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Detection of coronal mass ejection associated shock waves in

the outer corona
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Abstract.

White light coronal images from the Large-Angle Spectrometric Coronagraph

(LASCO) on the Solar and Heliospheric Observatory (SOHO) spacecraft show
disturbances propagating away from high-speed coronal mass ejections (CMEs). The
disturbances are faintly visible ahead of the ejected material at the noses of the CMEs but
are strongly visible along the flanks and rear ends, where they produce kinks in the
streamers and other raylike features that extend in all directions from the Sun at this
phase of the sunspot cycle. The kinks decelerate as they move radially outward along the
rays, apparently indicating the slowing of the entire wave front as it passes by. For a fast
CME seen head on (or tail on) the deceleration occurs at virtually all position angles
around the occulting disk. However, for a CME seen obliquely the speed varies strongly
with position angle, being fast and uniform near the nose but slower and decelerating at
the sides and rear where the deflected rays are more inclined from the sky plane and
farther from the Sun. The initial speeds (=800-1400 km/s) are faster than the nominal
MHD speed (~600 km/s) at these heights, implying that these disturbances are shock
waves, made visible like “amber waves of grain” [Bates, 1895] in the field of coronal rays

around the Sun.

1. Introduction

The idea that shock waves originate at the Sun is not new. In
a symposium held in July 1953, Gold [1955] argued that the
sudden commencements of geomagnetic storms are too rapid
to be caused by dispersive particle streams from the Sun and
are more likely caused by shock waves with relatively sharp
wave fronts. In the same session, Liepmann [1955] immediately
challenged this interpretation, noting that such sharp wave
fronts would be 100 times smaller than the mean free path of
the particles in the interplanetary gas. As Parker [1963] later
pointed out, Gold realized that the shock thickness is deter-
mined by the radius of gyration of the particles in the magnetic
field, rather than by their classical mean free path, and the
concept of “collisionless” shocks was born.

Meanwhile, in Australia, radio scientists were finding obser-
vational support for the solar origin of such shock waves. J. P.
Wild and his colleagues observed type II metric radio bursts
moving outward from solar flares at speeds of the order of 500
km/s or more [Wild et al., 1953] and soon suggested that these
type II bursts were caused by shock waves moving outward
through the corona [Wild et al., 1963; Wild and Smerd, 1972].

As spacecraft began to explore the solar system, the evi-
dence became overwhelming. Shocks were sampled in situ by
the Mariner 2 plasma detector [Sonett et al., 1964], and type 11
bursts were tracked continuously from the Sun to Earth with
low-frequency radio instruments on ISEE 3 [Cane et al., 1982].
White light coronagraphs on Earth-orbiting satellites observed
fast mass ejections associated with the interplanetary shocks
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[Gosling et al., 1975; Sheeley et al., 1985; Schwenn, 1986] and
type II bursts [Cane and Stone, 1984; Sheeley et al., 1984; Rob-
inson et al., 1986; Cane et al., 1987] (see also the review by
Bougeret [1985]). There seemed little doubt that the coronal
mass ejections (CMEs) and flares were somehow responsible
for the shocks, by sending material through the ambient me-
dium at super-Alfvenic speeds or by releasing energy explo-
sively or both.

However, it was still unclear which coronal features, if any,
correspond to the shocks. One possibility was that the shock
coincided with the leading edge of the ejected mass. Another
possibility was that the shock lies undetected in front of the
ejected mass and tapering off to the sides, like the bow shock
in front of the Earth’s magnetosphere [Steinholfson, 1985;
Hundhausen, 1987]. The invisibility of the shock was supposed
to be due to the relatively low sensitivities of the white light
coronagraphs of that era. A third possibility was that there may
be two shocks: a driven shock ahead of the ejected mass and a
blast wave moving through the ejected mass as reported by
Wagner and MacQueen [1983].

Hundhausen [1987] considered the possibility that shocks
might be responsible for the streamer deflections that fre-
quently accompany CMEs. Noting that only a small fraction of
observed CMEs move faster than the nominal 600 km/s Alfven
speed at 3 R, he reasoned that relatively few CMEs would be
able to produce the deflections of remote streamers by driving
shocks through the corona. In fact, only one event was re-
ported for which a shock interpretation seemed possible [Sime
and Hundhausen, 1987]. Hundhausen concluded that most of
these streamer deflections are caused by compressive magne-
toacoustic waves moving out from the sides of CMEs approx-
imately transverse to the nearly radial magnetic field.

In this paper, we present observations of CMEs whose lead-
ing edges move outward at speeds in the range 800-1400 km/s,
well in excess of the 600 km/s Alfven speed that Hundhausen
[1987] adopted for 3 Rg. These fast CMEs have “spheres of
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Figure 1a.
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Running difference images obtained with the (left) C2 and (right) C3 coronagraphs, showing the

deflections of numerous rays toward the sides and rear of a large CME on July 25, 1999, and their gradual
formation into a large-scale wave front. The deflections are indicated by black-and-white areas whose white
components are directed away from the CME. In all figures of this paper the coronal images are arranged so
that solar north is up and east is to the left. Likewise, the image scales are given by the sizes of the C2 and
C3 occulting disks whose radii are approximately 2.0 Rg and 4.0 R, respectively. Thus, in this figure, the
cropped C3 field shows an area about 34 R ¢ on a side, while the C2 field shows a much smaller area only 13
R on a side. The radial lines indicate directions for which height/time maps are shown in Figure 1c.

influence” that extend from faint precursors ahead of the
ejected mass to the tips of deflected streamers and rays along
the sides and toward the rear. Broadside observations of fast
CME:s show uniform speeds toward the front but decelerations
of the kinks that propagate radially outward along the de-
flected streamers and rays. Observations, obtained head-on (or
tail-on), show decelerations in all directions around the occult-

ing disk. For such fast events we suppose that the observed
wave fronts are shocks, slowing down as they push obliquely
past the coronal streamers and rays.

2. Observations

We begin with the July 25, 1999, CME, which was ejected
into the northwest quadrant and produced a wave of deflected
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1842 UT

1942 UT

2042 UT

Figure 1b. Coronal intensity images, obtained by dividing each C3 frame by a “monthly minimum” back-
ground image, showing that the wave front in Figure 1a is produced by deflection of a coronal streamer and
some fainter rays near it on July 25, 1999. Each image shows the southwest portion of the C3 field of view from

4 R to 30 Ry.

rays heading southeast. Figure 1a shows the evolution in a
sequence of running difference images, obtained by subtract-
ing each image from the next. The outward motion of the CME
is accompanied by a progression of deflected rays, first visible
along the flanks of the CME and then increasingly farther
toward the east. In the top two images the tips of these de-
flected features seem to be linked to a faint precursor ahead of
the much brighter ejected mass.

The individual rays are deflected away from the CME, as
indicated by the more distant white portions of the deflected
black-and-white features. The progression around the south
side of the occulting disk is shown by the succession of de-
flected rays, including the major one at SS1°W. However, the

progression around the north side is obscured by a slower
moving ejection in the northeast. This loss of visibility is only
temporary, and by 1554 UT the two waves are seen to merge
into a single arc spanning the southeast quadrant.

The “background-subtracted” images in Figure 1b show that
the deflected features are kinks in previously existing bright
rays. The brightest of these rays is a coronal streamer, and the
fainter ones are probably less visible parts of streamer surfaces
deformed and compressed by the disturbance. Although the
large-scale wave front moves nonradially across the field, the
individual kinks propagate radially outward along their rays.
Thus, in Figure la the deflection of the streamer at S51°W
moves outward along the radial white line drawn at this loca-



5084

S7T3W S51W N18W N30W

S85SE

205.82 206

Figure 1c.

SHEELEY ET AL.: CME-ASSOCIATED SHOCK WAVES

July 25, 1999

207.78

207

Height/time maps constructed at the locations indicated in Figure 1a, showing the fast, uniform

speed near the nose of the CME and the slower, decelerations along the sides and rear. The horizontal scale
indicates time expressed as a day of year, and the vertical scale indicates elongation expressed in solar radii

from 0 to 30 Ry.

tion, and the long black-and-white feature forming behind it
indicates the repositioning of the streamer after the deflection.

The radial lines on the C2 and C3 images in Figure la
indicate the angular positions corresponding to the gray-scale
height/time maps in Figure 1c. As described previously [Wang
et al., 1998; Sheeley, 1999; Sheeley et al., 1999], these maps are
constructed by stacking radial strips of individual C2 and C3
difference images side by side, giving a picture of coronal
intensity difference as a function of time (day of year along the
horizontal axis) and radial position (from 0 to 30 R along the
vertical axis). In the top two images, the tracks appear steep
and straight, indicating that the speed was fast and uniform at
the leading edge of the CME at N30°W and N18°W. The
corresponding slopes are 1130 and 1230 km/s, respectively. In

the bottom three images, the tracks curve slightly downward,
indicating that the streamer deflections at S51°W, S73°W, and
S85°E decelerate as they move outward. We shall examine
these decelerations more closely in Figure 2.

Figure 2a shows six radial paths through the wave front, and
Figure 2b shows the corresponding height/time maps. In Figure
2b the height/time tracks all have downward curvatures, indicat-
ing decelerations. Also, the slopes of these tracks decrease sys-
tematically toward the rear of the event near S75°E, as if the
deflected features were farther out of the sky plane there. The
nose of the CME, whose projected location was in the vicinity of
N18°W-N30°W, probably lay close to the sky plane because the
associated event in the lower corona originated close to the limb.
In fact, the Fe XII 195 A images from the Extreme Ultraviolet
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1818 - 1742 UT 1618 - 1542 UT

1942 - 1842 UT

Figure 3a. C3 running difference images, showing a sky
plane CME followed by a quasi-halo CME on July 6, 1999. The
radial lines indicate paths for which height/time maps are
shown in Figure 3b. In each of these C3 images the field of view
has been cropped and shows an area of ~37 R on a side.
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Table 1. Measurements for the CME of July 25, 1999
Position [ Uy, T, aop,
Angle ro/Rg km/s km/s hours m/s?
S51°W 2.6 780 390 3.4 32
S62°W 2.4 620 280 3.9 24
S73°W 2.3 460 250 39 15
S85°W 2.3 430 210 33 19
S85°E 22 410 190 33 18
S75°E 2.6 350 190 3.0 15

Telescope (EIT) on SOHO showed a large eruption with a More-
ton-like wave and postflare loops just inside the northwest limb.

We have determined the decelerations by fitting height/time
measurements of the downward curving tracks with a function
of the form

rit)=ro+ vt + (1 —e ) (vy— v, (1)

where r(, and v, are the position and speed at ¢ = 0, and v, is
the asymptotic speed attained on an e-folding time 7. In this
case, the speed changes smoothly from its initial value v,
toward its smaller asymptotic value v, according to

v(t) = v+ (v — 'Ul)e_t/T, (2)

and the acceleration falls exponentially from its initial value
ay, = (vy — vy)/7 according to

a(t) = —age™". 3)

These positions, speeds, and accelerations are sky plane com-
ponents of their radial values. Detailed illustrations of this
procedure have been presented previously [Sheeley et al., 1999].

Table 1 summarizes the measurements obtained for the six
tracks in Figure 2b. As expected, the starting radii lie just
above the C2 occulting disk in the range 2-3 Rg. The initial
speeds v, decrease systematically from about 780 km/s at
S51°W to 350 km/s at S75°E, and the final speeds v, decrease
from 390 to 190 kmy/s, all with an accuracy of ~5-10%. The
e-folding times 7 did not vary systematically with position angle
and had an average value of 3.5 hours. However, they were the
least reproducible of the fit parameters and had typical accu-
racies in the range 20-30%. These fit parameters gave decel-
erations a, that decreased systematically from ~32 m/s* at
S51°W to 15 m/s* at S75°E, with accuracies probably in the
range 30-50%. Like the speeds, these decelerations are sky
plane components of true radial values, which may be 2 or 3
times larger.

These properties of the July 25, 1999, CME are not unusual.
Figure 3a compares running difference images of two consec-
utive CMEs on July 6, 1999. The first CME is visible in the
northeast quadrant at 1618 UT. The Fe XII 195 A EIT images

Table 2. Measurements for the Quasi-Halo CME of
July 6, 1999

Position vy, vy, T, a,
Angle ro/Rg km/s km/s hours m/s*
N37°W 2.1 1000 480 1.5 97
N86°E 2.1 1420 660 1.5 140
N56°E 2.6 920 420 34 40
N39°E 2.7 890 310 4.2 38
N16°E 2.4 880 170 4.8 41
S20°E 2.4 590 250 4.0 20
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Figure 3b. Height/time maps for the locations indicated in Figure 3a, comparing the relatively straight
height/time tracks of the sky plane CME (at N56°E, N39°E, and N16°E) with the downward curving tracks of
the quasi-halo CME. The horizontal scale indicates time expressed as a day of year, and the vertical scale
indicates elongation expressed in solar radii from 0 to 30 Rg. Measurements of these decelerating tracks are

summarized in Table 2.

showed an off-limb depletion followed by postflare loops just
inside the east limb, suggesting that this CME was ejected close
to the sky plane. As this CME moves outward and fades, a
second CME becomes visible, first in the north at 1818 UT and
then all around the occulting disk at 1942 UT. The correspond-
ing Fe XII images showed material coming up over the north
polar limb around 1700 UT, suggesting that this halo CME
originated in the northern hemisphere on the back side of the
Sun. In the lower image of Figure 3a, ejected prominence
material is visible over the north pole.

Figure 3b shows gray-scale height/time maps obtained along
the radial paths indicated by the white lines in Figure 3a. As

one can see for NS6°E, N39°E, and N16°E, the three cuts through
the broadside CME show linear height/time tracks, correspond-
ing to uniform speeds. Linear fits to these tracks give speeds of
490, 560, and 500 km/s, respectively; somewhat slower than
most CMEs with constant speeds [cf. Sheeley et al., 1999].

By contrast, all of the images show downward curving tracks
at the time of the halo CME. Table 2 summarizes the mea-
surements of these tracks. The speeds are initially fast but
decrease toward their asymptotic values on a timescale of 1.5
4.8 hours. The starting speed v, is largest (1420 km/s) at
N86°E, approximately the direction of the ejected material,
and decreases systematically toward the rear of the event,
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Table 3. Measurements for the Halo CME of June 29,
1999

Position Vg, vy, T, a,
Angle ro/Rg km/s km/s hours m/s>
N60°W 23 670 330 3.7 25
S33°W 2.5 800 300 2.1 67
S85°W 2.1 500 240 4.6 16
SO07°E 2.4 710 360 42 23
N32°E 25 800 430 23 44
N67°E 2.4 680 450 22 28
Average 24 690 350 32 30

reaching 590 km/s at S20°E. The asymptotic speed v, shows
essentially the same variation, suggesting again that the moving
features are farther out of the sky plane toward the rear of the
CME. On the other hand, the e-folding times 7 are not con-
stant but have relatively small values of 1.5 hours at N37°W
and N86°E, compared to 4.8 hours toward the rear of the
event. We do not know whether this indicates a real decrease
in the amount of radial deceleration toward the tail or whether
it is a consequence of the relatively noisy height/time tracks for
this event.

Figure 4a compares two CMEs, which again seem to have
originated on the back side of the Sun. The June 29, 1999,
CME rose up from behind the north polar limb but developed
a halo topology by the time of the 1118 UT difference image in
the top image. The June 30, 1999, CME was associated with an
FeXII 195 A depletion at the northwest limb around 0412 UT
and seems to be a partial halo similar to the second CME on
July 6, 1999 (in Figure 3a).

Figure 4b shows the height/time maps corresponding to the
radial paths indicated on the images in Figure 4a. These west
limb paths include the gap in the June 29 halo and the nose of
the June 30 CME. We see that the June 29 event has down-
ward curving tracks toward the northern (N60°W) and south-
ern (S40°W, S60°W) ends of this range, indicating decelera-
tions. Their initial speeds lie in the range 700-1000 km/s and
decrease to 350-400 km/s after 1-3 hours. However, in the
midlatitude gap the tracks become lost or distorted by the
gradually accelerating tracks in the streamer belt, whose as-
ymptotic speeds are ~340-360 km/s. Our movies show that the
meandering black track at N40°W on June 29 corresponds to
previously ejected slow material that is swept up by the leading
edge of the faster halo CME. The tracks of the June 30 CME
are like those of the July 6 quasi-halo, being steep and straight
near the nose where the speeds lie in the range 800-1050 km/s
and curving downward outside this range. At S60°W the tracks
of the June 29 and June 30 CME:s are similar, with speeds
falling from ~700 to 360 km/s in 2 hours.

Although the June 29, 1999, halo is poorly defined in the
northwest, it is very well defined in a variety of directions
around the occulting disk. Figure 5a indicates some of these
directions, and Figure 5b shows the corresponding height/time
maps. Referring to Figure 5b, we can see that the tracks all
curve downward, indicating decelerations. We have used equa-
tion (1) to fit the measurements of these tracks and have
summarized the results in Table 3. Unlike the CMEs of June
30, July 6, and July 25, this well-aligned halo shows no system-
atic variation of speeds and decelerations with position angle.
The initial speeds lie in the range 500-800 km/s and fall to-
ward final speeds of 240—450 km/s in e-folding times of 2.1-4.6

5089

hours. The corresponding initial decelerations lie in the range
16—67 m/s?, which again are the sky plane components of
larger radial decelerations.

On the other hand, some of the azimuthal variations in
Table 3 are real and indicate true variations of deceleration
from place to place around the occulting disk. The flows at
S33°W and S85°W are notable examples. At S33°W the initial
speed is ~800 km/s, falling to 300 km/s in 2.1 hours, corre-
sponding to a deceleration of 67 m/s®>. By comparison, the
speed at S85°W falls from 500 to 240 km/s in 4.6 hours, cor-
responding to 16 m/s*. These trends are also apparent from a
comparison of the corresponding height/time tracks in Figure
Sb.

3. Summary and Discussion

In a previous study we measured the speeds and accelera-
tions of a variety of coronal features, including the blobs of
material that detach from streamers, the slow CMEs that seem
to erupt from streamers, and the fast CMEs associated with
impulsive solar events [Sheeley et al., 1999]. The streamer-
related ejecta gradually accelerated to speeds in the range
300-400 km/s or more as they moved through the 30 R ; field
of view, but the fast CMEs moved uniformly at speeds that
were typically in excess of 700 km/s.

Decelerating motions were rare but could always be found in
fast halo CMEs and along the flanks of fast CMEs seen from
an oblique perspective (quasi-halo CMEs). It was puzzling that
decelerating features seemed to avoid the sky plane and made
us wonder if the deceleration occurred at radial distances be-
yond 30 Rj. If so, the observed decelerations of these super-
Alfvenic events might be the result of shock waves sweeping up
mass from the large volume of space available far from the
Sun.

We have continued to study fast CMEs during 1998 and
1999 and have again found uniform speeds at the leading edges
of these events and decelerations along their flanks and rear.
However, in this new study we found that the decelerating
features were often kinks traveling radially outward along
coronal rays. These rays included not only bright streamers
whose CME-induced deflections are similar to those observed
with previous coronagraphs [Gosling et al., 1974; Michels et al.,
1984; Sime and Hundhausen, 1987] but also very faint rays like
those seen recently in LASCO images [Wang et al., 1998] and
in ground-based eclipse images [Guhathakurta and Fisher,
1995]. Coronal intensity simulations [Wang, 1996] suggest that
these rays may be small-scale spines in the thin plasma sheet
that winds around the Sun and produces bright streamers when
seen edge on.

With the advance of the sunspot cycle this plasma sheet has
become increasingly distorted, and its rays are now visible in all
directions around the Sun, providing a medium for detecting
the global influence of fast CMEs. Thus, when a fast CME
occurs, there are almost always distant streamers and rays to
push. By contrast, near sunspot minimum, fast CMEs were
rare, and when they did occur, the streamers were always at the
equator in more or less the same place as the CMEs. As a
result, the number of decelerating events for which we have
made height/time maps increased from 8 in 1997 to 17 in 1998
to 42 in the first 10 months of 1999.

The wide range of position angles of these deflected rays
makes it seem unlikely that all of them would lie out of the sky
plane at large radial distances from the Sun and suggests that
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we may need to find another explanation for the observed
decelerations. One possibility is that the shock wave loses en-
ergy and slows down as it pushes obliquely across the radial
magnetic field lines indicated by the deflected streamers and
rays. This would account for the tendency of the deceleration
to avoid the front of the CME where the field lines are nearly
parallel to the propagation direction of the wave front. This
explanation would also account for the decelerations of fast
halo CMEs, like the July 29, 1999, event in Figures 4a and Sa.
In this case, the observed outward motion would be inter-
preted as the sky plane projection of the shock front as it
moves across the streamers and rays or, equivalently, as the sky
plane projection of the radially moving kinks that the shock
produces as it moves across those streamers and rays.

In this regard, it is interesting to recall that St. Cyr and
Hundhausen [1987] suggested that some halo CMEs may con-
sist of streamers that have been deflected away from the line of
sight. We have seen such deflected rays along the sides and
toward the rear of quasi-halo CMEs, like those on July 6 and
July 25, 1999, in Figures la and 3a. Such deflections must
contribute to the ragged spatial structure that distinguishes fast
halo CMEs from gradually accelerating halo CMEs [Sheeley et
al., 1999]. On the other hand, we doubt that the leading edges
of fast halo CME:s consist entirely of deflected streamers. The
leading edges of some quasi-halo CMEs, like the July 6, 1999,
CME in Figures 3a and 3b, show deceleration, and it seems
likely that they would also show deceleration when seen
head-on (or tail-on).

We have assumed that the CME-associated waves are shock
waves rather than compressive MHD waves because the initial
speeds are of the order of 800-1400 km/s or more toward the
fronts and sides of the CMEs where the sky plane corrections
are small. Unknown projection effects make it difficult to de-
termine the lateral speed of the wave front when the CME is
seen broadside. However, we can obtain a reasonable estimate
when the CME is aimed along the line of sight. For example,
the initial speeds of the July 29, 1999, halo CME were in the
range 500-800 km/s (see Table 3). These speeds are close
enough to the nominal 600 km/s Alfven speed at 3 Ry [Hund-
hausen, 1999] to leave some doubt as to whether they are really
super-Alfvenic. Of course, the case for super-Alfvenic flow
becomes stronger when one allows for the fact that the halo
lies out of the sky plane at a radial distance greater than 3 R,
where the Alfven speed is lower than 600 km/s and may be as
small as 400 km/s.

In contrast to the streamers and rays that are temporarily
deflected by waves from distant, fast CMEs as described in this
paper, we have also observed streamers that are gradually
pushed aside by slow, accelerating outflows. These more per-
manent deflections do not decelerate but instead share the
accelerating motions of the slow material that is pushing them.

It is interesting to consider why fast CME-associated shocks
have not been seen previously. LASCO contains several im-
provements over previous coronagraphs, including the high
spatial resolution of C2, the wide field of C3, and the improved
sensitivity and data-handling capability of both instruments.
However, the most significant improvement was to the dy-
namic range, which is about 50,000 compared to only 50-70 for
the SOLWIND coronagraph. This improvement is probably
responsible for our ability to see very faint “precursors” and
deflected rays like those in Figures la—1b as well as the faint
“blobs” of material that accelerate outward along streamers
[Sheeley et al., 1997]. By comparison, the relatively low dynamic
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range of the SOLWIND coronagraph probably prevented us
from seeing such features with that instrument [Karpen and
Howard, 1987]. Finally, we should not underestimate the im-
portance of the continuous height/time maps. They revealed
the decelerations that seem to characterize these fast CME-
associated disturbances.
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