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ABSTRACT

In very fast coronal mass ejections (CMEs), it is possible for Ovi ions to scatter Lyb photons that originate
in the solar chromosphere and for thel1037 transition of Ovi to scatterl1032 photons from the solar transition
region. This scattering process can be identified by departures of the Ovi intensity ratio from itsI /I1032 1037

collisional value of 2. We report the first detection of this effect in a CME that occurred on 2000 June 28, and
we show that this pumping provides a density diagnostic for CMEs faster than 1600 km s�1. At heliocentric
distances near 3R , this diagnostic is useful for densities in the – range.5 7 �35 # 10 10 cm,

Subject headings: Sun: activity — Sun: coronal mass ejections (CMEs)

1. INTRODUCTION

Coronal mass ejections (CMEs) are generally observed by
white-light coronagraphs. A series of coronagraph images
yields the CME mass, velocity, and acceleration in the plane
of the sky, and the morphology as projected onto the plane of
the sky (e.g., Vourlidas et al. 2000; St. Cyr et al. 1999; Sheeley
et al. 1999). Spectroscopic observations complement these im-
ages by measuring the line-of-sight component of velocity,
providing insights into the three-dimensional morphology
(Ciaravella et al. 2000), the composition and ionization state
(Ciaravella et al. 1997; Ko et al. 2003), and electron and ion
temperatures (Raymond et al. 2000; Innes et al. 2001; Ciar-
avella et al. 2001). Spectroscopic observations can also be used
to determine the plasma density, which, in combination with
composition, ionization state, and temperature, can be used to
constrain the thermal history of the ejected plasma and there-
fore the heating and cooling rates to which it has been subjected
(Akmal et al. 2001; Ciaravella et al. 2001). The density is also
useful for disentangling the internal structure of the CME and
for direct comparison with numerical simulations (e.g., Amari
et al. 1999; Roussev et al. 2003).

In a few cases, classical density-sensitive line ratios such as
[O v] l1213/O v] l1218 can be used to obtain the density
(Akmal et al. 2001). More frequently, however, no line pairs
are available that have a critical density close to the density of
the observed plasma. Fortunately another class of density di-
agnostics is available. Several of the brightest lines, the Ovi
doubletll1032, 1037 and the lower Lyman lines of hydrogen,
are formed by both collisional excitation and radiative scat-
tering. As the former scales as ion density times electron den-
sity, while the latter is proportional to ion density alone, the
ratio is proportional to electron density. The radiative scattering
term depends on resonance between the scattering ions and the
solar emission line that pumps them, so it depends on the speed
of the plasma with respect to the Sun. Thus, diagnostics for
both outflow speed and density are possible using Lya (With-
broe et al. 1982) and the Ovi doublet (Noci, Kohl, & Withbroe
1987), and they have been widely exploited in the analysis
of spectra from the Ultraviolet Coronagraph Spectrometer
(UVCS) aboard theSolar and Heliospheric Observatory (Kohl
et al. 1995, 1997). A particularly useful pumping of the Ovi

l1037 line by the Cii ll1036.3, 1037.0 doublet at velocities
of 172 and 371 km s�1 permits diagnostics near these speeds
(Li et al. 1998). Examples of this technique include outflow
speeds in coronal holes (Cranmer et al. 1999), streamers (Stra-
chan et al. 2002), and CMEs (Akmal et al. 2001; Ciaravella
et al. 1999) and densities in streamers (Ko et al. 2002; Parenti
et al. 2000)

Here we discuss a diagnostic appropriate to fast CMEs, the
pumping of Ovi l1037.61 by Ovi l1031.91 (1650 km s�1),
the pumping of Ovi l1031.91 by Lyb (1810 km s�1), as well
as the pumping of Lya by Si iii l1206.51 (2280 km s�1). This
pumping is the most directly detectable in the Ovi doublet
because any departures from a 2 : 1 intensity ratio of the col-
lisional components must be due to radiative pumping. The
technique is only useful for fast CMEs above 1600 km s�1,
but these are among the most powerful and interesting cases.
We present the formulae to convert a measured Ovi doublet
ratio to a density, and we apply the diagnostic to a fast CME
observed on 2000 June 28, which we believe is the first reported
instance of this pumping.

2. THEORY

When the outflow speed is as high as 1800 km s�1, the
pumping of Ovi l1032 by Lyb occurs, and the Ovi l1032/
l1037 line ratio is greater than 2. In this case, the plasma
density is

j I (Lyb)W I (1032)1032 disk colln p , (1)e q I (1032)1032 rad

where is the effective scattering cross section (oscillatorj1032

strength from Verner, Verner, & Ferland 1996) andW is the
dilution factor , with the distance from Sun2 1/22p [1 � (1 � 1/r ) ]
centerr in solar radii. and are the collisionally excitedI Icoll rad

and radiatively excited components of thel1032 intensity, re-
spectively, and the total intensity, , is their sum. TheI(1032)
collisional excitation rate coefficient for the 1032 line isÅ

(CHIANTI; Young et al. 2003). Similarly, when the ob-q1032
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served ratio is less than 2 and the pumping of Ovi l1037 by
O vi l1032 dominates,

j I (1032)W I (1037)1037 disk colln p . (2)e q I (1037)1037 rad

By simple algebra, the ratios of collisional to radiative com-
ponents of thel1032 line can be obtained from the Ovi l1032/
l1037 doublet ratioR:

j I (Lyb)W 21032 diskn p (for R 1 2), (3)e q R � 21032

j I (1032)W 2 � R1037 diskn p (for R ! 2). (4)e q 2R1037

The effective scattering cross section depends on the ef-j1032

fective velocity width of the scattering ion line profile. At a
heliocentric distancer, the solar disk subtends angles out to

, and the velocity component away from thev p arcsin (1/r)
solar limb is . Thus, pumping will occur at speedsV cos (v)
betweenV and .V secv

Pumping of Lya by Si iii may also be significant, but it is
more difficult to use as a diagnostic. In coronal streamers, it
is easy to separate the collisional and radiative components
because the collisional Lya-to-Lyb intensity ratio is insensitive
to temperature in K gas. However, at the lower tem-61 # 10
peratures found in CMEs, the ratio is quite sensitive to tem-
perature. In principle, the intensities of several Lyman lines
could be used to separate temperature and the collisional-to-
radiative ratio, but this would be subject to rapidly accumu-
lating uncertainties. It might be possible, however, to identify
anomalous peaks in the Lya-to-Lyb ratio in the time history
of a CME and to use them to pick out times when the outflow
speed is near the resonant value.

3. APPLICATION

Using UVCS, a fast CME was observed on 2000 June 28
and described by Ciaravella et al. (2004), with emphasis on
the manifestations of shock waves. Here we consider the bright
strands of relatively low ionization plasma, presumably the
ejected prominence, that lay inside the CME. At a projected
heliocentric distance of 2.35R , appropriate for the 2000 June,

28 event, the solar disk subtends angles out to . Thev p 25�
observed plasma is not in the plane of the sky, however, and
based on the Doppler shifts, Ciaravella et al. (2004) estimate
an average angle with the plane of the sky of∼38�, or an actual
distance of 3R . At this heliocentric distance, the solar disk,

subtends angles up to 20�. The velocity component away from
the solar limb is , so pumping will occur inV cos 20� p 0.94V
O vi l1037 at speeds between 1650 and 1755 km s�1 and for
O vi l1032 at speeds between 1810 and 1925 km s�1. This
implies velocity widths of 110 km s�1 for the scattering ions.
Based on the widths of the narrower components of the Lya
line, the plasma temperature is about K. The dilution53.5# 10
factor at 3R is 0.36. The solar disk intensities of Ovi l1032,

and Lyb are and photons cm�2 s�113 131.94# 10 4.13# 10
sr�1, respectively, at solar minimum (Raymond et al. 1997),
and these should be multiplied by factors of about 1.8 at solar
maximum (e.g., Rottman et al. 2001).

Thus, for a heliocentric distance of 3R and solar maximum,

conditions,

26 �3n p 3.3# 10 cm (R 1 2), (5)e R � 2

R6 �3n p 1.6# 10 cm (R ! 2). (6)e 2 � R

Figure 1 shows the Ovi l1032 and Ovi l1037 intensities
as functions of distance along the UVCS slit (horizontal axis)
and time (vertical axis). To the extent that the CME maintained
a constant shape and moved perpendicular to the axis, this
would be an image of the CME if the vertical pixels were
scaled to the CME speed times the exposure time. The aspect
ratio would be correct for a speed of 150 km s�1. The velocity
actually declines with time from over 1000 km s�1 for the first
material to reach the slit to about 50 km s�1 for the last material
at the bottom of the image (Ciaravella et al. 2004).

The left panel of Figure 2 shows the intensity ratio
. We have binned the data by two spatial bins (toI(1032)/I(1037)

42�) and two exposures (to 240 s) in order to improve the statistical
accuracy. For each spatial position in each exposure, if the ratio
did not differ from 2.0 by more than 2j, R was set to 2.0, so that
only statistically significant departures from the collisional ratio
appear as light ( ) or dark gray ( ) pixels. The middleR ! 2 R 1 2
panel indicates the dominant pumping mechanism, which we iden-
tify on the basis of line ratio and total velocity. We estimate the
total outflow speed by adding in quadrature the Doppler speed
and the speed in the plane of the sky. We measure the Doppler
shift of the brightest intensity peak, and we estimate the speed in
the plane of the sky by dividing the distance between each position
of a pixel on the UVCS slit ( ) and the top of the expandingDx
loop in the EUV Imaging Telescope image at 18:48 UT by the
time difference between the exposure and 18:48 UT ( ), givingDt
a two-dimensional velocity map. This speed is probably an un-
derestimate for most pixels because the loop was probably still
accelerating during this time interval. Because this is a minimum
speed, we can be confident that speeds above 400 km s�1 preclude
pumping by Cii (Li et al.1998). Thus, we identify pixels with

and km s�1 as Lyb pumping of the 1032 line˚R 1 2 V 1 400 A
(dark blue), and km s�1 as Ovi l1032 pumpingR ! 2 V 1 400
of the 1037 line (light blue), and km s�1 asÅ R ! 2 V ! 400
C ii pumping of the 1037 line (red), and andÅ R 1 2 V ! 200
km s�1 as Ovi l1032 pumping by the chromospheric 1032Å
line (orange).

The right panel in Figure 2 shows the densities derived for
those pixels. Densities range from to .6 7 �31.3# 10 4# 10 cm
Higher densities would produce Ovi ratios close to 2 and would
therefore be difficult to measure. Ratios near 2 will also occur
where the outflow speed is outside the ranges of resonance;
172–183 and 371–395 km s�1 for C ii pumping, and 1660–1910
km s�1 for pumping by Ovi l1032 or Lyb. However, the bright
pixels encompass much of the brightest Ovi emission, so the
derived densities are probably at the upper end of the density
range.

The density and the brightness can be combined to determine
the thickness of the emitting region along the line of sight:

2l p 4pI (1032)/(n q AB f ). (7)coll e 1032 O Ovi
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Fig. 1.—Intensities of the Ovi l1032 andl1037 lines as functions of time (vertical axis) and distance along the slit (horizontal axis)

Fig. 2.—Intensity ratio of the Ovi l1032 andl1037 lines (left panel), dominant pumping transition (middle panel; see text), and derived density (right panel)
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Assuming a photospheric abundance for ABO of 8.74 (Allende
Prieto, Lambert, & Asplund 2002), and ionization fraction and
excitation rates at K from CHIANTI (Young et al.53 # 10
2003), we estimate a thickness of about 0.1–0.2R , or about,

the widths of the bright strands along the UVCS slit. Thus, we
infer that the bright strands are narrow threads rather than
tangencies of an emitting sheet to the line of sight. The as-
sumption of ionization equilibrium is questionable (Akmal et
al. 2001; Ciaravella et al. 2001), but the relative strengths of
O v] l1218 and the Ovi lines are consistent with this as-
sumption (Ciaravella et al. 2004).

4. DISCUSSION

We have presented evidence for radiative pumping of the
O vi lines in the high-speed ejecta of a CME on 2000 June
28, and we have developed a diagnostic for the electron
densities in fast CMEs. While it can only be applied to gas
in specific velocity ranges, the fastest CME material gen-
erally reaches the UVCS slit first, and the velocity of the
trailing material gradually declines. Thus, CMEs faster than
2000 km s�1 are likely to have some regions where resonant
pumping occurs and for which the density can be inferred.
These densities are especially useful for determining the
energy budget and heating of the CME plasma (Akmal et

al. 2001; Ciaravella et al. 2001), and they can be compared
with numerical simulations.

The method should be fairly robust, but there are a few
caveats. First, the flux of illuminating line emission from the
Sun can be significantly enhanced for a few minutes very early
in the flare (Raymond et al. 2003), which would lead to an
underestimate of the density. Second, material at different
speeds could coexist along the line of sight. In the worst case,
both plasma in between 1660 and 1770 km s�1 and plasma
between 1800 and 1910 km s�1 would contribute, yielding an
O vi ratio closer to 2 and an overestimate of the density. At
heliocentric distances below 3R , the projection angle for,

illumination from the solar limb is more severe, leading in
principle to overlapping velocity ranges for the two pumping
processes. A third potential source of error is the collisional
excitation rate, which depends on the electron temperature. In
some cases, a temperature diagnostic is available (e.g., Ciar-
avella et al 2000), but if one assumes K when5T p 3 # 10e

the actual temperature is K, one underestimates4T p 5 # 10e

the collisional excitation rate, and therefore the density, by an
order of magnitude.
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