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Abstract Gradual solar energetic (E > 10 MeV) particle (SEP) events and metric through
kilometric wavelength type II radio bursts are usually associated with shocks driven by fast
(V =900 kms~") and wide (W > 60°) coronal mass ejections (FW CMEs). This criterion
was established empirically by several studies from solar cycle 23. The characteristic Alfvén
speed in the corona, which ranges over 500 — 1500 kms~' at heights >2 R,, provides the
minimum V requirement for a CME to drive a shock, but the general absence of SEP events
or type II bursts with fast and narrow (W < 60°) CMEs has not been explained. We review
and confirm the earlier studies with a more comprehensive comparison of SEP events and
type II bursts with fast and narrow (FN) CMEs. We offer an explanation for the lack of SEP
event and type II burst associations with FN CMEs in terms of recent heuristic arguments
and modeling that show that the response of a magnetized plasma to the propagation of a
CME depends on the CME geometry as well as on its speed. A clear distinction is made
between a projectile that propagates through the medium to produce a bow shock, and a 3D
piston that everywhere accumulates material to produce a broad shock and sheath. The bow
shock is unfavorable for producing SEP events and type II bursts, but the 60° cut-off is not
explained.

Keywords Sun: coronal mass ejections (CMEs) - Sun: radio radiation - Sun: particle
emission - Shock waves

1. Introduction

There are two classes of solar energetic (E > 10 MeV nuc™!) particle (SEP) events,
known as gradual and impulsive, whose differences and properties have been described by
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Figure 1 Correlations of peak
proton intensities at ~ 2 MeV
(left) and ~ 20 MeV (right) with
CME speed for two different data
sets. Reproduced from Reames
(2000, 2017) with permission

of the author.
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Reames (2013, 2017). Gradual SEP events, lasting several days, are produced in coronal-
interplanetary shocks driven by fast (Vepe > 900 kms™') coronal mass ejections (CMEs).
They are associated with type II radio bursts, long-duration eruptive soft X-ray and Ho
flares and extend over broad longitude ranges relative to their associated flare locations,
sometimes beyond the east or west solar limbs. Their elemental abundances are similar to
coronal abundances (Schmelz et al., 2012).

The correlation of CME speeds Veug with E > 10 MeV SEP event peak intensities (Fig-
ure 1) has long been known (Reames, 2000) and often validated (e.g., Gopalswamy et al.,
2003; Kahler and Vourlidas, 2005; Park, Moon, and Gopalswamy, 2012; Miteva et al., 2013;
Richardson et al., 2014; Dierckxsens et al., 2015; Takahashi, Mizuno, and Shibata, 2016).
The basic paradigm is that CMEs with Vevg > W, the plasma fast-mode speed, drive shocks
that can accelerate seed particles to the high energies observed as SEP events in space. Vari-
ous models of V; (Gopalswamy et al., 2001a), or of V,, the Alfvén speed (Guhathakurta, Sit-
tler, and McComas, 1999; Mann et al., 2003; Evans et al., 2008), versus coronal height R in
active regions or streamers generally place peak values at 3-8 R, and show V; < 500 kms™!
above 10 R,.

Physical properties of CMEs, observed over several decades by a series of coronagraphs,
have been summarized by Webb and Howard (2012). Angular widths W, measured in pro-
jection against the sky plane, define one of their fundamental properties. The average W
determined from the statistical distribution of the 13 125 CMEs (Figure 2) reported to date
in a catalog (Gopalswamy et al., 2009a) for the SOHO/LASCO mission was 41° (Gopal-
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Figure 3 Top: Width
distribution of radio-poor CMEs 142 RADIO-POOR FAST CMEs
with Vemg > 900 kms— 1
Bottom: Speed and width
distribution of DH CMEs. Halo
CME:s are not included. Dashed o
line indicates 60°. Adapted from g
Gopalswamy et al. (2001b) and >
reproduced by permission of s
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swamy et al., 2010), comparable to those observed with earlier coronagraphs (Webb and
Howard, 2012).

In the first study to determine the properties of CMEs associated with decametric—
hectometric (DH) type II bursts Gopalswamy et al. (2001b) found associations increasing
with faster and wider CMEs. They noted that even among the fastest (Vg > 900 kms™!)
CME:s there was a large population of radio-poor narrow CMEs (Figure 3). Only six of the
101 DH type II bursts of the study had widths W < 60°. The average 66° width of radio-poor
CMESs was much smaller than the average 102° width of the radio-rich sample.

An early study by Kahler and Reames (2003) to determine 20-MeV proton SEP event
associations with fast (Voye = 900 kms™') CMEs at longitudes from W30° to behind the
west limb found only a single event with W < 60° (Figure 4), and that event was a known
impulsive (Kahler, Reames, and Sheeley, 2001), not gradual, SEP event. All 23 of the fast
CMEs with W < 60° were not associated with gradual SEP events. Thus, the general lack of
fast (Veme > 900 kms™!) and narrow (W < 60°) (FN) CME associations now included both
DH type II bursts and gradual SEP events. With a larger statistical base of SOHO/LASCO
CME:s from 1996 to 2005 Gopalswamy et al. (2008b) extended the CME statistical compar-
isons with DH type II bursts and GOES E > 10 MeV events of at least 1 pfu (proton flux
unit, 1 pfu = 1 protoncm™2s~! sr~!). Their results (Figure 5) confirmed the earlier work
and established the FW CMEs as the causes of type II radio bursts and SEP events (Gopal-
swamy, 2008). Exceptional CMEs with Ve =400 kms™! and an associated type II burst
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Figure 4 Plot of logs of
20-MeV event peak intensities

versus CME widths for 75 CMEs s

with sources from W30° to
behind the west limb. All CME
speeds are Veopmge > 900 km's
The diagonal line is the
least-squares best fit, and only
one event has W < 60°. Figure 5
of Kahler and Reames (2003).
Reproduced by permission of the
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Figure 5 Top: Association rates
of DH type II bursts as functions
of CME speed and width for all
CMEs observed from 1996 to
2005. Bottom: Same for

E > 10-MeV SEP events of

> 1 pfu, but now for only FW
CMEs. From Gopalswamy et al.
(2008a). Reproduced by
permission of the AAS.
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and/or SEP event, or FW CMEs with no such associations (Gopalswamy et al., 2008a,b),
can be attributed to variations of V, in different types of coronal structures traversed by the

CMEs.

The simple explanation of deviations of Veyg from a strict requirement of Voymp >
900 kms~! for DH type II burst or SEP event associations is not matched by a similar
conceptual understanding of why FN CMEs seem to be excluded from those associations.
FN CME:s also exceed the average coronal V, and should often produce shocks, as do the
FW CMEs. We (Kahler and Gopalswamy, 2009) briefly reviewed this question and offered
an explanation in terms of two kinds of shocks produced by projectiles and pistons, which
we associate with the FN and FW CMEs, respectively. Here we will confirm these CME
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Figure 6 Speed—width 3500 [T ey ey ey ]
distribution of limb CMEs with [ 379 Limb CMEs
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Reproduced with permission of
the authors.
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associations with more extensive and recent data sets and with the same basic explanation
explore the question more broadly.

2. Data Analysis

For our analysis we want to select FN CMEs in the LASCO CDAW catalog (Gopalswamy
et al., 2009a) through July 2016. The plot of Figure 6 shows an early V-W distribution
of limb CMEs compiled by Gopalswamy et al. (2009b). Our first selection cut is only fast
(linear first-order Veymg > 900 kms~!') CMEs above the horizontal dashed line, and the sec-
ond is widths 10° < W < 150° shown by the vertical dashed line. We do not include the
narrowest (W < 10°) CMEs, whose CDAW numbers increased after 2004 due to observer
bias (Webb and Howard, 2012) and are lower than those of the alternative CACTus catalog
(Yashiro, Michalek, and Gopalswamy, 2008; Robbrecht, Berghmans, and Van der Linden,
2009). The extension of W to 150° allows comparison of FN CME properties with those of
the broader (60° < W < 150°) CMEs. We further restrict the selection to 200° < PA (po-
sition angle) < 340°, limiting the CMEs to those of the west limb, which would be more
favorable for SEP event associations. Unlike the CMEs of Figure 6, our total sample of 232
CMEs will also include a large number of CMEs behind the limb. We find a weak Pearson
CC (correlation coefficient) = 0.20 between the speeds Veyg and widths W of the 232 sam-
ple CMEs, as might be expected from Figure 6. The LASCO CDAW catalog gives CME
linear speeds and 2nd-order speeds at final heights based on fits to the CME height-time
profiles. We also looked at differences between those two speeds and found similar median
values of —52 kms™! for FN CMEs and —67 kms™! for those with W > 60°. Thus we do
not find the sample CMEs to be distinguished from larger statistical samples.

2.1. Type II Bursts

For our comparison of FN CMEs with type II bursts, we use a comprehensive listing of 1190
metric type Il bursts (S.M. White, priv. comm.) reported through July 2016 by the Culgoora
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(Labrum, 1972) and Radio Solar Telescope Network (RSTN) (San Vito, Learmonth, Sag-
amore Hill (Guidice, 1979), and Palahua) observatories. For associated events, the type II
onset times generally preceded the first associated CME observation in the LASCO C2 coro-
nagraph by up to 30 minutes. The resulting speed—width distribution of CMEs is shown in
Figure 7, where red crosses indicate the associated type II bursts. Among the 129 FN CMEs
are found only three type II bursts, while 14 type II bursts occur among the 103 wider
(60° < W < 150°) CMEs. We note that there may be type II burst associations to be found
among narrow CMEs of slower (Veve < 900 kms™!) speeds, but we are here selecting on
FN CME:s likely to exceed the local V, speeds. An earlier comparison by Gopalswamy et al.
(2005) of CMEs with Hao flare sources within 30° of the limb and associated with metric,
but not DH, type II bursts, yielded median speeds and widths of only 518 kms~! and 85°,
respectively, when halo CMEs were excluded from the comparisons (Figure 8). Thus, their
work would not suggest the relative deficit of metric type II burst associations we find here
for the FN CME:s.

2.2. SEP events

We compare our FN CME list with two recent compilations of SEP events. The first is a
list of 217 Wind/EPACT 20-MeV proton events associated with CMEs from 1996 through
2008 by Kahler (2013). The plot in Figure 9 shows the subset of 183 CMEs through 2008
with Veye > 900 kms™!. Only two of the 110 FN CMEs were associated with 20-MeV
proton events, and again, that included the impulsive 2000 May 1 event (Kahler, Reames,
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Figure 9 Plot of EPACT
20-MeV proton events (Kahler,
2013) associated with CMEs of
VeMEe > 900 kms ™! indicated
with red crosses. There were 183
selected CMEs during the
1996 — 2008 period of the EPACT
events. FN CME:s lie /eft of the
vertical line. The blue arrow
points to the impulsive event of
2000 May 1.

Figure 10 Plot of GOES

E > 10 MeV proton events
(Kahler and Ling, 2019)
associated with 248 CMEs of
VeMEe > 900 kms ™! indicated
with red crosses. FN CMEs lie
left of the vertical line. All seven
of the proton events were
associated with CMEs of

W > 60°.
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and Sheeley, 2001). Of the remaining 73 CMEs with 60° < W < 150° there are 16 EPACT

20-MeV proton events.

We take as a second list of SEP events the GOES E > 10 MeV events of > 1.2 pfu from
1998 through 2016 compiled by Kahler and Ling (2019). A number of events are common
to the two lists, but the GOES energy and intensity dynamic ranges are lower than those
of the EPACT events. No GOES E > 10 MeV events are found among the 129 FN CMEs
(Figure 10), while seven of the 103 wider (61°—150°) have SEP event associations.

These metric type II burst and SEP event comparisons with a comprehensive list of 232
LASCO fast CMEs clarify the earlier results of an essential cut-off at W = 60° reported by
Gopalswamy et al. (2001a,b) for DH type II bursts and by Kahler and Reames (2003) for
SEP events. The Ve > 900 kms™! speeds of the FN CMEs should easily exceed the V,
or V; coronal speeds needed to drive shocks and accelerate SEPs. There is clearly another
requirement or condition for shocks and SEPs that the FN CMEs do not meet. We suggest a
possible solution to this question in the next section.
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3. Results and Discussion

When large numbers of CME observations became available from LASCO, there were at-
tempts to model the forces that controlled the propagation of CMEs through the solar wind
(SW). The dynamics of CMEs in the SW has generally been treated in terms of drag forces
acting on a magnetic structure plowing through the SW. Cargill and Schmidt (2002) and
Cargill (2004) modeled cylindrically symmetric CMEs moving magnetohydrodyamically
through the SW, and Vr$nak et al. (2004), Vr$nak, Vrbanec, and Calogovi (2008) calcu-
lated drag forces based on extensive observations of CME propagation. Drag forces varied
with CME speed, height, and effective CME area and inversely with CME mass, but the
CMEs were treated as cylindrically symmetric structures with SW flowing past the CME.
Recently Dumbovi¢ et al. (2018) used a drag-based ensemble model for CME propagation.
Russell and Mulligan (2002a,b) considered the shapes of bow shocks preceding interplane-
tary CMEs (ICMEs). For a symmetric flux-rope ICME they invoked two radii of curvature,
one corresponding to the cross section and the other to the curvature of the flux-rope axis.
The basic bow shape for a shock was also invoked by Russell and Jian (2008) for a general
comparison of ICMEs with magnetospheres.

CME-driven shocks can be described by two fundamentally different processes. The first
is the familiar bow shock, formed as SW flows around a relatively narrow projectile, and the
second is an expansion shock, formed ahead of a piston driver expanding outward through
and accreting the SW. While the projectile-driven bow shock has been the dominant model
for understanding fast CMEs, the possible application to CMEs of the alternative piston-
driven or “snow plough” model was suggested by Tappin (2006), and the two models were
contrasted qualitatively in a review of coronal shock waves by Vr$nak and Cliver (2008). Ap-
preciating this fundamental difference of the two models, Takahashi and Shibata (2017) in-
troduced an analytic “sheath-accumulating propagation” model, similar to the piston-driven
model.

Insightful model comparisons of the two kinds of shock sheaths were carried out by
Siscoe and Odstrcil (2008). One difference is that the calculated shock stand-off distance
is smaller for the expansion shock than for the bow shock when normalized to the same
radius of curvature of the driver. Figure 11 compares the two shock stand-off distances for a
ratio of specific heats of y = 5/3. Since the projectile magnetosphere is assumed to have a
fixed size, the stand-off distance in a uniform medium is also fixed, but the shock stand-off
distance continually grows as the size of the expanding ICME increases by accreting the
SW. An important factor is that the ICME is expanding within an outflowing SW, so that the
azimuthal expansion speed is always greater than the radial speed of the ICME front relative
to the SW flow (Siscoe and Odstrcil, 2008). Takahashi and Shibata (2017) also make this
point, that if the sheath thickness is not comparable to or larger than the lateral extent of
the CME, the model breaks down because plasma escapes around the sides of the CME
(Figure 11).

More detailed calculations of ICME expansion shocks by Zic ef al. (2008) show that
shock formation times and stand-off distances are shorter for: i) higher Vyg, ii) higher CME
accelerations, and iii) larger Alfvén Mach numbers M,, and longer for: i) longer acceleration
phase durations and ii) higher ambient V,.

White-light structures observed ahead of CMEs have been confirmed by various authors
(Vourlidas et al., 2003; Kahler and Vourlidas, 2005; Gopalswamy and Yashiro, 2011; Lee
et al., 2014) to be driven fast-mode shocks. The choice between a piston-driven or bow
shock interpretation has not been clear, however. Ontiveros and Vourlidas (2009) modeled
all their 13 FW CME-driven shocks in terms of the bow shock. Kwon, Zhang, and Olmedo
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Figure 11 Top: Comparison of 20.
azimuthal color-coded flow

speeds in shock sheaths around a
magnetospheric bow shock (left)

and an ICME piston-driven shock

(right), both scaled to a common

radius of curvature of the shock 1c.
driver. The matching curved lines

show that the sheath thickness of

the bow shock is more than twice

that of the piston shock. Bottom:
Schematic to illustrate that all

material flowing into the bow o.
shock is compressed and

deflected to flow around the

driver, as indicated in the left side

of the top figure. Although

material is also flowing away

from the nose of the ICME sheath =19.7
in the right side of the top figure,
the width is expanding faster than
the azimuthal speed of the flow,
leading to SW accretion in the
sheath. Figures from Siscoe and
QOdstreil (2008). Reproduced by
permission of AGU.

(2014) successtully applied a bow shock model to a FW Halo CME, but they concluded that
the driven shock could be either a piston-driven shock or a bow shock. Lee et al. (2017) com-
pared gas dynamic versus MHD models using bow shock theory to match observed stand-off
distance ratios and found MHD theory more suitable for 18 limb CMEs of W > 60°. Kwon
and Vourlidas (2017) used two models to do 3D reconstructions of three fast CME flux
ropes with widths from 58° to 91° and concluded that their shocks could be piston-driven
or bow shocks, depending on the local expansion of the CME. In their extended analysis of
two of those CMEs to derive the shock compression ratios (Kwon and Vourlidas, 2018), they
found bow-type shocks at the noses, but shocks at the flanks were freely propagating as blast
waves. Thus, it has not been a priori obvious from observed CME W values which model
provides a better description. Our observational results suggest, however, that FN CMEs
are mostly bow shocks and FW CMEs predominately expansion shocks. We also have to
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remember that the widths of many FW CMEs reported in the LASCO catalogs include both
the CME drivers and the shock envelopes.

Shocks have also been observed ahead of relatively narrow CMEs. Vourlidas et al. (2003)
simulated an observed shock ahead of a fast (Veyg = 1068 kms™!) jet-CME that maintained
a narrow (~ 20°) width out to 30 R,. That CME had a filamentary structure, but not the
characteristic loop—cavity—core structure of broader CMEs. They showed four more (their
Figure 8) examples of narrow CMEs with preceding bow-like shocks. Expanding on those
results, Vourlidas and Ontiveros (2009) suggested that the bow shock morphology was as-
sociated almost exclusively with narrow CMEs.

Since FN CMEs seem likely to form bow shocks, we can ask whether those bow shocks
can also produce SEP events, as do the FW CME shocks. The obvious counterpart is the
Earth’s bow shock, which is a stationary reverse shock with speed and density jumps of a
factor of four, compared with ICME foreward shock jumps of very small to four (Richard-
son, 2008). Planetary bow shocks have electron and ion foreshock regions in which reflected
particles can travel upstream along the magnetic field rather than being convected into the
magnetosheath (Russell, 2005). Mason, Mazur, and von Rosenvinge (1996) detected short
duration enhancements of heavy ions in the ~ 30— 150 keV nuc™! range upstream of the bow
shock with the EPACT instrument on Wind. An EPACT survey (Desai et al., 2000) of 1225
upstream events with durations of 10 min to 3 hours revealed steep (y = 3—4) power-law
energy spectra in the 30 to 300 keV nuc~! energy range, with the bow shock source pre-
dominately quasi-parallel regions. Relatively efficient acceleration regions called hot flow
anomalies have been reported (Turner et al., 2018) in which first-order Fermi acceleration
of ions up to 1 MeV occurs. The basic point is that the Earth’s well observed strong bow
shock in the SW is capable of accelerating energetic ions only to < 1 MeV nuc™!, in contrast
to up to GeV energies in FW CME-driven shocks (Desai and Burgess, 2008). If FN CMEs
also generate bow shocks in the SW, then production of E > 10 MeV SEP events would also
seem unlikely.

Even if FN CMEs produce bow shocks and ~ 1 MeV nuc™! energetic ions, the nar-
row (< 60°) injection regions might still require magnetically well located sources for
those SEPs to be detected at Earth. A recent search (Bronarska et al., 2018) for low en-
ergy (E < 1 MeV) particles from a sample set of 125 fast (Veye > 400 kms™!) and narrow
(W < 20°) frontside CMEs with position angles from 255° to 285° yielded 24 hits. How-
ever, the high associations of those events with type III bursts (21 of 24) and with 3He-rich
events (20 of 24) suggests that those authors were detecting impulsive SEP events produced
in coronal reconnection events rather than by CME-driven shock acceleration. Earlier, Wang
et al. (2012) found CMEs to be associated with most of their *He-rich events, the majority
of which were narrow (W < 50°). We conclude that there is not yet any evidence that SEP
events have been produced in bow shocks driven by FN CMEs. A possible limiting factor
is the particle acceleration time scale 7, given in Equation 78 of Schwadron et al. (2015)
as T = L/ V,,, where L is the shock accelerator region size and V, is the convection speed
with which the magnetic flux bundles move across the shock accelerator. This term should
be minimal for FN CMEs, with both small L and fast V;, combining to limit the acceleration
times 7.

4. Conclusions

We have done associations of fast (Veyg > 900 kms™') with metric type II bursts and
E > 10-MeV SEP events. We confirm earlier results that essentially no CMEs with
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W < 60°, i.e., the FN CMEs, are associated with either the type II bursts or SEP events.
We interpret these results in terms of a distinction between bow shocks around FN CMEs
and piston-driven shocks around FW CMEs. The CME-driven bow shocks are capable of
producing only low energy (< 1 MeV) ions, as demonstrated by observations at the Earth’s
bow shock. The fundamental difference between the two is whether the SW sheath mate-
rial readily flows around the propagating CME or is trapped between the shock and CME
and accumulates during CME propagation. Why the cut-off seems to occur rather sharply at
W = 60° is not understood.
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