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ABSTRACT

We report on the study of a fast coronal mass ejection (CME)-driven shock associated with the solar eruption of
2002 March 22. This event was observed in the intermediate corona both in white light and the extreme ultraviolet
(EUV) by the LASCO and UVCS instruments on board the Solar and Heliospheric Observatory, as well as in
metric and decametric wavelengths through space- and ground-based radio observatories. Clear signatures of shock
transit are (1) strong type II emission lanes observed after the CME initiation, (2) strong O vi λλ1032, 1037 line
profile broadenings (up to ∼2×107 K) associated with the shock transit across the UVCS slit field of view, and (3) a
density enhancement located in LASCO images above the CME front. Since the UVCS slit was centered at 4.1 R�,
in correspondence with the flank of the expanding CME, this observation represents the highest UV detection of
a shock obtained so far with the UVCS instrument. White-light and EUV data have been combined in order to
estimate not only the shock compression ratio and the plasma temperature, but also the strength of the involved
coronal magnetic fields, by applying the Rankine–Hugoniot equations for the general case of oblique shocks.
Results show that, for a compression ratio X = 2.06 as derived from LASCO data, the coronal plasma is heated
across the shock from an initial temperature of 2.3 × 105 K up to 1.9 × 106 K, while at the same time the magnetic
field undergoes a compression from a pre-shock value of ∼0.02 G up to a post-shock field of ∼0.04 G. Magnetic
and kinetic energy density increases at the shock are comparable (in agreement with the idea of equipartition of
energy), and both are more than two times larger than the thermal energy density increase. This is the first time that
a complete characterization of pre- and post-shock plasma physical parameters has been derived in the solar corona.
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1. INTRODUCTION

Measuring important coronal plasma properties such as the
electron density and magnetic field distributions is essential in
order to solve most of the open questions in the physics of
the solar corona. In this light, the combined analysis of white-
light, radio, and extreme ultraviolet (EUV) spectral signatures
can represent a powerful and unique tool with which to obtain
important information about the main coronal plasma physical
parameters at distances from the Sun that have not yet been
directly accessed by spacecraft.

Particularly suitable coronal diagnostics are provided by the
analysis of the radiation emitted by the local plasma during
the passage of coronal shock waves (e.g., Mancuso et al. 2003).
The formation of fast-mode magnetohydrodynamic (MHD) for-
ward shocks preceding coronal mass ejections (CMEs) depends
on the difference in speed between the faster CMEs and the
slower solar wind in the corona. When this difference is larger
than the local magnetosonic speed, fast-mode MHD shocks are
produced ahead of the CMEs (e.g., Lin et al. 2006). In gen-
eral, type II radio bursts are the clearest signatures of shock
waves traveling through the solar corona. Type ii radio emis-
sion appears in dynamic spectra as narrow bands of enhanced
radio emission slowly drifting in frequency. They are attributed
to shock-accelerated beams of electrons that excite electron
plasma (Langmuir) oscillations which in turn non-linearly con-
vert into escaping electromagnetic waves close to the local
plasma frequency fpe and its harmonics (Wild 1950; Nelson
& Melrose 1985). The emission observed at the plasma fre-
quency relates directly to the local electron number density ne

(fpe ∼ 9
√

ne (cm−3) kHz), and thus to the burst driver’s height
under the assumption of a suitable coronal density model. Since
the electron density, and consequently the plasma frequency, de-
creases outward from the Sun, type II radio emission typically
drifts to lower frequency.

Although spectral observations of coronal type II radio
bursts are very common throughout the solar cycle (e.g.,
Gopalswamy 2006), they fail to provide spatial information
about the actual location of the shock in the corona and
analyses of radio spectra only yield some details about the
properties of the shocked plasma. Moreover, direct imaging of
coronal shocks remains an outstanding observational challenge.
Detections of metric type II radio bursts by means of ground-
based radioheliographs are in fact quite rare and known to
be heavily affected by propagation effects such as refraction
by large-scale coronal structures (Duncan 1979), while their
identification with observed features in coronagraphic white-
light images is often problematic, due to the uncertainty in
differentiating between hot, shock-compressed plasma, and
ejected prominence material. Finally, both radio and white-light
observations do not yield information about the mechanism for
heating of the shocked coronal plasma. It is thus essential for this
purpose to use remote-sensing observations that are sensitive to
both kinetic and thermal effects produced on the plasma by the
passage of the shock.

In the past decade, ultraviolet spectroscopy has been effec-
tively used for shock detection and modeling, also providing
many unique diagnostics. UV spectroscopic observations have
not only the potential of detecting the spatial location and tim-
ing of coronal shocks but can also yield unique information on
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the heating process of the plasma behind the shock. The first
CME-driven shock detected with the Ultraviolet Coronagraph
Spectrometer (UVCS; Kohl et al. 1995) on board the Solar and
Heliospheric Observatory (SOHO) spacecraft was observed at
1.75 R� on 1998 June 11. In this event, the observed Si xii

λ520 spectral line intensity roughly doubled, the O vi λ1032 line
brightened by about 25%, and the H i Lyα λ1216 faded by about
10% (Raymond et al. 2000). These spectral characteristics were
interpreted in terms of modest compression and ionization of
the plasma and reduction of the radiative scattering components
of the Lyα by Doppler dimming, due to the Doppler-shifted
chromospheric radiation that can no longer be scattered by the
radiatively dominated moving neutral atoms. A second UVCS
CME/shock, observed at 1.6 R� on 2000 March 3, was analyzed
by Mancuso et al. (2002). This event showed similar changes,
with such broad O vi spectral line widths that the shock appar-
ently randomized the bulk velocity of the particles, with little
thermal equilibration. In the above best observed cases, the ion-
ization time was comparable to the total time the shocked plasma
was observed, the electron heating was quite modest, and the
ion temperature increase was consistent with mass-proportional
heating. Other events with similar properties were later discov-
ered in the UVCS spectra and analyzed by Raouafi et al. (2004)
and Ciaravella et al. (2005, 2006). Spectral analysis of the O vi

lines of the 2002 July 23 event by Mancuso & Avetta (2008)
further suggested that the ambient plasma β could be a key
parameter in the heating of ions at coronal shocks.

In the present work, we analyze a CME/shock event observed
at 4.1 R� with the UVCS instrument during solar maximum
conditions. The shock produced clear signatures in the radio
data, in the EUV spectra, and in the white-light coronal images.
By means of the above-mentioned observations, we will derive
a number of key plasma parameters that will allow us to
retrieve, through application of the MHD Rankine–Hugoniot
jump relations for oblique shocks, the full set of physical
parameters characterizing the plasma involved in the shock. We
first describe the observations and the shock signatures in radio,
white-light, and EUV data (Section 2); in Section 3, we derive
the main physical parameters of the pre-shock coronal plasma,
which are employed in Section 4 to derive the post-shock
physical parameters through the MHD Rankine–Hugoniot jump
relations for oblique shocks; our results are summarized and
discussed in Section 5.

2. OBSERVATIONS AND DATA ANALYSIS

2.1. Coronal Mass Ejection and Flare Activity

On 2002 March 22, a fast CME event was detected in
white light by the Large Angle Spectrometric Coronagraph
(LASCO; Brueckner et al. 1995) on board SOHO. The CME
was associated with an M1.6 class flare originating at 10:12 UT
from active region (AR) NOAA 9866, located at the West
Limb, with peak emission at 11:14 UT. The CME leading
edge was first observed in white-light LASCO/C2 images at
11:06 UT (Figure 1, top left panel). Subsequent images show a
bright front (Figure 1, top middle and right panels), expanding
westward at ∼1750 km s−1 (as reported in the online LASCO
CME Catalog; Gopalswamy et al. 2009), followed by a more
dispersed expanding plasma. In these images, the position of
the prominence-related CME core is not clearly identifiable. The
extrapolation to the solar surface of a linear fit to the height–time
CME trajectory yields an onset time at 10:52 UT, well after
the flare’s onset but about 20 minutes before the soft X-ray peak

emission. This event was also associated with a mild, gradual
solar proton event measured by the GOES spacecraft, starting
at 20:20 UT on March 22 and ending at 13:20 UT on March 23,
with an average proton flux of 16 particle flux units (pfu).

2.2. Radio Observations

The first signature of propagation of a CME-driven shock was
the associated strong, complex metric/decametric type II radio
bursts. Metric type II emission was reported in the Solar Geo-
physical Data (SGD) by the Izmiran digital radio spectrograph
(Gorgutsa et al. 2001) as a harmonic starting at 10:47.0 UT at
210 MHz and ending at 10:48.1 UT at 105 MHz. The same emis-
sion was also observed by the Astrophysical Institute Potsdam
(Germany) radio spectrometer (Mann et al. 1992) as a com-
plex type II radio burst feature (Figure 2, top panel) and it was
imaged in the 164 MHz band by the Nançay Radioheliograph
(NRH; The Radioheliograph Group, 1993). The radio images
(Figure 3, middle panels) acquired by NRH approximately
30 minutes after the flare onset show the formation of an arch-
shaped radio emission centered ∼0.4 R� above the limb approx-
imately at the latitude of the CME source region. A compari-
son with a Fe xii λ195 difference image obtained nearly at the
same time by the Extreme-ultraviolet Imaging Telescope (EIT;
Delaboudiniére et al. 1995) on board SOHO shows that this
metric radio emission is located just above the region where
the coronal plasma has been evacuated (Figure 3, right panel)
leading to the CME. The 164 MHz emission detected by NRH
is strongly suggestive of the plane-of-the-sky section of a CME-
driven coronal bow-shock surface. At lower frequencies, strong
and complex decametric type II emission associated with the
same event was also observed slowly drifting in the outer corona
by the RAD2 receiver (covering frequencies from 1.075 MHz to
13.825 MHz) of the Radio and Plasma Waves (WAVES) exper-
iment on board the WIND spacecraft (Bougeret et al. 1995).
The bright, multi-component type II emission (Figure 2, bottom
left panel), indicates that the shock surface was further piston-
driven outward in the solar wind, but with the radio emission
originating from different portions of the shock surface.

In order to estimate the shock speed from the above obser-
vations, the relationship between the electron density and the
height above the corona has to be known or at least assumed. It
is well established observationally that the interplanetary type II
radio emissions occur just upstream of the shock (Cairns 1986;
Reiner et al. 1997; Thejappa et al. 1997; Bale et al. 1999; Knock
et al. 2001). Thus, type II radio emissions refer to the pre-
shocked plasma. The most widely used electron density mod-
els in type II-related studies are the radial profiles derived by
Newkirk (1961) and Saito (1970), with the former model usu-
ally applied below about ∼2 R� and the latter between about
1.5 and 10 R�. The two models agree quite well in the middle
corona whenever the Saito (1970) profile is multiplied by a factor
of 2.5. By using the observed frequency drift rate of the metric
type II emission from Izmiran and assuming the Newkirk (1961)
electron density model between 1.25 and 1.5 R�, we obtain an
average shock speed of about 2700 km s−1, that is a factor ∼1.5
higher than the CME speed (1750 km s−1) as deduced from a
linear fit to the LASCO data. We point out that Izmiran also re-
ported simultaneous (probably shock-associated) type III emis-
sion occurring around the same interval of time but in a wider
frequency range, from 210 MHz to 40 MHz. Due to the extended
temporal scale of the figure presenting the dynamic spectrum
from Potsdam (Figure 2, top panel) and because of the brief
time interval of emission of the quickly drifting type II feature
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Figure 1. Sequence of LASCO/C2 standard (top) and base difference (bottom) images showing the evolution of the CME on 2002 March 22; the solid yellow line
shows the position of the UVCS slit FOV, centered at 4.1 R�. Comparison between standard and base difference images reveals the existence of a nearly hemispherical
density enhancement located above the CME front: we identified this as the compression due to the passage of the CME-driven shock. Hence, this sequence shows the
position of the shock front before (left, 11:06 UT), during (middle, 11:30 UT), and after (right, 11:54 UT) its passage through the UVCS slit.

(A color version of this figure is available in the online journal.)

reported by Izmiran, the two simultaneous emissions are difficult
to disentangle by eye. The arrows superposed on the Potsdam
spectrum in Figure 2 (top panel) point to the above-mentioned
features, in order to help the reader identify the various emis-
sions and their different origins. A subsequent type II radio
burst was also observed drifting from 70 MHz at 11:08.4 UT to
55 MHz at 11:10.6 UT. This feature is also clear in the Potsdam
spectrum. Again, using the Newkirk (1961) density model and
assuming emission from the harmonic, we obtain a speed of
about 800 km s−1, much less than the estimated CME speed at
the corresponding height (1.7–2.0 R�). The observed metric dy-

namic spectrum thus shows a double type II radio burst, whose
origin could be attributed to emission from the shock front (as
evinced from the simultaneous Nançay Radioheliograph images
at 164 MHz at about 10:48 UT) and (subsequently) from a flank
of the shock surface interacting with a different streamer struc-
ture and thus propagating at a much lower speed (e.g., Mancuso
& Abbo 2004; Mancuso & Raymond 2004; Mancuso 2007;
Mancuso & Avetta 2008). Later in this work, we will show that
the estimated shock speed from this latter component is actually
in agreement with the one obtained through LASCO and UVCS
data in the coronal region studied in this work.
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Figure 2. Top: complex type II radio burst features observed by the radio spectrometer at the Astrophysical Institute Potsdam (Germany); the spectrum shows a first
component starting at 10:47.0 UT at 210 MHz and ending at 10:48.1 UT at 105 MHz (1) and a second component drifting from 70 MHz at 11:08.4–11:10.6 UT at
55 MHz ((2); see the text). Bottom: the type II radio burst associated with the CME as observed by the WAVES RAD2 experiment onboard the WIND spacecraft at
1–14 MHz between 11:00 and 14:00 UT. A strong type II burst fundamental lane is observed from about 11:30 until 12:20 UT (A), accompanied by two simultaneous
fainter type II burst lanes observed at higher frequencies until about 13:20 UT (B-C). The observed A-B type II radio burst lanes can be ascribed to the first (A) and
second (B) harmonic of the radio emission associated with the expansion of the CME front, while the third type II lane (C) can be associated with the collision between
the CME-driven shock and the nearby coronal streamer (see also the right illustration from Reiner et al. 2003).

(A color version of this figure is available in the online journal.)

The decametric dynamic spectrum from WIND/WAVES
shows multiple type II emission lanes at the fundamental
and second harmonic, as well as band-splitting and embed-
ded type III radio bursts (Figure 2, bottom left panel). The
fundamental band of the most prominent type II emission lane
(identified with A in Figure 2, bottom left panel) brightens at
about 11:30 UT at a frequency of around 4 MHz and drifts
down to ∼1.5 MHz in about half an hour. Assuming a 2.5 ×
Saito (1970) profile (for consistency with the profile used in
the metric range), we obtain a shock speed of about 1700 km
s−1, comparable to the speed of the CME leading edge. Simul-

taneously, another pair of type II emission lanes can be clearly
seen at higher frequencies (identified with B and C in Figure 2,
bottom left panel), with the highest one drifting from about 12
MHz at 11:35 UT to ∼2.5 MHz around 13:20 UT. These lanes
might be attributed to the fundamental (or harmonic) lane of the
second type II observed in the metric band and associated with
the flank of the shock surface impacting with a dense streamer
at about 3.4 R� (see the illustration in Figure 2, bottom right
panel). In fact, by applying the 2.5 × Saito (1970) density model
to this (harmonic) lane (the fundamental, lane B, is mixed with
the second harmonic of lane A), we obtain a shock speed of
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Figure 3. Comparison between the EUV Fe xii λ195 and the radio 164 MHz emission observed, respectively, by the SOHO/EIT telescope and the Nançay
Radioheliograph before (left) and during (middle) the CME. The left panel shows that, before the flare (onset at 10:12 UT), 164 MHz radio emission is associated
solely with the source AR, while after the flare a bright arch-shaped front appears centered at 0.4 R� above the limb approximately at the same latitude than the
source AR (middle panel). A superposition (right panel) with the running difference EIT image (showing as bright/dark regions the density enhancements/depletions)
demonstrates that this additional radio emission is located exactly above the coronal region from where the plasma has been evacuated, in front of the erupting CME.

(A color version of this figure is available in the online journal.)

about 800 km s−1, that is, the same speed of the metric feature
observed in the metric radio dynamic spectrum. Actually, we
will see that both in the LASCO in the UVCS images the de-
flection of the streamer in the southern region next to the end of
the UVCS slit reached by the shock surface appears around the
time (and inferred height) of the appearance of the third lane
feature in the decametric spectrum, thus corroborating the latter
interpretation. As pointed out by Ontiveros & Vourlidas (2009),
deflections of coronal streamers provide the best imaging signa-
ture in white light for CME-driven shocks (Gosling et al. 1974;
Sheeley et al. 2000; Vourlidas et al. 2003).

For completeness we mention that an alternative interpreta-
tion, with the three parallel lanes observed by WIND/WAVES
representing the first, second, and fourth harmonic, cannot be
completely discarded on the basis of the available observa-
tions (N. Gopalswamy 2009, private communication). We point
out, however, that the emission from lane C seems too intense
(apparently as much as the harmonic lane) to be attributed to a
fourth harmonic component.

2.3. White-light Observations

The second clear signature of a CME-driven shock is provided
by the LASCO white-light images. As recently demonstrated by
Ontiveros & Vourlidas (2009), base difference images (obtained
by subtracting from each image the last one before the CME
appearance) can be used to identify shock signatures in white-
light images and distinguish between shock-compressed plasma
and CME material. In particular, the base difference image at
11:30 UT (Figure 1, bottom middle panel) shows an enhanced
arch-shaped white-light intensity region located above the
expanding CME front. This feature corresponds to an increase
in the column density integrated along the line of sight (LOS).
In this work, in agreement with the previous interpretation by
Ontiveros & Vourlidas (2009) for similar events, we interpreted
this enhanced density as the downstream plasma compressed by
the transit of the CME-driven shock.

As we will discuss in the next paragraph, LASCO/C2 images
can be used to infer the compression ratio X between the down-
stream (ρd ) and upstream (ρu) plasma densities X = ρd/ρu,
which is of paramount importance in order to determine all the
other physical parameters of the shocked plasma. LASCO im-

ages also show that the southward coronal streamer is deflected
by the arrival of the CME-driven shock (frames at 11:54 UT).
Such a deflection is also clearly observed in the EUV spec-
tra acquired by UVCS. As already mentioned, streamer de-
flections provide the best shock signature in white light. An
approximate estimate of the shock speed projected on the
plane of the sky vsh(POS) can be derived from two consecutive
LASCO/C2 base difference images (Figure 1, bottom panels).
It turns out that, at the latitude of ∼57◦S where the shock front
crossed the UVCS slit at 11:30 UT, the shock propagated at
∼vsh(POS) � 1030 km s−1 (with respect to a shock velocity on
the equatorial plane of ∼1700 km s−1). Nevertheless, these val-
ues are only approximated, because of the very low LASCO
frame rate (about 24 minutes). A more accurate estimate of the
shock velocity at the UVCS altitude will be derived from the
observed evolution of EUV intensities.

2.4. EUV Observations

The third definite signature of shock transit is provided by
the observed EUV coronal spectra. During the CME expansion,
UVCS was observing above the southwest limb with the
entrance slit centered at a latitude of 70◦ SW at a heliocentric
distance of 4.1 R�(Figure 1). The entire set of observations
comprised 171 exposures of 200 s each, starting from 08:20 to
18:29 UT, encompassing the whole CME/shock event. The most
prominent spectral lines detected during this time interval were
the O vi λλ1031.9, 1037.6 doublet and the H i Lyα λ1215.67
lines, while other spectral lines produced only a very weak signal
because of the high heliocentric distance where these data have
been acquired.

From LASCO/C2 base difference images, we expect to ob-
serve a signature of the shock transit in the UV spectra at 4.1 R�
around 11:30 UT (Figure 1, bottom middle panel). This is con-
firmed by the evolution of the Lyα and O vi line intensities
and line profiles observed during the passage of the shock front
through the UVCS slit (Figure 4). At the shock transit, the
Lyα line was dimmed (Figure 4, left panel), while the O vi

line intensities were suddenly enhanced (Figure 4, right panel).
This different behavior was expected and is related to the dif-
ferent formation processes of these two lines. In typical coro-
nal plasma conditions, the H i Lyα line is solely due to the
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Figure 4. Space–time dependence of the Lyα λ1216 (left) and O vi λ1032 (right) line intensities observed during the passage of the shock front (dashed yellow line)
through the UVCS slit. The position along the slit of a pre-CME streamer (also visible in the LASCO standard images) is also shown. The shock enters the slit from
the right edge (larger polar angle), then propagates through the slit and finally collides with the southwest coronal streamer deflecting it.

(A color version of this figure is available in the online journal.)

resonant scattering of photons emitted from the underlying lay-
ers of the solar atmosphere (radiative excitation), while the
O vi lines are also excited by collisions of the O5+ ions with
thermal electrons (collisional excitation). The radiative compo-
nent of each line is roughly proportional to the local electron
number density ne and is also dependent on the outflow ra-
dial velocity component vr. As vr increases, the chromospheric
Lyα line profile (responsible for the radiative excitation) be-
comes Doppler-shifted with respect to the atomic absorption
profile, thus reducing the efficiency of the radiative excitation
and hence of the observed intensity (Doppler dimming effect).
On the contrary, the collisional component of each line, roughly
proportional to n2

e , is independent of the outflow velocity of
the emitting plasma. Hence, since the post-shock plasma is ex-
pected to be compressed, heated, and accelerated with respect
to the pre-shock plasma, the transit of the shock corresponds to
a decrease of the H i Lyα line brightness (Figure 4, left panel)
and of the O vi line radiative component. Such a decrease, due
to the Doppler dimming effect, leads to a much larger intensity
reduction than the intensity increase implied by the plasma com-
pression alone. On the other hand, the O vi line collisional com-
ponent is not affected by Doppler dimming and increases as ∼n2

e ,
leading to the observed O vi λ1032 post-shock intensity increase
(Figure 4, right panel). As time goes on, the Lyα and O vi in-
tensity evolutions also show the deflection of the southward
streamer visible in LASCO white-light images.

The spectral line intensity evolutions described above are
not the only effect on EUV spectra expected after the shock
transit. We already mentioned that previous detections in
UVCS data of CME-driven shocks (e.g., Raymond et al. 2000;
Mancuso et al. 2002) demonstrated that strong broadenings of
the O vi line profiles are also observed. These broadenings are
actually theoretically expected because of the plasma heating oc-
curring across the shock (e.g., Pagano et al. 2008). All previous
UVCS observations reported shocks that were typically detected
below the heliocentric distance of 2 R�, with strong broaden-
ings observed in only a few exposures during the shock transit
across the slit. On the contrary, the shock reported in this work
has been observed at 4.1 R�, where the number of observed
counts is much smaller. For this reason, in a preliminary inspec-
tion of the line profiles, we time-averaged the data over a few
exposures and thus, because of the low statistics, we were not
able to identify any clear line broadening. In the following analy-
sis, however, we increased the statistics by averaging the spectra
both in space and time, that is, over 60 arcsec (corresponding

to 10 spatial bins) and 30 minutes (corresponding to nine expo-
sures), respectively. The resulting average normalized profiles
are shown in Figure 5, together with the pre-shock line profiles.
The post-shock profiles have been obtained after subtraction of
the pre-shock profiles in order to remove the emission, through
the optically thin corona, of the unshocked plasma aligned with
the UVCS LOS and located behind and/or below the shocked
plasma. Profiles in Figure 5 show that the post-shock O vi line
profiles (top left panel, solid line) are not only broadened, but
also Doppler-shifted with respect to the pre-shock coronal pro-
files (top left panel, dotted line); in the following hours, both
effects progressively fade, and the pre-shock line width and
centroid position are recovered (Figure 5, bottom right panel).

By applying a standard Gaussian fit to the pre- and post-
shock line profiles, we derived the evolution of the O5+ ion
kinetic temperature Tk (Figure 6, top left panel) and LOS
velocity vsh(LOS) (Figure 6, top middle panel). In particular, the
plot in Figure 6 (top left panel) shows that, about 30 minutes
after the shock, Tk increased by a factor ∼2 with respect to
the pre-shock value and, in the following 3 hr, the pre-shock
temperature is recovered. Nevertheless, this is only an upper
limit to the real heating that occurs across the shock. In fact,
since the shock front is also expanding with velocity components
aligned with the LOS, photons emitted from different parts
of the post-shock plasma will be redshifted or blueshifted,
thus leading, by integration across the optically thin coronal
plasma, to a broader profile (Figure 6, bottom illustration). For
instance, Ciaravella et al. (2006) concluded that, for some fast
events, broadenings observed in the O vi lines can be entirely
ascribed to the LOS component of the bulk expansion and a
similar evolution of the O vi line width has also been found by
Bemporad et al. (2007) for a slow CME (i.e., not associated with
a CME-driven shock). Hence, both increasing temperature and
expansion of the emitting volume contribute to broadening the
line profiles, and the effect of bulk motions can be removed
only by assuming a three-dimensional expansion model for
the shock surface (e.g., Mancuso & Avetta 2008). The plots
in Figure 6 (top middle panel) also show that the observed
O vi Doppler redshift corresponds to vsh(LOS) � 120 km s−1.
This shift is likely due to an inclination angle θsh of the shock
front with respect to the plane of the sky, as shown in Figure 6
(bottom image). This velocity corresponds to a shock inclination
angle θsh = arctan(vsh(LOS)/vsh(POS)) � 7◦. Hence, to a first
approximation, the shock is expanding parallel to the plane of
the sky.
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Figure 5. Evolution of the O vi λλ1031.9, 1037.6 normalized line profiles of shocked plasma (solid line) with respect to the pre-shock coronal profiles (dotted line).
Profiles averaged over the first 30 minutes after the shock transit are broadened and Doppler-redshifted with respect to the coronal profiles; in the following ∼3 hr the
line profile broadening and Doppler shift progressively fade with time. Even if the pre-shock line profile width and centroid position are eventually recovered after
∼3 hr (see also Figure 5), the post-shock ratio between the 1032/1037 line intensities is much smaller than what observed in the pre-shock plasma (bottom right
panel): this is indicative of large outflow velocities present even hours after the shock transit (see the text).

Interestingly, the O vi line profiles (Figure 5) show that, even
though the pre-shock kinetic temperature and LOS velocity
are recovered 3 hr after the shock transit, a clear signature
of shocked plasma acceleration is still present. In fact, the
O vi 1032/1037 line intensity ratio rO vi is directly related to
the radial component of the plasma velocity. More specifically,
the collisional components of the O vi lines have an intensity
ratio rO vi = 2, while the ratio of the radiative components
is rO vi = 4 for emitting plasma at rest (Noci et al. 1987).
As the O5+ ions move outward in the corona, the radiative
component is Doppler-dimmed, so that the line ratio decreases,
eventually becoming collisional when the outflow speed is such
that the absorbing and emitting profiles no longer overlap. In
particular, for a radial velocity of order �1000 km s−1, the
O5+ absorption profile is shifted by ∼3.4 Å with respect to the
chromospheric emission profile and we expect the O vi radial
component to be completely Doppler-dimmed. Moreover, for
large velocities (typically v � 100 km s−1), it is necessary to
also take into account the pumping of the O vi λ1037.6 line by
the C ii λλ1036.3,1037.0 lines (v � 180 − 380 km s−1), by the
O vi λ1031.9 line (v � 1650 km s−1) and also the pumping of
the O vi λ1031.9 line by the H Lyβ λ1025.7 (v � 1800 km s−1),
which lead to rO vi values even smaller than 2 (see Raymond &
Ciaravella 2004 for a comprehensive discussion of the Doppler
dimming/pumping effect on O vi lines during CMEs). This
is confirmed by the observed ratio of post-shock O vi line
intensities (Figure 6, top right panel): for the pre-shock plasma,
this ratio is rO vi � 2.8 (corresponding to a pre-shock outflow

speed of �100 km s−1), while in the post-shock plasma rO vi

decreases down to ∼1.3 < 2 (corresponding to a post-shock
outflow speed v � 400 km s−1); higher values of rO vi are
eventually recovered 6 hr after the shock transit. Hence, the
UVCS data also provide a direct signature of post-shock plasma
acceleration.

3. DETERMINATION OF PRE-SHOCK
PLASMA PARAMETERS

In this section, we will describe how white-light and EUV
data relative to the CME-driven shock described above have
been combined in order to determine the full set of pre-shock
plasma physical parameters, except for the pre-shock coronal
magnetic field. In the next section, we will show how, given
the pre-shock plasma parameters and the shock compression
ratio X, it is possible to use the Rankine–Hugoniot equations
in the general case of an oblique shock in order to estimate the
full set of post-shock plasma physical parameters and also the
pre-shock magnetic field.

3.1. Plasma Parameters from EUV Data

In this work, the O vi and H i Lyα intensities observed before
the arrival of the shock front have been used to estimate the pre-
shock electron temperature Te and electron number density ne
(cm−3), while we estimated the component of the shock velocity
vsh(UVCS) parallel to the UVCS slit from the observed intensity
evolution. To this end, it is necessary to take into account the
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Figure 6. Top: evolution of the O5+ ions kinetic temperature Tk (left) and LOS velocity vlos (middle) as observed in the first 4 hr after the shock transit at 4.3 R�.
Left and middle plots show that ∼3 hr after the shock transit both Tk and vlos values observed in the pre-shocked plasma (dotted lines) are mainly recovered.
Nevertheless, at this time strong outflows due to the post-shocked plasma acceleration are still present, as demonstrated by the evolution of the ratio rO vi between
the O vi λλ1031.9, 1037.6 lines (right panel; see the text). Bottom: an illustration showing how an expanding shock propagating with velocity vsh and an inclination
angle θsh may be responsible for both the observed Tk and vlos evolutions.

effect of integration along the LOS at 4.1 R�. The radiative
(Irad) and collisional (Icol) components of a spectral line can be
written, to a first approximation, as

Irad ∝ 〈IdiskD(vout) RX+m (Te) AX〉 ∫ +∞
−∞ ne dz√

Δλ2
cor+Δλ2

ex

h(r)

Icol ∝ 〈Q(Te) RX+m (Te) AX〉 ∫ +∞
−∞ n2

e dz,
(1)

where Idisk is the intensity of the exciting radiation emitted from
the disk, D(vout) is the Doppler dimming/pumping factor (de-
pendent on the outflow velocity vout), AX is the absolute abun-
dance of the element X, RX+m (Te) is the ionization equilibrium
for the emitting ion X+m, h(r) = 2[1 − (1 − 1/r2)1/2] is the
dilution factor (dependent on the heliocentric distance r ex-
pressed in R�), Δλcor and Δλex are the 1/e half widths of the
coronal (absorption) and disk (emission) line profiles, Q(Te) is
the collisional excitation rate, z =

√
r2 − ζ 2 is the coordinate

along the LOS at the projected altitude ζ , and the symbol 〈F 〉
indicates the average of quantity F integrated along the LOS.
The above equations show that, in a first-order approximation,
the EUV intensity observed at each altitude depends on the un-
known electron temperature Te, electron number density ne, and
outflow velocity vout profiles along the LOS, while the depen-
dence along the LOS on the unknown elemental abundance can
be neglected. In this work, we used the H i Lyα λ1215.6 and
O vi λ1031.9 average intensities observed before the arrival of
the shock in the UVCS slit to estimate the electron density and
temperature in the pre-shock plasma. To this end, we followed

this technique: first, we assumed model profiles for Te(r), ne(r),
and vout(r) for altitudes r � 4.1 R�, then we multiplied the
Te(r) and ne(r) profiles by two independent constant multipli-
ers (KT ,Kn), respectively, and we computed the expected Lyα
and O vi radiative and collisional intensities integrated along
the LOS for a range of (KT ,Kn) pair values. By comparing the
observed line intensities with those computed for each pair of
(KT ,Kn) we determined the multiplier values best reproducing
the observations, hence the LOS temperature and density pro-
files given by KT Te(r) and Kn ne(r). Therefore, in the above
technique, we did not assume the absolute values of the Te(r),
ne(r), and vout(r) profiles, but we simply used the shapes of these
profiles and we determined the absolute KT Te(r), Kn ne(r) pro-
files with the same shape that was needed in order to reproduce
the observed line intensities.

In particular, in the computation, we used the following
constant quantities: oxygen abundance (relative to H) AO =
8.67 dex (from Bemporad et al. 2003), Δλex(Lyα) = 0.480 Å
and Δλex(O vi) = 0.121 Å (respectively, from Gouttebroze
et al. 1978 and Doschek & Feldman 2004), Δλcor(Lyα) =
0.565 Å and Δλcor(O vi) = 0.628 Å as estimated from a stan-
dard Gaussian fitting to the observed coronal line profiles,
Idisk(Lyα) = 5.2 × 1015 phot cm−2 s−1 sr−1 and Idisk(O vi) =
1.8 × 1013 phot cm−2 s−1 sr−1 (respectively, from SOLSTICE
satellite measurements for the same day and from Ko et al.
2008), and ionization equilibria RX+m (Te) from Mazzotta et al.
(1998). Pre-shock plasma parameters have been estimated
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Figure 7. Left: LASCO/C2 frame at 11:30 UT shown with enhanced contrast in order to better outline the location of the shock in the coronagraph FOV with respect
to the UVCS slit position. Right: a zoom over the region surrounded in the left panel by a dark box. This panel shows how from white-light 11:30 UT image it has
been possible to measure the angle θslit between the shock front and the UVCS slit and the angle θBu between the normal to the shock front and the magnetic field,
assumed to be radial at 4.3 R�.

(A color version of this figure is available in the online journal.)

starting from the Lyα and O vi averaged over an angular in-
terval of ∼6◦ (10 spatial bins) at the westward edge of the
UVCS slit (located at an approximate altitude of 4.3 R�) where
the shock front is observed in the LASCO/C2 11:30 UT im-
age and over all the exposures available before the shock ar-
rival. In particular, the pre-shock coronal intensities to be re-
produced are Itot(Lyα) = 3.5 × 109 phot cm−2 s−1 sr−1 and
Itot(O vi) = 2.9 × 107 phot cm−2 s−1 sr−1.

Since the westward edge of the UVCS slit is located in
a high-latitude region of negligible white-light emission, we
assumed coronal hole ne(r), Te(r), and vout(r) profiles from
Cranmer et al. (1999); the minimum of vout(r) profile along
the LOS has been fixed to the value of 100 km s−1 derived
on the plane of the sky from the observed pre-shock intensity
ratio rO vi. Given all the above quantities, it turns out that
the (KT ,Kn) multipliers needed to reproduce the observed
intensities are (KT ,Kn) = (0.41, 0.56), which result in a density
ne = 1.1 × 104 cm−3 and a temperature Te = 2.3 × 105 K on
the plane of the sky at a heliocentric distance of 4.3 R�.

From the observed Lyα intensity evolution during the shock
transit, it is also possible to determine the component of the
shock velocity vsh(UVCS) parallel to the UVCS slit at the transit
time across it. Since the shock (Figure 4) crossed 20 spatial bins,
or �6.09 × 105 km, in two exposures, corresponding to �418 s
(by also taking into account the ∼9 s gap between one exposure
and the next one), it turns out that vsh(UVCS) � 1460 km s−1.
This velocity is larger than the actual shock propagation velocity
vsh, which will be determined in the next section by taking into
account the inclination angle between the shock front and the
UVCS slit. All these plasma parameters will be used in the
following sections to derive the post-shock parameters.

3.2. Plasma Parameters From White-light Data

As mentioned above, LASCO/C2 base difference images
allowed us to identify the CME-driven shock as an arch-shaped
density enhancement located above the expanding CME front.
In this work, we used the white-light images to infer kinematical
properties of the shock front. In particular, we derived the

inclination angle θBu of the magnetic field vector with respect
to the shock front and the actual shock propagation velocity vsh
(Figure 7). Moreover, from white-light data, we also estimated
the shock compression ratio X = ρd/ρu, i.e., the ratio between
the downstream (i.e., post-shock) and the upstream (i.e., pre-
shock) densities (ρd and ρu, respectively).

Kinematical parameters of the shock front listed above can
be easily determined from the LASCO/C2 base difference
image at 11:30 UT (a higher contrast version is shown again
in Figure 7, left panel). First, the actual shock velocity can
be estimated simply as vsh = vsh(UVCS)× sin θslit, where θslit
is the angle between the shock front and the UVCS slit field
of view (FOV; see Figure 7, right panel). With θslit = 33.◦2,
we thus obtain vsh = 800 km s−1, a smaller value than the
1030 km s−1 estimated in the previous section from LASCO/C2
images, which is, however, only representative of the average
velocity between 11:06 and 11:30 UT. This suggests a shock
deceleration during its propagation through the corona. The vsh
value derived here is in outstanding agreement with the shock
speed previously estimated from radio data; this value will be
used in the next section to estimate the upstream velocity vu in a
reference system at rest with the shock front. By assuming that
at 4.3 R� (the average heliocentric distance of the UVCS slit
westward edge) both the outflow velocity and the magnetic field
are radial, LASCO/C2 image at 11:30 UT can be also used to
derive the angle θBu between the normal to the shock front and
the magnetic field vector (see Figure 7, right panel), yielding
θBu = 46.◦1.

In order to estimate the shock compression ratio X, it is
necessary to again take into account the effects of integration
along the LOS. The unpolarized white-light brightness b(ζ )
observed at each pixel in LASCO images at the projected
altitude ζ is produced by an integration along the LOS of the
disk-emitted photons that have been Thomson-scattered by the
coronal free electrons. By assuming spherical symmetry, b(ζ )
can be written as

b(ζ ) = 2πσT b�
∫ +∞

0
ne K(u, ζ, r) dz, (2)
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where σT is the total Thomson scattering cross section, b� is the
mean solar surface brightness, and K(u, ζ, r) is a geometrical
function dependent on the limb darkening coefficient u in
the visible wavelength of interest, the projected altitude ζ of
observation, and the heliocentric distance r. The integration is
performed along the LOS coordinate, z. We assume that a shock
with thickness L transits on the plane of the sky inducing on
average an unknown density compression by a factor X and that
b(ζ )pre and b(ζ )post (>b(ζ )pre) are the white-light brightnesses
observed at the altitude ζ before and after the shock transit. If
F = ∫ L/2

−L/2 ne K(u, ζ, r) dz is the unknown fraction of pre-
shock white light emitted only from the coronal region (of
thickness L along the LOS) later on crossed by the shock, the
compression ratio X can be estimated as

X =
[
b(ζ )post − b(ζ )pre

]
+ F b(ζ )pre

F b(ζ )pre

= b(ζ )post − b(ζ )pre (1 − F )

F b(ζ )pre
. (3)

In order to estimate F, the only unknown quantity in the above
equation, it is necessary to assume a value for the shock
thickness L along the LOS. In our previous work (Mancuso
& Bemporad 2009), we estimated an upper limit to X by
assuming a lower limit for L = dobs, where dobs is the projected
shock thickness as observed in LASCO image. In particular,
as we concluded from the LASCO/C2 image at 11:30 UT,
the white-light intensity increases across the shock front over
∼6 pixels, which corresponds to a projected observed thickness
dobs � 5 × 104 km. With this lower limit for L, it turns out that
X � 2.4 ± 0.2. Nevertheless, dobs is only a lower limit for L
because the shock thickness along the LOS will be larger; hence,
a more accurate determination of L is needed. Actually, dobs
is larger than the real projected shock thickness dproj because
the LASCO instrument takes approximately texp = 25 s to
acquire one exposure and, during this time, the shock moved
by Δh = vshtexp = 2.0 × 104 km. Hence, the real projected
thickness is dproj = dobs − Δh = 3.0 × 104 km = 0.043 R�.
Now, if we assume that the shock surface can be approximated
by a sphere with diameter D � 5 R� and thickness dproj, the LOS

integration length across the shock is L =
√

d2
proj + 2dprojD =

3.2 × 105 km = 0.46 R�. With this value of L, and by assuming
along the LOS the density profile Kn ne(r) obtained from the
UVCS data analysis, it turns out that X = 2.06. This value for
the compression value will be important in order to characterize
the shock and to determine, in the next section, the downstream
plasma parameters.

4. DETERMINATION OF POST-SHOCK
PLASMA PARAMETERS

The appropriate jump conditions across an MHD shock are
referred to as the Rankine–Hugoniot equations. These equations
are usually simplified, depending on the angle θsh between the
upstream magnetic field lines and the normal to the shock
surface, in the two limiting cases of parallel (θsh = 90◦) and
perpendicular (θsh = 0◦) shocks. However, under the reasonable
assumption that the magnetic field at the altitude of 4.1 R� is
already nearly radial, the LASCO/C2 images acquired on 2002
March 22 definitely show that the CME-driven shock front is
strongly inclined with respect to the radial direction (Figure 7).
Hence, in order to study this event and retrieve information

Figure 8. Rankine–Hugoniot equations are usually written in a reference system
at rest with respect to the shock surface, as shown here. In this reference system,
for the general case of an oblique shock, a pre-shock (upstream) plasma crosses
the shock front with density ρu, pressure pu, magnetic field and upstream
velocity vectors Bu and vu, inclined, respectively, with angles θBu and θvu
with respect to the normal to the shock surface (right). The post-shock plasma
(left) leaves the shock front with density ρd , pressure pd , magnetic field and
upstream velocity vectors Bd and vd , inclined, respectively, with angle θBd and
θvd with respect to the normal to the shock surface (see the text for equations).

(A color version of this figure is available in the online journal.)

about the parameters of coronal plasma involved in the shock,
we need to apply the MHD Rankine–Hugoniot equations for
the general case of an oblique shock. In a reference frame
comoving with the shock surface S, with x- and y-coordinated
axes, respectively, perpendicular and parallel to S (Figure 8;
hereafter “RH frame”), these equations can be written (in SI
units) as follows (Thompson 1962, pp. 86–95):

[ρ vx] = 0 (4)

[
ρ v2

x + p +
B2

y

2μ

]
= 0 (5)

[
ρ vxvy − BxBy

μ

]
= 0 (6)

[
1

2
v2 +

γ

γ − 1

p

ρ
+

By

(
vxBy − vyBx

)
μρvx

]
= 0 (7)

[Bx] = 0 (8)

[
vxBy − vyBx

] = 0, (9)

where, as usual, [F ] ≡ Fu − Fd for any quantity F. In the
RH frame the upstream plasma is moving toward the shock
surface (assumed to be infinitely thin) with velocity vu, magnetic
field Bu, density ρu, and temperature Tu; after the shock, the
downstream plasma has velocity vd , magnetic field Bd , density
ρd , and temperature Td (Figure 8). The first four equations
above express simple conservation across the shock surface S of
mass (Equation (4)), x-momentum (Equation (5)), y-momentum
(Equation (6)), and energy flux (Equation (7)), while the last two
express, respectively, the consequences of Poisson’s equation
(∇ · B = 0) and of Faraday’s law (∇ × E = −∂B/∂t) across
the shock surface. In the above equations, μ is the magnetic
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Figure 9. All the possible solutions for the compression ratio X = ρd/ρu (y-axis) provided by the Rankine–Hugoniot equations as a function of θBu (x-axis) for
θvu = 0◦ (top left), θvu = 40◦ (top right), θvu = 60◦ (bottom left), and θvu = 80◦ (bottom right). This figure shows that depending on the values of (θBu, θvu) up to
three possible solutions for the compression ratio X are allowed by Rankine–Hugoniot equations.

permeability and γ is the adiabatic index (γ = 5/3, for a
perfect gas).

From the theoretical point of view, given all the upstream
plasma parameters (Bu, vu, ρu, Tu), the above equations allow
the determination of all the downstream plasma parameters
(Bd , vd , ρd, Td ). As previously explained, the upstream plasma
density ρu and temperature Tu can be both derived from
EUV data, while white-light data can be used to estimate the
inclination angle θBu of the shock front with respect to the
upstream magnetic field Bu, by assuming that, at 4.1 R�, Bu

is radial. Moreover, from the shock velocity vsh given above,
it is also possible to estimate the upstream velocity vector
vu, i.e., the velocity of the plasma flowing toward the shock
surface S in the RH frame. To this end, we assume that, at
4.1 R�, also the outflow wind velocity vwind is radial before the
shock, thus implying vwind ‖ B (see Figure 7). With a value
of vwind � 100 km s−1, as derived from the intensity ratio
rO vi � 2.8 observed in the pre-shock corona, it turns out that,
in the RH frame, vux = vsh − vwind cos θBu � 730 km s−1, and
vuy = vwind sin θBu � 72 km s−1. Hence, vu = 734 km s−1 and
θvu = arctan

(
vuy/vux

) � 5.◦6, where θvu is the angle between the
upstream velocity vector and the normal to the shock surface
S (see Figure 8). It thus turns out that, from the analysis of
the EUV and white-light data, we are able to retrieve all the
upstream plasma physical parameters, except for the upstream
magnetic field strength Bu.

In our case, however, the problem can be solved since,
as described above, white-light data also provide us with an
estimate of the compression ratio X = ρd/ρu. Hence, the
downstream density ρd is also known. Unfortunately, given the
upstream quantities (θBu, vu, θvu, ρu, Tu) and the downstream
density ρd , the solution of the above system of equations is
not unique. In fact, it can be shown from the above equations
that, for the general case of an oblique shock, the quantity X
needs to satisfy (Thompson 1962, pp. 86–95) the following

cubic equation:

0 = (
M2

Au−X
)2{

γβuX + M2
Au cos2 θBu [(γ − 1)X − (γ + 1)]

}
+ X M2

Au sin2 θBu
{

[γ + (2 − γ ) X] M2
Au

+ [(γ − 1) X − (γ + 1)]
}
, (10)

where MAu = vu/vAu and βu = 2μpu/B
2
u are, respectively,

the upstream Alfvénic number and plasma β parameter. An
example of solutions for X provided from the above equation
is shown in Figure 9; in particular, this figure shows that for
a fixed set (Bu, vu, ρu, Tu) of upstream parameters and a fixed
value of the upstream velocity angle θvu there are 1, 2, or 3
possible solutions for X, depending on the value of the upstream
magnetic field angle θBu. These three solutions correspond to a
fast, slow, and intermediate shock. More in general, the number
of possible solutions for X given from the above equation can
be discussed on the (θvu, θBu) plane, as it is shown in Figure 10.
The top left panel of this figure shows that there are regions
of the (θvu, θBu) plane where the solution for the compression
ratio X is unique; this happens for instance where θvu � θBu
and where θvu � θBu. As we concluded above, in our case
θBu = 46.◦1 and θvu = 5.◦6, so that we are in the condition
where θvu � θBu, implying that we can limit our analysis to the
region of the (θvu, θBu) plane where θvu � θBu. Since in this sub-
region of the (θvu, θBu) plane the solution for X is unique, given
all the upstream parameters but the unknown magnetic field
strength Bu, we are able to determine all the downstream plasma
parameters (Bd , vd , ρd, Td ) together with Bu. An example of
the solutions in a sub-region of the (θvu, θBu) plane where the
solution is unique is shown in panels b–h of Figure 10.

With the above technique, we have derived the following
downstream plasma parameters: Td = 1.88 × 106 K (Td/Tu =
8.2), nd = 2.26 × 104 cm−3 (nd/nu = 2.06), Bd = 0.037 G
(Bd/Bu = 1.9), vd = 424.4 km s−1 (vd/vu = 0.58). Hence, as
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expected, the downstream plasma is hotter, denser, and slower
(in the RH frame) with respect to the upstream plasma; the
magnetic field is also compressed, as expected for a fast MHD
shock. Given the downstream velocity angle θvd = −33.◦3 (in
the RH frame), it turns out that, going back to a reference frame
at rest with the Sun, the transit of the oblique shock propagating
at vsh = 800 km s−1 increases the post-shock velocity from
vpre ≡ vwind = 100 km s−1 to vpost � 450 km s−1. This velocity
is in good agreement with the value of the ratio rO vi as observed
in the post-shock corona from UVCS data (Figure 6, right panel).
The transit of the shock front also results in a deflection of
both the coronal magnetic field and outflow velocity vectors
(Figure 11, left panel). In particular, the magnetic field vector
is deflected by �22.◦8 toward the direction parallel to the shock
surface (as expected for a fast shock), while the outflow velocity
vector (in the reference system at rest with the Sun) is deflected
by �14.◦6 toward the direction perpendicular to the shock
surface. Implications from these results are discussed in the
next section.

5. DISCUSSION AND CONCLUSIONS

In this work, we analyzed white-light, radio, and EUV data
pertaining to a fast CME-driven shock observed in the solar
corona on 2002 March 22. This work focuses in particular on
the pre- and post-shock corona as observed at 4.1 R�, where the
UVCS slit was positioned during the event. Various signatures
of the transit of a shock have been identified in white-light,
EUV, and radio data. A first clear signature of the shock transit
is provided by radio data a few minutes after the CME initia-
tion, displaying evidence for type II emission associated with an
arch-shaped expanding shock front, as detected by the Nançay
Radioheliograph at 164.0 MHz, just above the CME source
AR. Later on, strong and complex decametric type II emission
is also detected. A second clear shock signature is provided
by white-light images acquired by the SOHO/LASCO corona-
graph, showing a arch-shaped region of density increase located
above the expanding CME front. Together with the observed de-
flection of a coronal streamer during the front expansion, this is
a clear signature of the plasma compression associated with the
transit of the CME-driven shock. A third clear shock signature
is provided by EUV spectral data: the transit of the shock across
the UVCS slit (located in correspondence of the southward
CME flank) results in clear changes in the H i Lyα λ1215.6 and
O vi λ1031.9 line intensities, broadenings of the O vi line pro-
files (representative of post-shock plasma heating) and changes
in the O vi λ1031.9/1037.6 line intensity ratio (compatible with
post-shock plasma acceleration).

From the observed metric and decametric dynamic spectra,
we inferred the existence of a double type II radio burst, whose
origin could be attributed to emission from the shock front
observed by the Nançay Radioheliograph at 164 MHz and,
subsequently, from a flank of the shock surface intersecting
a different streamer structure and thus propagating at a much
lower speed (∼800 km s−1). The estimated shock speed from
this latter component is found to be in outstanding agreement
with the one obtained through LASCO and UVCS data in the
coronal region studied in this work. Although the timing of
the second shock-related type II radio emission was also
compatible with the appearance of the other shock signatures
observed at 4.1 R� in both white-light and EUV data, it was not
possible, however, to establish the actual location of this portion
of the shock due to the lack of spatial resolution in the observed
decametric spectrum.

Figure 10. Example of solutions plotted over the plane (θBu, θvu) as provided
by the Rankine–Hugoniot equations written for the general case of an oblique
shock. Over this plane, these equations have in general 1, 2, or 3 possible
solutions for the compression ratio X (panel a). Nevertheless, there are sub-
regions of this plane where a single solution can be determined (white dashed
box in panel a). As an example, panels b–h in this figure show the solutions
resulting in the sub-region defined by (45◦ < θBu < 90◦, 0◦ < θvu < 45◦), in
particular: the compression ratio X (panel b), the ratio between downstream and
upstream velocities (panel c), magnetic fields (panel d), pressures (panel e),
temperatures (panel f), and corresponding values of downstream plasma β

parameter (panel g) and Alfvénic Mach number MAd (panel h).

Thanks to the very good time coverage of UVCS data, we
have been able to study the physical parameters of the pre-shock
corona and their evolution in the post-shock plasma up to ∼6 hr
after the shock transit. Particularly interesting is the evolution
of the O vi λλ1031.9–1037.6 line profiles observed after the
shock transit. Post-shock profiles show significant Doppler
shifts, line broadenings, and changes in the 1031.9/1037.6 line
intensity ratio, which are indicative, respectively, of motions
with component along LOS, plasma heating and bulk expansion,
and plasma acceleration. The post-shock O vi λλ1031.9 line
broadening corresponds to an effective kinetic temperature
increase of O5+ ions by approximately a factor of 2 with respect
to the pre-shock corona. Theoretically, this broadening can be
due both to the post-shock heating and to the bulk motions
associated with the shock and CME expansions. Nevertheless,
pre-shock-observed kinetic temperatures are recovered only
∼3 hr after the shock transit. This time interval is certainly much
longer than the time required for the expanding shock and CME



142 BEMPORAD & MANCUSO Vol. 720

Figure 11. Left: upstream (bottom, light blue) and downstream (top, light red) magnetic field (solid) and stream lines (dashed) in the reference system at rest with the
Sun, as we derived from the Rankine–Hugoniot equations. Field and stream lines are plotted in the same coronal region shown in the right panel of Figure 6, for a
direct comparison; the upstream and downstream regions are separated by the shock front (red), whose thickness (�0.043 R�) is plotted to scale. Right: a compilation
of coronal magnetic field measurements obtained with different techniques and the estimate of the upstream and downstream magnetic fields (Bu and Bd) involved in
the CME-driven shock reported in the present work (red dots).

(A color version of this figure is available in the online journal.)

plasmas (moving at ∼800 km s−1 where UVCS is observing) to
cross the slit’s FOV. This suggests that the observed broadening
is mainly a thermal effect, because we would expect a much
faster decay for the broadening due to the bulk expansion of
the shock and CME plasmas. Subsequent evolution shows that
∼3 hr after the shock transit the ratio between the intensities
of the O vi 1031.9 Å and the O vi 1037.6 Å lines is still much
smaller than what observed in the pre-shock corona; this lower
ratio indicates that significant plasma outflows are present in
the post-shock corona, even ∼3 hr after the shock transit. The
pre-shock outflows coronal velocities are eventually recovered
∼6 hr after the shock transit. Hence, this result indicates that, at
the CME flank, the coronal magnetic field left open by the CME
transit needs ∼6 hr to recover the pre-CME configuration and
to slow down the outflowing plasma to the pre-CME coronal
values, while at earlier times the angular sector of the corona
crossed by the CME has been converted in a faster wind region.

EUV and white-light data have been coupled here to de-
termine all the upstream plasma parameters, but the unknown
coronal magnetic field. In particular, from the H i Lyα λ1215.6
and O vi λ1031.9 line intensities observed by UVCS before the
shock, we determined the upstream plasma density, tempera-
ture, and the pre-shock coronal outflow velocity. At the same
time, the white-light intensity observed by LASCO across the
shock when the shock was crossing the UVCS slit has been
used to estimate the compression ratio at the position of UVCS
observations, together with the inclination angle between the
shock front and the magnetic and outflow velocity vectors, both
assumed to be radial at this altitude. Moreover, from the ob-
served evolution of the H i Lyα line intensity, we derived the
shock velocity projected along the UVCS slit which, given the
angle between the shock front and the UVCS slit from LASCO
image, allowed us to estimate the real shock velocity at the al-
titude of UVCS observations. The resulting shock velocity is
in very good agreement with what we estimated from the anal-
ysis of radio data that basically confirm and support, through
a set of reasonable assumptions, the above results. Given the
above upstream plasma parameters and the compression ratio,
we applied the MHD Rankine–Hugoniot equations for the gen-

eral case of an oblique shock. In general these equations do not
provide a unique solution and for this reason they are usually
simplified in the two limiting cases of a perpendicular and a
parallel shock. Nevertheless, for the event reported here, it is
not possible to make one of these simplifying assumptions and
we need to apply the general equations. As discussed, there are
intervals of possible values of the angles between the upstream
velocity and magnetic field vectors and the normal to the shock
surface where the general equations give a unique solution; an-
gles for our event fell in one of these intervals. Hence, we have
been able to derive from Rankine–Hugoniot equations the full
set of post-shock plasma parameters, together with the pre- and
post-shock coronal magnetic field. To our knowledge this is the
first time that this kind of analysis has been performed in the
extended corona to a CME-driven shock.

Our results point to a pre-shock coronal magnetic field at
4.3 R� (the altitude of the UVCS slit westward edge) of
Bu = 0.019 G, compressed up to Bd = 0.037 G after the shock
transit. A comparison (Figure 11, right panel) of these values
with previous coronal magnetic field estimates derived with
many different techniques (e.g., Dulk & McLean 1978; Mancuso
& Spangler 2000; Spangler 2005; Ingleby et al. 2007) shows
quite good agreement, taking also into account that the well-
known Dulk & McLean (1978) magnetic field profile has been
derived over an AR, while the magnetic fields reported here refer
to a high-latitude coronal region (70◦ SW). The shock transit
leads to electron density and temperature increases by factors
2.06 and 8.2, respectively, starting from the pre-shock coronal
values of ne = 1.1 × 104 cm−3 and Te = 2.3 × 105 K. This
means that across the shock surface the plasma thermal energy
density εt = 3 n kB T increased by Δεt = 1.7 × 10−5 erg cm−3,
while the magnetic energy density εm = B2/(2μ) increased by
Δεm = 4.0 × 10−5 erg cm−3. The transit of the shock front
also corresponds to a plasma acceleration from the pre-shock
outflow speed vpre ≡ vwind = 100 km s−1 to a post-shock speed
vpost � 500 km s−1, hence to an increase in the kinetic energy
density εk = 1/2 nmp v2 by Δεk = 4.6 × 10−5 erg cm−3. As a
consequence, the magnetic and kinetic energy density increases
are nearly equal (as expected for equipartition of energy), and



No. 1, 2010 PLASMA PHYSICAL PARAMETERS ACROSS A CME-DRIVEN SHOCK 143

are both more than two times larger than the thermal energy
increase. In any case, the observed Δεt is much larger than that
expected for a simple adiabatic compression. In fact, in that case
we would expect a downstream plasma temperature of

Td = Tu ·
(

nd

nu

)(γ−1)

= Tu · X(γ−1), (11)

where X is the compression factor. With X = 2.06 (as derived
from LASCO data) and Tu = 2.3 × 105 K (as derived from
EUV data), a simple adiabatic compression would give Td =
3.7 × 105 K, a value much smaller than the Td = 1.88 × 106 K
derived from the Rankine–Hugoniot equations.

Pre- and post-shock outflow velocity values are both in
good agreement with the observed ratio rO vi between the O vi

λλ1031.9 and O vi λλ1037.6 lines, which is dependent on the
outflow velocity via the Doppler dimming/pumping effect, pro-
viding a good validity check to our estimates. The plasma
physical parameters given above correspond to local Alfvénic,
sound, and magnetosonic velocities of vA,pre � 400 km s−1,
vs,pre � 80 km s−1, and vms,pre � 405 km s−1 in the pre-shock
coronal plasma; hence the shock, moving at vsh � 800 km
s−1, is much faster than vms,pre, as expected for a fast shock.
After the shock transit, the local Alfvénic, sound, and magne-
tosonic velocities increase up to vA,post � 530 km s−1, vs,post �
230 km s−1, and vms,post � 580 km s−1, as a consequence of the
density, temperature, and magnetic field post-shock increases.
This means that the plasma is outflowing at sub-Alfvénic and
supersonic velocities both before and after the shock transit. At
the same time, the transit of the shock front corresponds to an in-
crease in the plasma β parameter from βpre � 0.02 up to βpost �
0.1, due to the relative increase of thermal pressure which is
larger (∼16%) than the magnetic pressure increase (∼2.6%).

In conclusion, we showed that, given the white-light, radio,
and EUV coronal emissions associated with a CME-driven
shock, it is possible to apply the Rankine–Hugoniot equations
for the general case of an oblique shock and to derive all the
plasma physical parameters in the pre- and post-shock coronal
plasmas, including the coronal magnetic field. Even if important
information were derived from the analysis of EUV line profiles,
we notice that spectroscopic information were not required in
our determination of the pre-shock plasma parameters, because
only the EUV O vi λ1031.9 and H i Lyα λ1215.6 integrated
intensities were employed. Hence, this work demonstrates that
coronagraphic observations of CME-driven shocks acquired at
the same time in white-light and EUV wavelengths can be used
to derive the full set of plasma physical parameters involved in
coronal shocks.
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