pumping of the k1037 line
by k1032 (v ¼ 1650 km s�1) and the k1032 line by Ly� (v ¼
1810 km s�1) can occur, as for the 2000 June 28 event (Raymond
& Ciaravella 2004). Thus, the Doppler shift combined with
LASCO speed and the O vi ratio doublet provide two indepen-
dent diagnostics for the outflow speed of CMEs.

The O vi doublet also provides diagnostics of density (Mariska
1977; Noci et al. 1987; Raymond & Ciaravella 2004). Since the
illuminating flux from the disk is known, the intensity of the ra-
diative component fixes the number of O vi ions in the corona.
The intensity of the collisional component, combined with the
O vi column density and excitation rate, determines the electron
density. This is most easily applied to pre-CME coronal densities
(Table 5), but it can sometimes be used for CME ejecta.

The analysis of line profiles can be used to diagnose temper-
ature as well as bulk speed of the emitting plasma. Both expan-
sion of the emitting volume and increasing temperature contribute
to broadening the line profiles. The comparison of different spectral

Fig. 4.—Same as Fig. 1, but for the 2002 July 9, 2002 July 15 (20:30:05 and 21:30:05 UT), and 2002 July 18 events.
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lines and the estimate of the expansion speed are required to dis-
entangle the two effects (Ciaravella et al. 2005; Raymond et al.
2000). It is often possible to obtain interesting upper limits on the
proton temperature from the Ly� profile alone.

The heating due to the passage of a shock is detected in terms
of broad wings mainly in the nonneutral ions. The neutral atoms,
like the hydrogen, should not be directly affected by an MHD
collisionless shock. Those atoms can interact by ionizing colli-
sions with the hot electrons of the plasma, a process that can
require several tens of minutes, or by resonant charge transfer
with fast shocked protons. This process is effective in a timescale
of minutes and can contribute significantly to the heating of neu-
trals. Thus, in the UVCS spectra the presence of a shock front is
more likely to be detected in the spectral lines of the brightest
ions such as the O vi doublet, but broadening of the H i Ly� line,
if present, provides a direct diagnostic of the proton temperature
behind the shock. Detections of shocks in UV spectra have
already been reported for four CMEs (Raymond et al. 2000;
Mancuso et al. 2002; Raouafi et al. 2004; Ciaravella et al. 2005).

3.1. Doppler Velocity Interpretation

As discussed in the previous section, the Doppler shift of the
spectral line provides the component of the CME speed along the

LOS. Once we have a value for VLOS, we can compare it with
VPOS, but the meaning of this comparison deserves some discus-
sion. The simplest model would be ejection at constant velocity,
for example, ballistic motion at a speed substantially above the
escape speed. In that case, arctan (VLOS /VPOS) gives the angle�
of the motion to the plane of the sky, and it also gives the true
heliocentric distance of the observed plasma: H ¼ HPOS /cos�.
This is a good approximation for CME core material and for
expanding magnetically confined loops.
Interpretation of the Doppler shift of the CME front is more

subtle. If the front is a spherical shell, as assumed by Sheeley et al.
(1999), or a hemispherical shell, as in the cone model by Zhao
et al. (2002), the apparent front will be the line of tangency
between the shell and the line of sight, as this is the location of
largest column density. As far as the Doppler shift of the front
material, the twomodels are very similar. To describe the Doppler
shift behavior as a function of the line-of-sight direction, we use
a more general cone model in which the apex of the cone can
be located anywhere on the solar disk. We refer to this model
as the ‘‘ice cream cone model.’’ Figure 7 shows as an example
of the ice cream cone model with three different line-of-sight
directions.

Fig. 5.—Spectra of the 2002May 21 CME taken at 1.95 R�. The vertical axis
shows the coordinate along the slit in polar angle measured from the north pole.
The horizontal axis is the wavelength dispersion direction. The spectrum in-
cludes Si xii k520, O vi kk1032, 1037, and H i Ly� lines. The top, middle, and
bottom panels are spectra of the pre-CME corona, the CME front, and the CME
core, respectively. The broadening of the line in the middle panel is due to the
passage of the front.

Fig. 6.—Spectrum of the 2000 September 12 CME core taken at 3.62 R�. The
vertical and horizontal axes are as in Fig. 5. The two panels show two portions of
the spectrum. In the right panel the direct and redundant wavelength ranges are
shown at the bottom and top of the panel, respectively. In the left panel are the
O vi kk1032, 1037 doublet and H i Ly� lines, while in the right panel are the C iii

k977 and H i Ly� lines.

Fig. 7.—CME ice cream cone model and component of the front speed along
the line of sight, for a halo event (C) and a limb event (A). The cone model
describes the motion of the base of the cone indicated by the dashed ellipse. The
line of sight B is nearly tangent to the edge of the cone.
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For a cone axis orthogonal to the disk and close to disk center,
the line of sight is tangent to the surface close to the intersection
of the cone with the hemisphere (LOS C in Fig. 7). If the leading
edge consists of coronal material swept up by a shock or a com-
pression wave, the motion of the gas and the CME front itself is
perpendicular to the surface of the hemisphere. In the neighbor-
hood of the tangency to the line of sight, the region observed in a
halo CME, it is nearly transverse to the radial direction. Thus,
this model predicts that the Doppler velocity will generally be
much smaller than the speed in the plane of the sky for halo
CMEs that originate near disk center. For events that occur close
to the limb (LOS A in Fig. 7), the motion is again nearly per-
pendicular to the line of sight, so againVLOS is much smaller than
VPOS. A large Doppler shift will be seen if the CME is not sym-
metric, for instance, if only the front or back side is seen. In that
case, the angle � given above presents a reasonable approxima-
tion for the true position of the emitting plasma, while for events
originating at disk center, the plasma can be much farther from
the plane of the sky than would be estimated from HPOS /cos�.
In the latter case the estimate will be a lower limit to the actual
heliocentric height. Thus, the Doppler shift of the core material
is more useful for estimating �, but the Doppler shift of the
front can help test the picture of the CME expansion shown in
Figure 7.

The alternative possibility is that the gas is not swept-up co-
ronal material, but plasma carried outward in expanding coronal
loops. This could be material of the preexisting arcade-like
magnetic structure overlying the filament, or it could be material
that has been injected from the current sheet into a ‘‘bubble’’ at
the outer edge of the flux rope (Lin et al. 2004). In that case, the
plasma motion is perpendicular to the line of sight for a limb
event (LOS A), and the Doppler shift will be small. On the other
hand, a halo event should show a substantial Doppler shift be-
cause the plasma motion is primarily radial rather than perpen-
dicular to the CME surface (LOS C in Fig. 7).

Another case arises if the LOS direction is nearly tangent to
the cone edge as B in Figure 7. A Doppler shift corresponding to
the outflow speed along the cone should be observed over many
exposures in coronal lines. Also, if the event is caught early
enough, a Doppler shift corresponding to the lateral expansion of
the CME, as is often seen as streamer deflection, may be ob-
served. This material should have an ionization state similar to
that of the ambient corona, but the Doppler shift sets it apart from
the background coronal emission.

4. RESULTS

In this section we describe the overall characteristics of the
22 CMEs listed in Table 1. Individual events are described in
greater detail in the Appendix. For the CMEswhere the front was
detected (see Table 3 and the Appendix) we use a two-Gaussian
fit to separate the background corona emission from the front
emission. As shown in Figure 5, the broad profile of the front over-
laps the much brighter and narrower profile of the background
corona. After correcting for the instrument profile (Kohl et al.
1997), we used a two-Gaussian fit with the narrow component
fixed to the width and centroid of the pre-CME line profile, ex-
cept in a few cases where the centroid had to be shifted by 1 pixel
to obtain a good fit or when the spectrum obtained at a different
height had to be used. The broad component is that emitted by
the front material. Profiles are shown in Figures 8 and 9. In many
cases the fits are not unique because of the small number of
counts available.We comment on some of these cases later in the
paper.

4.1. Projection Effects

In this section we summarize the main results of the analysis
of UV spectra and discuss the implications for the geometry and
kinematics of CMEs. In Table 4 we list some of the measured pa-
rameters. The second through fifth columns give the LOS speed
of the portion of the front observed by UVCS and the height at
which it was measured, the POS speed, the computed angle with
the plane of the sky, and the true heliocentric distances. The POS
speeds of the portion of the front detected by UVCS are de-
scribed in x 2. The Doppler shift of the front is computed as the
shift between the narrow and broad component of the two-
Gaussian fit (see Figs. 8 and 9).

For the CME cores we list the maximumDoppler shift and the
height at which it was observed, the POS speed, the minimum
andmaximum angle with the plane of the sky, and the correspond-
ing minimum and maximum heliocentric distances. Positive
and negative values indicate redshifts and blueshifts, respec-
tively. The POS speed of the core is computed by measuring the
distance between the CME source and the position of the first
core material detected by UVCS and dividing by the difference
in time between the activity onset (see Table 1) and the time of
UVCS first detection. In four CMEs in which the source was
either on the back side or not identified we used the POS speed
of the front (third column). The core speeds are generally lower
than the front speeds as the core usually remains inside the front.
Thus, the angles computed using the front speeds are upper lim-
its (�max) to the true values while those computed using the speed
derived by comparison of EITand UVCS observations are lower
limits (�min) to the true angles. Negative angles are measured
toward the observer.

4.1.1. CME Fronts

In 14 CMEs we detected the front as broad faint emission
superimposed on the narrower coronal emission. In many cases
the front was detected for more than one exposure and its Doppler
shift and extent along the slit changed from one exposure to
another. The Doppler shifts listed in Table 4 are the difference
between the centroids of the narrow and broad components of
the two-Gaussian fits. A range of values would be more appro-
priate, but for the purpose of this paper it is important to remark
that the Doppler shifts of the fronts are generally much lower
than those detected in the CME core. This is intrinsic to the na-
ture of the CME front. The outward expansion speed of a circular
front has its maximum component along the LOS in the central
part of the front if the front is observed along the lines of sight C
of Figure 7. The LOS component decreases away from the CME
axis. If the front is observed along the LOS A of Figure 7, the
maximum Doppler shift component comes from the flank of the
front, where the motion is parallel to the LOS.

Except for five CMEs, the UVCS slit was located away from
the axis of the CME. Thismay explain the low values (seeTable 4)
of the LOS speeds as this portion of the front moves mostly
perpendicular to the line of sight. Therefore, the Doppler shift of
a portion of the CME front is not very representative of the LOS
speed of the whole front, and the derived heliocentric distances
are lower limits to the true values.

During the 2001 February 2, 2001 March 24, and 2002 May
21 events, the slit was centered on the CME front and the derived
angles are most probably closer to the actual values. Considering
the uncertainties in the measured speed, the angles with the POS
of front and prominence core in 2001 February 2 are in good
agreement. In the 2002 May 21 event, the CME structure ap-
peared to be formed by several loops with different orientations.
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Its 3D structure is far from spherical, and a more detailed anal-
ysis of the evolution of the broad component is required to un-
derstand its morphology. The 2002 July 9 event was on the back
side, but the portion of its front detected by UVCS was traveling
toward the Earth at speed greater than 240 km s�1. This can be
understood as the opening of surrounding streamers to form the
cone (Fig. 7).

Overall, the observations show that the centroid Doppler speeds
of halo CME fronts are much smaller than the plane-of-sky
speeds (Table 4). This supports the idea that the front is swept-up
coronal material rather than plasma carried in expanding mag-
netic loops, as discussed in x 3.1, and that the schematic shown in
Figure 7 is a reasonable description of the front geometry. We
use that information to estimate the contribution of bulk expan-
sion to the line widths.

To interpret the measured line widths at the CME fronts, we
need to differentiate between bulk expansion and thermal broad-
ening. For a spherical shell expanding from the limb of the Sun
(see Fig. 10), the velocity extremes will be �V sin �, where � is
the angle between the vertical and the line connecting the CME
site to the intersection of the line of sight with the bubble. Thus,
the full width at zero intensity (FWZI) of the line emitted by the
material along the LOS is 2V sin �. If the thickness of the bubble
is small, as in Figure 10 and probably the case for CME fronts,
and the spectral resolution high or the expansion speed very
large, the two components from the front and back side of the
shell will be detected as separate lines. This is most probably the
case of the 2002April 21 event. In all other cases a broadening of
the line is seen. The FWHMof the line is less than half the FWZI,
both because of the integration over the azimuthal angle around

Fig. 8.—O vi k1032 line profile at the front (solid line). The dashed line shows the results of the two-Gaussian fit with a narrow and a broad profile (dotted line).
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the vertical line and because of the finite thickness of the bubble
emission. Figure 10 shows the front at the time�t1. At the time
�t0 the front was tangent to the slit. The slit is marked by the
rectangle along the LOS. For an observation that integrates over
time �t ¼ �t1 ��t0, the exposure time of UVCS, from when
the bubble first reaches the spectrograph slit, the portion BC of
the front is detected and an upper limit to the FWHM is

FWHM < 2VCME

Z �

0

Z �

0

sin � cos � d� d�

� 2VCME

�t

�t1

2

�
; ð2Þ

where we used h
R �
0
cos � d�i ¼ 2/�. Here�t1 is the travel time

of the CME from the source (O in Fig. 10) to the height B.

For a slit located 1 R� above the solar surface, an integration
time of up to 120 s, and a CME speed of 103 km s�1, the FWHM
due to the bulk expansion speed is less than 200 km s�1. The
speed VCME is the true outflow speed of the CME. However, for
the purposes of this paper we used the POS speed obtained from
LASCO images. Aside from the approximations discussed so far
there are other causes that can make the previous estimate an
upper limit to the true value: within the exposure time we do not
know when the front enters the slit, thus the effective time the
front is inside the slit FOV could be less than�t; the fraction of
the front observed can be small. The slit is not centered on the
CME, so the integration of the azimuthal angle is smaller; if only
the flank of the front is observed, the component of the expan-
sion speed is along the LOS, but as the CME decelerates, the
broadening of the line decreases with time.

Fig. 9.—Same as in Fig. 8, but for six different CMEs (see label in each panel).
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Comparing the FWHM computed from the above formula
with the widths of spectral lines observed in fronts, we conclude
that the widths of the O vi lines in the 2000 October 22, 2001
March 24, and 2002 July 9 events are due to the LOS component
of the bulk expansion.

4.1.2. CME Cores

We can use VLOS and VPOS of the Doppler cores to estimate the
angle of the ejection from the plane of the sky. To the extent that
the core material lies near the center of the CME, this angle also
pertains to the CME axis. The angles are shown in Table 4, with
the following caveats:

1. The CME core was detected in all but five CMEs. For four
of the nondetections the slit was centered on the CME and would
have detected the core if it had been present, but during the 2001
April 2 CME the slit was located on the side of the front away
from the prominence core (see Fig. 3).

2. The Doppler shifts of the fronts in three events were very
small (2000 October 26, 2000 May 11, and 2000 November 3),
while the remaining events showed large values. The events on

2000March 29, 2000 April 23, and 2002 July 9 originated on the
back side, and we could not estimate the POS speed from EIT
and UVCS data. For these we used the values derived from
LASCO; therefore, we have only a lower limit to the angle with
the POS. A large opening angle was seen in the 2000 April 10
event. This event originated at disk center and had to travel 2.53R�
in the POS to reach the UVCS slit. If we assume that it was
ejected at the time of the flare peak, 23:42 UT, comparison of the
POS speed of 162 km s�1 with the blueshift of 230 km s�1 indi-
cates an angle of 55

�
from the POS, and the observed plasmawas

at an actual heliocentric distance of 5.06 R� when observed.
3. Although the source of the 2000 June 28 event was at the

limb, the large blueshift detected in the core implies an angle with
the plane of the sky of 46� and an actual heliocentric distance
of 3.6 R� as compared to the projected distance of 2.32 R�.
In this event some fragments of the core were redshifted up to
115 km s�1, indicating a broad opening angle.

4. The 2000 September 12 event was also observed at 6 R�
and P:A: ¼ 180

�
, almost centered on the CME. In the first expo-

sure at 14:43 UT, plasma with an average speed in the plane of
the sky of 420 km s�1 had Doppler shifts into the range�800 to
�300 km s�1. Thus, the angle from the plane of the sky ranged
from 35

�
to 62

�
and the actual heights were 10.5–12.8 R�, com-

pared with the projected 6 R�.
5. In some cases the projection effects are very severe, such

as the 2002 July 18CME, in whichwemeasured a blueshift up to
920 km s�1, 2 times higher than the average POS speed estimated
from EIT and UVCS data. The angle with the POS was as large
as 64

�
, and an actual height was 5 R� as compared to a projected

height of 2.13 R�. The Doppler shift of the CME core is very
small or negligible in the later portion of the event.
6. All limb events with cores had material with large Doppler

shifts. Theminimum angleswith the POS for the CMEs originating

TABLE 4

Line-of-Sight and Plane-of-Sky Speeds

Front Core

Date

VLOS
a

(km s�1)

VPOS

(km s�1)

�min

(deg)

Hmin

(R�)

max (VLOS)
a

( km s�1)

VPOS

(km s�1)

�max

(deg)

�min

(deg)

Hmax

(R�)

Hmin

(R�)

1998 Jun 11 ..................... +60 (2.00) 1200 >+3 >2.03 +179 (3.24) 198 +42 +8 4.37 3.28

2000 Mar 29 .................... . . . 643 . . . . . . +690 (2.91) 643 . . . +47 4.27 4.27

2000 Apr 10..................... . . . 226 . . . . . . �230 (2.65) 162 �55 �46 4.60 3.78

2000 Apr 23..................... +100 (2.10) 1029 >+6 >2.11 +690 (2.08) 1029 . . . +34 2.50 2.50

2000 May 11.................... . . . 636 . . . . . . +58 (2.07) 636 . . . +5 2.08 2.07

2000 Jun 28 ..................... �100 (2.39) 1433 <�4 >2.40 �1200b (2.40) 1231 �44 �40 3.35 3.13

2000 Aug 12.................... 0 (2.36) 644 >0 >2.36 . . . . . . . . . . . . . . . . . .

2000 Sep 12..................... �320 (2.57) 1022 <�17 >2.69 �1040b (3.84) 237 �77 �45 17.2 5.48

2000 Oct 22 ..................... 0 (1.80) 893 >0 >1.80 +346 (1.84) 63 +79 +21 10.2 1.97

2000 Oct 24 ..................... 0 (2.60) 688 >0 >2.60 . . . . . . . . . . . . . . . . . .

2000 Oct 26 ..................... . . . 478 . . . . . . 0 (1.63) 272 0 0. 1.63 1.63

2000 Nov 03.................... . . . 195 . . . . . . �29 (1.52) 142 �12 �8 1.55 1.54

2001 Feb 15..................... �145 (2.95) 574 <�14 >3.04 �230 (3.12) 418 �29 �22 3.56 3.36

2001 Mar 24 .................... �220 (2.61) 589 <�20 >2.79 . . . . . . . . . . . . . . . . . .

2001 Apr 02..................... �16 (2.10) 2023 >0 >2.10 . . . . . . . . . . . . . . . . . .

2001 Dec 13 .................... <�58 (2.60) 864 <�4 >2.61 �550 (2.52) 150 �75 �32 9.60 2.99

2002 Apr 21..................... . . . 2393 . . . . . . . . . . . . . . . . . . . . . . . .
2002 May 21.................... �41 (2.03) 860 <�3 >2.03 �520 (2.16) 433 �50 �31 3.37 2.52

2002 Jul 09 ...................... �240 (1.83) 1389 <�10 >1.86 +980 (1.72) 1389 . . . +35 2.10 2.11

2002 Jul 15 ...................... . . . 1117 . . . . . . �810 (3.14) 1000 �39 �35 4.04 3.88

�340 (2.60) 893 <�20 >2.78 �810 (2.82) 1795 �24 �42 3.09 3.81

2002 Jul 18 ...................... . . . 1200 . . . . . . �920 (2.13) 451 �64 �37 4.84 2.68

a The values given in parentheses are in units of R�.
b Redshift material was also detected.

Fig. 10.—CME circular front at height OB above the solar surface. The dashed
horizontal line is the LOS direction, and the thick rectangle marks the UVCS slit.
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at the limb show clearly that in these events the material is also
far from the plane of the sky.

4.2. Intensities

In the first column of Table 5 are listed the pre-CME coronal
densities measured at the same height where the fronts were ob-
served. The densities were derived from the pre-CME O vi in-
tensity ratio as described in x 3. In a few cases the front was
observed in the first exposure, and no spectra of the pre-CME
corona are available. The remaining columns give the O vi k1032
and H i Ly� intensities of CME fronts and cores. We indicate
with NA the cases in which the line was not included in the
detected spectral range. The CME cores were very often detected
at several heights. The values listed in the table are measured,
whenever possible, at the same slit position where the front was
detected. Since front and core are not cospatial along the slit,
their absolute heights are different. If many exposures are avail-
able at the same height, we select the maximum intensities of the
O vi and Ly� lines. The intensities of the CME fronts are the
intensities of the broad components of O vi and Ly� lines as
obtained from the two-Gaussian fit.

Except for the 2000 October 26 event in which the core was
seen in hot lines, all of the remaining cores were seen in cold
spectral lines. The lines observed in each CME are listed in the
eighth column of Table 3. The presence of cold plasma in the
CME core implies that a prominence eruption occurs along with
the flare detected at the CME source and that the prominence
material is not heated or ionized to coronal conditions. The in-
tensities of Table 5 show that the core material is generally much
brighter than the front. The latter is often comparable to or weaker
than the background coronal lines. As for the Doppler shift, the
brightest material in the core is generally that which is ejected
first, and the intensities fade toward the tail of the CME.

The O vi line intensity ratios in some portions of the ejecta of
the 2002 July 18, 2002 July 15, and 2002 July 18 events suggest
that pumping of the O vi k1037 line by O vi k1032might be pres-
ent as already detected on 2000 June 28 (Raymond & Ciaravella
2004). In these cases the outflow speed of the CMEs would be as
high as 1600 km s�1.

4.3. Morphologies

The images in Figures 1–4 show the morphology of the
22 CMEs, and Table 1 gives the associated disk activities that are
the most probable sources of the CMEs. The morphologies of the
22 CMEs range from three-part CMEs to diffuse structures with-
out cores to amorphous events. The Doppler shift measurements
and the computed angle with the POS provide estimates for the
importance of the projection effects.

There are a couple of events in which the behavior of the
Doppler shift in the broad line profiles (the front of the CME)
suggests that the 3D structure of the CME may be that of a nar-
row cone in which both the front and back sides of the front are
detected. In the 2000 October 22 CME the behavior of the O vi

line profiles matches what is expected by a cone structure with
the back side of the cone redshifted and the front side blue-
shifted. The broadening of the O vi profile was first detected on
the red side and later on the blue side. In the 2000 October 24
event the two sides of the front were both blueshifted. The back
side of the front was caught at 3.1 R�, and its broad profile was
less blueshifted than the front side of the cone detected at 2.55R�.
A more detailed analysis will provide the opening angle of the
cone and the angle of the cone axis with the POS.

At the other extreme, the splitting of the O vi profiles in the
2002 April 21 event is exactly what is expected for a more or less
hemispherical bubble expanding across the UVCS slit. The split-
ting starts at the center of the slit and expands toward the ends of

TABLE 5

Pre-CME Densities (10
6 cm�3

) and CME Line Intensities (10
8 photons s�1 cm�2 sr�1

)

Front Core

Date Pre-CME Density O vi
a Ly� O vi

a Ly�a

1998 Jun 11 ............................ 3.8–5.5 0.3 (2.0) . . . . . . 140

2000 Mar 29 ........................... 0.4–1.0 . . . . . . 10.9 (1.87 ) . . .

2000 Apr 10............................ 1.2–1.6 . . . . . . 2.97 . . .
2000 Apr 23............................ . . . 17.0 (2.10) . . . 55.6 169

2000 May 11........................... . . . . . . . . . 249 (1.89) 67300 (1.89)

2000 Jun 28 ............................ 1.2–1.5 6.76 (2.39) . . . 2680 167000

2000 Aug 12........................... 0–2 5.54 (2.36) . . . . . . . . .
2000 Sep 12............................ . . . 4.42 (2.57) . . . 278 (2.11) 109000 (2.11)

2000 Oct 22 ............................ 6.9–8.7 <72.3 (1.80) . . . 11600 19600

2000 Oct 24 ............................ 0.86–0.91 0.26 (2.60) 95.8 . . . . . .

2000 Oct 26 ............................ 6.0–6.4 . . . . . . . . . NAb

2000 Nov 03........................... 7.7–9.3 . . . . . . 1910 (1.52) NA

2001 Feb 15............................ . . . 0.06 (2.95) . . . 1.36 15.6

2001 Mar 24 ........................... 3.3–6.5 0.73 (2.61) . . . . . . . . .
2001 Apr 02............................ 0.51–1.4 3.22 (2.10) 170 . . . . . .

2001 Dec 13 ........................... 0–0.51 0.73 (2.60) . . . 252 3470

2002 Apr 21............................ 4.5–5.1 . . . . . . . . . . . .

2002 May 21........................... 4.7–6.4 7.19 (2.03) . . . 8.19 NA

2002 Jul 09 ............................. 2.6–5.4 50.6 (1.83) 314 290 70000

2002 Jul 15 ............................. . . . . . . . . . 11.8 (3.62) 62.0 (3.62)

. . . 2.17 (2.60) 3.26 5.81 . . .

2002 Jul 18 ............................. 4.8–14 . . . . . . 11.7 (2.11) 166 (2.11)

a The values given in parentheses are in units of R�.
b NA: Ly� line was not included in the wavelength range.
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the slit as the bubble moves upward (Fig. 6 of Raymond et al.
2003).

As discussed in x 4.1, the centroid Doppler speeds of the CME
fronts are much smaller than the plane-of-sky speeds, supporting
the idea that the front is swept-up coronal material. There are
several events for which VLOS is a significant fraction of the POS
speed, however, and those are good candidates for events in
which the front is an expanding loop or arcade. We conclude that
for most halo events, the schematic shown in Figure 7 is a better
description of the geometry than an expanding arcade picture
such as that of Cremades & Bothmer (2004). This may be due to
the large actual heights of the material observed in these fronts,
since the details of the original ejection become less important
as the CME expands, just as a supernova remnant enters a self-
similar Sedov phase after it has swept up many times the mass of
the original ejection. It may also be that the events observed here
are atypically energetic. It is also likely that the bright portion
of a CME is arcade material, while we are concentrating on the
fainter material at the fronts.

4.4. Shocks versus Bulk Expansion

Broadening of the line profiles is a typical signature of the
CME front. UVCS detected the CME front in 14 cases. Because
of the importance of shock waves in accelerating SEPs and be-
cause UV spectra provide unique diagnostics for the physical
processes in shocks, it is important to know whether or not the
emission arose from shocked plasma.

One indication of a shock is type II radio emission coinciding
with the UV detection. The frequency of the type II emission
directly determines the density of the preshock and perhaps post-
shock plasma, and this can be compared with the preshock den-
sity at the UVCS FOV determined from the O vi doublet ratio
(Table 5), as has been done for the 1998 June 11 event (Raymond
et al. 2000). This cannot always be done because the type II
emission may be very complex or the frequency information may
not be available, as in the 2000 June 28 event (Ciaravella et al.
2005). Moreover, it should be remembered that the UVCS den-
sities are averages along the line of sight.

The second indication of a shock is electron heating. If the
shock is relatively efficient in heating the electrons, an increase
in the ionization state may be detected, for instance, in an increase
in the relative intensity of the Si xii lines. Raymond et al. (2000),
Mancuso et al. (2002), and Raouafi et al. (2004) all detected such
increases. In principle, however, expanding loops of hot gas might
also account for such an increase in the ionization state.

The third indicator is broad line profiles in O vi and other lines.
These were the main indications in all four events previously
identified as shocks. The thermal widths of lines in the shocked
plasma cannot be predicted with great certainty. If the thermal
energy is not shared among different particle species, the tem-
perature jump at the shock is proportional to the particle mass, so
all species will have the same line width. In a fast shock in the
ISM, the ion heating is somewhat below mass-proportional
value (Korreck et al. 2004), while in heliospheric shocks it is
often equal to or greater than mass-proportional (Berdichevsky
et al. 1997; Raymond et al. 1998; K. Korreck et al. 2006, in prep-
aration), but there is considerable scatter from one shock to an-
other. In general, one expects a linewidth comparable to the shock
speed for all species unless the shock is weak.

For each event we estimated the component of the broadening
due to the bulk expansion of the front as described in x 4.1. In the
1998 June 11 and 2000 June 28 events the presence of shock was
diagnosed by Raymond et al. (2000) and Ciaravella et al. (2005),
respectively. In both the 2000 February 15 and 2001 December

13 events, the statistics of the line profiles were too poor to allow
any reliable conclusion. The 2001 April 2 event is in principle a
good candidate, but the exposure time was too long (600 s) for a
CME traveling at 2000 km s�1. Along with the front, a signifi-
cant fraction of the CMEmust have crossed the slit because�t in
equation (2) is large.
The front on 2002May 21 was well centered in the slit and the

broad profile was detected in a wide section of the slit. The bulk
speed can marginally account for the broadening observed, but
the CME is formed by several loops and the resulting front is
unlikely to be a circular front. This event needs more detailed
analysis to discriminate the geometrical effects from the thermal
broadening due to a shock. The possibility that the broadening
was due to a shock is supported by the type II radio bursts ob-
served simultaneously (see Table 2) with the UVCS detection of
the broad line profile.
Finally, in five events the LOS component of the bulk speed

cannot account for the measured width of the lines, and we be-
lieve that they are promising candidates for shocks. During the
2000 September 12 event, a type II radio burst in the range 25–
48MHzwas observed at the same timeUVCS detected the broad
profile at the CME front. The substantial Doppler shift of the
centroid indicates that this is not simply a shock moving perpen-
dicular to the LOS, however. This observation occurred at the
western edge of the event, and it may not be typical of the leading
edge shock as a whole.
On 2000 April 23 and 2000 August 12, the broad wings in the

O vi lines cannot be attributed to the expansion speed, and they
are most probably evidence of shocks. No type II bursts are as-
sociated with these events. Only a weak 20 MeV event was de-
tected potentially associated with the 2000 August 12 event. The
events of 2000 October 24 and 2002 July 15 (at 21:30 UT) have
strong indications of the presence of a shock at the CME front.
From our preliminary analysis we conclude that seven events
show good evidence for shock heating and two are quite uncer-
tain. The CMEs of 1998 June 11, 2000 October 24, and 2002
May 21 are all east limb source regions and therefore not likely
to produce SEP events observed at Earth.

5. SUMMARY AND CONCLUSIONS

So far our knowledge of CMEs is largely based on white-light
images. Awhite-light image is a two-dimensional projection of
a 3D structure, so projection effects can have important conse-
quences for understanding such CME properties as geometry,
kinetic energy, and mass estimates. In this paper we present a
catalog of all of the halo and partial halo CMEs detected by
UVCS in the period 1997 October–2002 July for which the slit
was at the right time and place for the front or a portion of it to be
detected. We used the UV spectra, along with the POS projected
heights and speeds, to estimate the angle at which the observed
core material moved with respect to the POS and the true helio-
centric heights. In 14 cases out of 22 spectra of the front were
observed, and we used the Doppler shift to discriminate among
different 3D structures.We alsomeasured the intensities and pro-
files of the UV lines and used them to diagnose the presence of
shock at the CME front and the bulk expansion of the observed
material.
The main results of our preliminary analysis of the 22 events

are as follows:

1. CME fronts.—Spectra of the CME front show that its emis-
sion is comparable to or weaker than the background coronal
emission. Broad line profiles are signatures of CME fronts, but
they may or may not be associated with shocks. Seven CMEs
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showwide line profiles that cannot be attributed to the LOS com-
ponent of the bulk expansion speed. For some of them type II
bursts are detected as well (see Table 2). These are very prom-
ising shock candidates. In three cases the broadening of the lines
is due to the bulk expansion.

Doppler shifts detected in the front are generally small, show-
ing that the gas of the fronts is moving mostly transverse to the
line of sight. Doppler shifts of the front can be used to discrim-
inate among different 3D flow patterns in the CME front. The
LOS component of the expansion speed changes along the front
because the velocity is mostly perpendicular to the line of sight at
the side of the front, as shown in Figure 7. This may explain the
small Doppler shifts detected in the fronts, as the UVCS slit was
mostly located away from the axis of the CME. A model of ex-
panding magnetic loops would suggest larger line-of-sight ve-
locities near the CME edges. However, the Doppler shifts of the
front are less representative of the true height of the CME than
the core material, and we used the Doppler shift of the core to
compute the angle of the expansion to the LOS. The Doppler
shift evolution of the broad profiles in the 2000 October 22 and
24 events suggests that the 3D structure of the frontmay be a cone.
In many other cases the Doppler shifts and the line widths support
an ice cream conemodel inwhich the front expands perpendicular
to itself, rather than a model of expanding loops. Doppler shifts of
the fronts of events originating at or near the limb are as high as
those observed in CMEs originating from the disk.

2. CME cores.—Four out of 22 CMEs did show core emis-
sion. Except for one event in which the core was seen in hot lines

of Si xii and Fe xviii, all the rest had cores very bright in cold
lines. Core material is generally much brighter than the front.

Doppler shifts of the core material are generally much higher
than in the front. The related LOS speeds can be comparable to or
higher than the POS speeds. The angle with the plane of the sky
can be as high as 77�. The events originating at or near the limb
do not show a lower LOS speed.

3. Further analysis.—Seven promising candidate shock fronts
were identified, and further analysis will provide the shock pa-
rameters to be compared with those derived from the radio data.
This paper also presents several good candidates for under-
standing the 3D morphologies of CMEs as in Lee et al. (2006)
and comparing the UV results with the new technique of 3D
reconstruction based on polarization images. The possibility of
measuring CME proprieties independently from an assumed
geometry is particularly important for space weather predictions
that rely on a wide variety of X-ray and optical observations of
solar flares and CMEs. The addition of a spectroscopic capability
has the appeal that it would be possible to measure line-of-sight
velocities directly, rather than inferring them from velocities in
the plane of the sky.

We thankDonReames for providing the EPACTdata. Thiswork
was supported by NASA grant NAG5-12827 to the Smithsonian
Astrophysical Observatory.

APPENDIX

INDIVIDUAL CMEs

1998 June 11.—The EIT, LASCO C1, and UVCS observations of the shock front in this CME were described by Raymond et al.
(2000). A large loop system on the northeast limb grew in EIT and LASCO C1 images until it erupted between 09:35 and 09:59 UT.
The partial halo event showed an opening angle of about 177� and a speed of 1200 km s�1. UVCS detected the front over about half
the slit length at a heliocentric distance of about 2 R�. The Si xii emission doubled in brightness, while O vi became brighter by 25%
and Ly� dimmed by 10%. These changes, along with type II radio emission and the 900 km s�1 line widths of O vi and Si xii, were
interpreted in terms of a 1200 km s�1 shock of modest Alfvén Mach number, with little thermal equilibration among particle species.

Subsequent exposures at larger heights reveal cool prominence material in Ly� and O vi at a Doppler speed of +180 km s�1. The
narrow Ly� profiles of some sections along the slit imply proton kinetic temperatures Tp below 5 ; 105 K. The shock front emission
was also redshifted by a similar amount. We note that the profile shown in Figure 8 looks different than that in Raymond et al. (2000).
For that paper we subtracted off most of the narrow component based on the pre-CME spectra in order to show the broad component
more clearly. Here we present a two-Gaussian fit in the same format as that used for the other events.

2000 March 29.—The CME first appeared in LASCO C2 at 11:06 UT and in an 11:15 UT UVCS exposure at 3.64 R� and
P:A: ¼ 90

�
. In the UVCS spectra, the red wings of Ly� and O vi dimmed, while the intensities of the blue wings increased by perhaps

50% at speeds up to �150 km s�1 in the southern 90 of the UVCS slit. These signatures were seen in three exposures between 11:15
and 11:25 UT. UVCS was then moved to P:A: ¼ 135�, where it began its next synoptic scan. At 1.43 R� at 11:31 UT, a bright knot of
O vi emission appeared at P:A: ¼ 164N4 with a Doppler shift of +180 km s�1. In the same exposure a bright knot was seen in Ly� and
C iii near zero Doppler shift and a P.A. of 155N2. These are fragments of prominence material. Later the core material was also seen at
higher heights at redshifts up to 690 km s�1. The lack of an X-ray flare or a radio burst suggests that this is a back-side event. The drop
in emission from the red wings of Ly� and O vi suggests that the CME removed emitting material on the far side of the Sun. The
brightening on the blue wing can be interpreted as the transverse opening of the CME, analogous to that seen when streamers are
pushed aside by CME expansion.

2000 April 10.—This halo CME came from disk center, and a speed of 410 km s�1 was reported for the front. An unusual wide,
almost straight front appears in the northwest quadrant of the LASCO C2 image at 02: 06 UT. A diffuse feature appears in the lower
part of the UVCS slit at 2.35 R� at 02:40 UT and remains until at least 03:01 UT. It is spectrally narrow, probably narrower than the
pre-CMEO vi emission, and blueshifted by about 230 km s�1. It was rather faint, but it seems to fill the range P:A: ¼ 313� 324� fairly
uniformly, although it fades first at lower P.A. The zero-velocity O vi lines are essentially unaffected, and the intensity of the
blueshifted k1032 feature is about the same as that of the average pre-CME. Even when summed over 11 exposures, there are only a
few hundred counts in the kk1032 and 1037 CME lines, but the doublet ratio in the blueshifted gas is close to the pure collisional value
of 2:1. Starting with the beginning of the UVCS exposure sequence at 00:39 UT, the Ly� brightness increases gradually, by about
30% over the course of about an hour. No CME emission is detected in Ly�, presumably because of Doppler dimming, or in C iii.
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Because the O vi emission was detected so long after the passage of the front (as given by LASCO), and because its line width is
small, this is probably CME core material, and UVCS did not detect the front. Its large spatial extent suggests a sheet of gas seen more
or less face-on.

2000 April 23.—This west limb halo event showed relatively high speeds of 1190 km s�1 according to LASCO and 1030 km s�1

from the time of arrival at the UVCS slit. The event originated just behind the west limb, and it appears to involve the active regions
about 22� north and south of the equator. A fragment of ejecta is seen by EIT 0.1 R� above the limb at 12:24 UTat the southern edge of
the northern active region. The LASCO image shows a wide, somewhat irregular front that suggests a kinked structure. The CME
rapidly deflects adjacent streamers to the north and south. UVCS detected the front in O vi emission at the northern end of the slit,
which extended from 1.97 R�, 242

�
to 2.29 R�, 260

�
. The previous exposure was obtained at a larger height, so it is impossible to

compare CME and pre-CME emission, but a component with ’520 km s�1 FWHM with a 100 km s�1 redshift was clearly visible
in Figure 8. The CME core was detected at 1.87 R� as a bright knot in the O vi, Ly�, Ly�, and C iii k977 lines with a redshift of
690 km s�1. The knot was also observed at 1.7 and 1.52 R� but with smaller Doppler shifts.

2000 May 11.—This partial halo event was accompanied by some brightening near disk center in EIT. A C class X-ray flare was
seen by the Geostationary Operational Environmental Satellite (GOES ) at about 22:24 UT, but it is hard to determine where it
occurred. The CME moved south, reaching the LASCO C2 field at 23:26 UT. At 23:33 UT the UVCS data show no clear broad line
profiles when the CME reached the UVCS slit at 3.11 R�, although there is some hint of redshifted emission at a very low count rate.
This was the first exposure in the sequence at that height, so it is not possible to compare with pre-CME values. In comparison with the
subsequent 10 exposures, the two exposures from 23:33 to 23:38UTshowed Ly� brighter on the red wing and fainter on the blue wing
by about 30%, but this seems to be just a wavelength shift of about 30 km s�1. Later on, narrow emission profiles of Ly�, C iii, and
O vi with small Doppler shifts appeared. This is evidently prominence material even though it is not far behind the CME front.
Because it is at the western edge of the CME, it might be part of the CME leg.

2000 June 28.—UVCS observations of this event were presented by Ciaravella et al. (2005) and Raymond &Ciaravella (2004). An
eruption at the west limb was followed by a partial halo CME that reached 1400 km s�1 at a height of 6 R�. The front was detected by
UVCS at 2.32 R� at 19:00 UTas blueshifted O vi emission with FWHM ¼ 930 � 115 km s�1. Ciaravella et al. (2005) interpreted this
as a shock related to an SEP event an hour later. Cool material that was bright in H i, O v], and O vi lines followed 15 minutes after the
front, and it showed redshifts up to 115 km s�1 and blueshifts as large as 1200 km s�1. These were used to reconstruct the morphology
of the CME in three dimensions (Raymond 2002). Total outflow speeds as high as 1800 km s�1 were derived from pumping of the O vi

k1032 by Ly� and pumping of O vi k1037 by O vi k1032 (Raymond&Ciaravella 2004). Analysis of the pumping gave densities in the
range of 1:3 ; 106–4 ; 107 cm�3 in different strands of ejected plasma.

2000 August 12.—This partial halo event probably originated in anM class flare near the west limb. Both O vi and Ly� show broad
velocity components, with centroids consistent with zero LOS speed. The O vi k1032 profile shown in Figure 8 is the sum of two
exposures covering 10:18–10:22 UT, integrated over the northwestern half of the UVCS slit. It shows a 510 km s�1 wide component,
which may not be Gaussian. This might suggest that bulk motions account for a significant part of the line width.

2000 September 12.—This event has been studied by Suleiman et al. (2005), who compared the chirality inferred from UVCS and
magnetogram data with that expected from the chirality predicted from the Martin & McAllister (1997) indicators. Vršnak et al.
(2003) studied the magnetic reconfiguration associated with the two-ribbon flare. The CME source is a long filament in the southern
hemisphere that started rising at 11: 00 and by 11: 48 UTwas fully erupted. The front reached the C2 FOVat 11:54 UTand moved at a
speed of 1550 km s�1. It reached the UVCS slit at 12:11 UT, when broad profiles in the O vi k1032 line were detected for a few
exposures. By 12:35 UT the cold core material entered the UVCS slit as well. Then the core was observed at many heights from 6 to
1.87 R� at several position angles in the O vi doublet, Ly�, Ly�, C iii, and Ly� lines.

2000 October 22.—The 2000 October 22 partial halo CME was caused by a prominence eruption on the southeast limb. The CME
reached the C2 FOVat 00:50 UT, and its front moved at 1024 km s�1. It appears as a conelike structure with a helical prominence core.
UVCS first detected the front at 00:42UTat 1.64R� as broadO vi profiles in a wide section of the slit. The O vi profile was first broader
on the red side and later on the blue side. In the sixth exposure the profile looked symmetric on the blue and red sides, and its FWHM
was about 220 km s�1. The O vi line ratio, I(1037)/I(1032), is 0:37 � 0:01, requiring an outflow speed lower than 120 km s�1. On the
other hand, a POS speed lower than 194 km s�1 is obtained when EIT 1958 images and UVCS data are compared.

2000 October 24.—The 2000 October 24 event originated from a prominence eruption located very close to the east limb. In
LASCO C2 images the CME appears as a wavy cone, and the front is far from being circular. The white-light images show diffuse
material with no sign of a bright core. The speed in the POS is 800 km s�1. UVCS observed about half of the CME, and the detected
ejecta appeared as diffuse material with small contrast with respect to the background corona. The front was first caught at 3.1 R� as
broad blueshifted O vi profiles and later at 2.55 R� at larger blueshifts. No sign of the bright cold core material is seen behind the front.
O vi is the line that best shows the CME material, but intensity variations of Ly� and Si xii were detected as well.

At 3.1 R� the broadening of the O vi line and the increase of Si xii and O vi intensities by about 20% suggest that a shock might be
present. A slight decrease in the Ly� intensity is detected as well. When the other edge of the cone is detected at 2.55 R�, the line
intensities are decreasing, and the broadening we see may be just bulk expansion speed.

2000 October 26.—The CME source was an active region located at S20�, E64� that produced a C8.5 flare starting from 15:55 UT.
The front is very faint in the northern part, while the bright southern portion of the front is most probably enhanced by the compression
of the preexisting streamer. The core is very compact and bright. This is a partial halo event with POS speed of 359 km s�1. Most of the
CMEwent through the UVCS slit. However, aside from a brightening of the O vi lines along the slit due to the O vi emission during the
impulsive phase of the associated flare (J. C. Raymond et al. 2006, in preparation), UVCS did not detect the CME front. The high-
temperature lines of Si xii and [Fe xviii] are detected in the CME core. While Si xii shows an almost monotonic increase, the [Fe xviii]
reaches a peak and then fades away. Si xii and [Fe xviii] line profiles are broader than the pre-CME corona, but no significant Doppler
shift was detected. The bulk expansion of the core most probably caused the broad line profiles.
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2000 November 3.—Although the source was very close to disk center, LASCO C2 images show that the eruption was most probably
directed toward the northeast quadrant, where the front and the prominence core were very bright. During the CME the UVCS slit was
centered at P:A: ¼ 200� at very low heliocentric heights. The spectra did not show significant changes at the passage of the front.However,
bright cold material was seen starting from 19:49 UT. This wasmost probably related to a second eruption seen in the EIT 1958 image
at 19:48 UT in the southeast quadrant. The front of this CME reinforces the previous one so that it appeared as part of the same event.

2001 February 15.—A circular front moving at 625 km s�1 appears in C2 at 15:54 UT, later followed by other looplike structures. It
became a full halo by 14:30 UT. The source of the CME is in the northeast quadrant, and in EIT the eruption started at 12:48 UT. The
UVCS slit was almost centered on the CME. Unfortunately, the exposure time was 10 minutes, unusually long for CME observations.
As the CME front reached the slit, broad O vi profiles were detected for two exposures. The small bright loop behind the front is ob-
served in the O vi lines, while Ly� shows bright diffuse emission inside the front. The core material shows blueshift up to 230 km s�1.

2001 March 24.—The CME erupted in EIT 195 8 at 19:48 UT in the northeast quadrant. The C2 images show material flowing
along the streamer followed at 20:50 UT by a looplike structure, and at 21:50 UT the event can be seen as a full halo. UVCS observed
broadening of O vi and Ly� lines at 2.13 and 2.58 R�. No bright cold material has been observed in the UV spectra.

2001 April 2.—An X20.0 flare is associated with this very fast CME, which was observed in C2 as a partial halo at 22:06 UT
traveling at a speed of 2500 km s�1. The flare was located very close to the northwest limb. The CME has a typical three-part structure
with a very bright core and a relatively faint front.

The UVCS slit was centered at P:A: ¼ 223� and a height of 1.99 R�. From this location just the southern flank of the front was
detected. As for 2000 October 26, significant increases of the O vi line intensities were detected during the impulsive phase of the flare
due to scattering of flare O vi photons from coronal O vi ions (J. C. Raymond et al. 2006, in preparation). Broad line profiles were
observed starting at 21:56 UT. Both O vi and Ly� lines show broad components with FWHM of 520 and 390 km s�1, respectively. No
significant signs of the core material were observed.

2001 December 13.—The source of the CME is an active region in the northern hemisphere that erupted at 14:24 UT in EIT 1958.
This CME is first observed in C2 at 14:54 UTabove the north pole, and later, after a gap of 1 hr and 30 minutes, the CME was already
at the edge of C2 FOV. UVCS detected in two consecutive exposures an increase of the O vi intensities and broad profiles. The broad
components have a very few counts, and we could not fit the line profile.

2002 April 21.—This east limb partial halo event was observed by several SOHO instruments, as well as the Reuven Ramaty High-
Energy Solar Spectroscopic Imager (RHESSI ) and the Transition Region and Coronal Explorer (TRACE ). The UVCS observations
are described by Raymond et al. (2003). Although the front had to pass through the UVCS slit during the observing sequence, no
broad component was observed. Instead, the O vi and Si xii lines developed velocity-split components near the center of the slit, and
the disturbance spread rapidly over the entire slit length. The velocity splitting of the two components, up to 1300 km s�1 in the center
of the expanding bubble, can be compared with a plane-of-sky speed of 1200 km s�1 at the 1.64 R� height of the UVCS slit (Gallagher
et al. 2002). The narrow line widths and the gradual acceleration preclude a shock, so this appears to be material in the streamer legs
being blown apart by the CME. Type II emission appeared shortly after the CME crossed the UVCS slit, suggesting that the shock
developed at about 2 R�. [Fe xviii] emission was detected from a narrow segment of the slit, most easily interpreted as coming from
the current sheet that was seen at lower heights in Fe xxiv with TRACE (Gallagher et al. 2002). SUMER spectra showed high speeds
and strong [Fe xix] emission (Innes et al. 2003).

2002 May 21.—The 2002 May 21 CME originated from a region very close to the northeast limb, where a flare was detected at
21:20 UT. The region was fully erupted in EIT 195 8 at 21:48 UT. In LASCO the CME appeared at 21:50 UT and became a partial
halo traveling at a speed of 853 km s�1. The CME had a thick wavy front, as if it was formed by three or four major loops with different
orientations and, as UV spectra show, different directions of motion. As soon as the CME entered the UVCS slit, the O vi and Si xii
lines became broader, first in a small section of the slit and then spreading over a larger area. The line profiles showed first a broad-
ening toward the red wing of the profile. Later the broadening was almost symmetric in the blue and red wings. The broad component
of the O vi line has an FWHM of 400 km s�1 between 21:42 and 21:49 UT. The front is also detected in the Al xi line. The cold
prominence core shows up in the O vi and Ly� lines as narrow bright knots initially blueshifted by 520 km s�1, and then the shift
declines to zero. The cold component is also seen at 3.12 R� with no Doppler shift.

2002 July 9.—The CME appeared in C2 at 18:44 UTas an almost circular front with a bright narrow looplike structure in the core.
This back-side event moved at about 1400 km s�1 in the plane of the sky. TwoUVCS exposures at 1.71R� detected the front starting at
18:24 UTas broad O vi and Ly� profiles. CME core material was observed at 1.7 R� redshifted by up to 980 km s�1, and at 1.52 R� it
was still redshifted up to 404 km s�1. At both heights the Doppler shift decreases with time. Some of the cold prominence core was
detected at 2.10 R� as well.

2002 July 15.—On 2002 July 15 two major CMEs originated from the same active region on the northern hemisphere. A halo CME
at 20:30 UTwas followed by a partial halo at 21:30 UT. Both CMEs traveled at high speed, 1100 and 1300 km s�1, respectively. The
two CMEs are described as follows:

1. 20:30 UT.—When the front crossed the UVCS FOV, the slit was at 3.62 R� where few counts are detected in the spectral lines.
Only the brightest core material is seen initially, blueshifted by 980 km s�1. Starting from 20:48 UT the core material was observed at
3.01 R�, where a highly structured Doppler shift in O vi, Ly�, Ly�, and C iii lines was observed with blueshift up to 580 km s�1.

2.21:30 UT.—At 21:16 UT UVCS caught the partial halo CME at 2.55 R� as broad O vi line profiles corresponding to the northern
part of the CME front. A small bright knot is seen in the Ly� and Ly� lines for many exposures and at several lower heights. The broad
O vi doublet profiles are shown in Figure 9. We do not have a pre-CME estimate of the coronal density, and this event was moving in
the wake of the previous CME. The profiles show very wide wings. The FWHM of the lines is 710 km s�1.

2002 July 18.—The eruption of the active region is seen in EIT 1958 at 08:00 UT, and the ejecta appeared in LASCOC2 6minutes
later as a complex set of looplike structures preceded by a very faint circular front. Spectral data do not show changes due to the front
but only bright cold material. Thus, although UVCS was at the right location, it did not detect the front.
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