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Abstract

We re-examine the physical relationship between extreme ultraviolet (EUV) waves and type II radio bursts. It has
been thought that they are two observational aspects of a single coronal shock wave. However, a lack of their speed
correlation hampers the understanding of their respective (or common) natures in a single phenomenon. Knowing
the uncertainties in identifying true wave components from observations and measuring their speeds, we re-
examine the speeds of EUV waves reported in previous literature and compare these with type II radio bursts and
coronal mass ejections (CMESs). This confirms the inconsistency between the speeds of EUV waves and their
associated type II radio bursts. Second, CME speeds are found to have a better correlation with type II radio bursts
than EUV waves. Finally, type II speeds and their range tend to be much greater than those of EUV waves. We
demonstrate that the speed inconsistency is in fact an intrinsic tendency and elucidate the nature of a coronal shock
wave consisting of both driven and non-driven parts. This suggests that the speed inconsistency would remain even
if all other uncertainties were removed.

Unified Astronomy Thesaurus concepts: Solar coronal waves (1995); Solar coronal radio emission (1993); Solar

coronal mass ejections (310)

Supporting material: machine-readable table

1. Introduction

Solar eruptive events, such as flares and coronal mass ejections
(CMEs), release huge amounts of energy. The profound effects of
such explosive processes are not confined to their parent active
regions but also cause disturbances over a wide spatial range in the
forms of fast magnetosonic waves and shocks (e.g., Cliver et al.
1995; Kwon et al. 2013). The existence of these coronal waves has
long been established based on metric type II radio bursts (e.g.,
Wild & McCready 1950; Cliver et al. 1999, hereafter type IIs).
Such disturbances have also been observed in optical observations
as arc-shaped bright fronts of Har wings, indicative of propagating
disturbances in the chromospheric layer (Moreton 1960; Moreton
& Ramsey 1960); such phenomena are termed Moreton or
Moreton—Ramsey waves. Moreton—-Ramsey waves were initially
interpreted as the chromospheric response to a fast magnetosonic
wave traveling in the solar corona (Uchida 1968). Thus, they were
thought to be remote-sensing observations of the shocks
responsible for type IIs (Uchida 1974). When arc-shaped bright
fronts were also observed with the Extreme Ultraviolet Imaging
Telescope (EIT; Delaboudiniere et al. 1995) onboard the Solar and
Heliospheric Observatory (SOHO; Domingo et al. 1995) space-
craft, they were immediately interpreted as the coronal waves that
are the origin of the chromospheric Moreton—Ramsey waves
(Moses et al. 1997; Thompson et al. 1998). They were first named
for the instrument that discovered this phenomenon, i.e., EIT
waves, but later came to be called EUV waves since they are
generally identified in EUV observations. EUV waves have a
broad speed distribution, from several tens of km s~ ! to more than
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1000kms™" (see the review by Warmuth 2015; Long et al.
2017b).

Due to the lack of coronagraphic observations in the 1960s and
1970s, the agent of the coronal shocks observed as type IIs and
Moreton—Ramsey waves was thought to be flares; however, since
1995, the regular space-based coronagraphic observations of
SOHO LASCO (Brueckner et al. 1995) have established that they
have a stronger association with CMEs than flares. Gopalswamy
et al. (2005, 2009) have shown that metric type II emission is
usually driven by CMEs. Support for the CME-driven shock
scenario is given by observations of broadening and intensity
changes in the UV emission lines ahead of the CME front,
attributed to shocks associated with type IIs (Mancuso et al. 2002;
Ciaravella et al. 2005). Similarly, analyzing 173 EUV waves
observed between 1997 and 1998 by SOHO EIT, Biesecker et al.
(2002) found an unambiguous relationship between EUV waves
and CMEs, while EUV waves with bright and sharp fronts also
have a strong relationship with flares.

It has been thought that EUV waves and type IIs are two
observational aspects of a single coronal shock wave, but
physical inconsistencies between them hampers our under-
standing of their different or common nature. The inconsistency
is two-fold based on their one-to-one correspondence and
speed. Muhr et al. (2014) analyzed 60 strong EUV wave events
from 2007 January to 2011 February and found a 22%
association of EUV waves with type IIs. Nitta et al. (2013)
presented a statistical analysis of 138 events, finding a 54%
association. Nitta et al. (2014) presented examples in which a
type II is not associated with an EUV wave and vice versa.
They suggested that neither EUV waves nor type II bursts serve
as a necessary condition for coronal shock waves. More
recently, Long et al. (2017a) found that out of 164 events, 40%
of the EUV waves are associated with type IIs.
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Table 1
60 EUV Wave Events and Timeslice Analysis

S. No. Date EUV Wave GOES Flare Start Wave CME Start CME Type I Shock Type 1II

Time (UT) Flare Time (UT) Velocity Time (UT) Velocity Time (UT) Height (R) Velocity
1. 27-01-2012 18:08 X1.7 17:37 800 18:27 2508 18:10 1.15 1523
2. 07-03-2012 00:05 X5.4 00:02 e 00:24 2684 00:17 1.15 2273
3. 07-03-2012 01:07 X1.3 01:05 608 01:30 1825 01:09 1.15 1329
4. 09-03-2012 03:39 M6.3 03:22 314 04:26 950 03:43 1.37 1285
5. 13-03-2012 17:15 M7.9 17:12 493 17:36 1884 17:15 1.15 1366

Note. Table 1 is published in its entirety in the electronic edition of the Astrophysical Journal Letters. A portion is shown here for guidance regarding its form and

content.

(This table is available in its entirety in machine-readable form.)

Few studies have compared their speeds between EUV
waves and type IIs. Klassen et al. (2000) found that they are
strongly associated (90%), but their speeds remain poorly
correlated. Recently, Long et al. (2017a) found that the median
speeds for individual EUV wave events correlate closely with
their accelerations, indicating that the median speed is a
physically meaningful characteristic. We interpret that the
random error in speed has less effect on the median values.
While systematic errors may not be removed by taking the
median value, the correlation would be less affected by the
systematic error. Interestingly, however, they found that even
their median speeds are not correlated with the speeds of type
IIs. Such inconsistency was also found by Warmuth (2010).

Supposing that EUV waves are the imaging observations of
fast magnetosonic shock waves, which are themselves
observed as type IIs in radio observations, several possible
explanations may account for this inconsistency. First, speed
inconsistencies could result from different propagating direc-
tions. As indicated by their slow frequency drift, type IIs are
likely to be a shock driven by the CME radial motion. By
contrast, it is widely accepted that EUV waves are driven by
the lateral expansion of their associated CME. Thus, the
directionality naturally explains their different speeds. How-
ever, it is also well-known that CME radial speeds and lateral
expansion speeds are strongly correlated (Dal Lago et al. 2003;
Schwenn et al. 2005), suggesting that the directionality itself
should not affect their correlations. For instance, Warmuth
(2010) showed that the speeds of Moreton—Ramsey waves
closely correlate with those of type IIs. This has provided the
basis for various non-wave interpretations of EUV waves (see
Warmuth 2015; Long et al. 2017b, for reviews); in contrast,
Moreton—-Ramsey waves have been widely accepted to be a
type II-related wave phenomenon.

Second, it may result from uncertainties inherent to
measuring their speeds. In case the same fronts are given, the
speeds measured by various people with different methods will
strongly correlate with one another, thus these differences in
the speeds will not significantly affect the correlation when
comparing them with other parameters. Because the fronts to
track for type IIs and CME noses are clearly given, the largest
uncertainties in correlations should arise from the fact that the
EUV observations show not only the wave fronts but also non-
wave components (Warmuth 2015; Long et al. 2017b). Taking
the occurrence of slower non-wave components following a
true wave front into consideration (e.g., Chen & Wu 2011), one
may consider only the faster one when determining the wave
speed. However, EUV waves are also subject to the projection

effect, thus the projected fronts could appear faster than the
actual ones (Kwon et al. 2013; Lario et al. 2014; Downs et al.
2021). Such complicated appearances in an event inhibits the
measurements of their accurate speeds and errors. Alterna-
tively, we analyze EUV waves listed in Nitta et al. (2013), in
which the speeds are used for statistical studies (Nitta et al.
2013, 2014; Long et al. 2017a). We take advantage of these
previous speed measurements to find out if a physically
meaningful trend or tendency exists between EUV waves and
type IIs.

In this paper, we re-examine the physical relationship
between EUV waves and type IIs. We have identified 60
EUV wave events associated with type IIs from a catalog
compiled by Nitta et al. (2013). In Section 2, we show
comparisons among these EUV waves, type IIs, and parent
CME:s to evaluate whether the inconsistency is due to speed’s
uncertainties. The speeds determined by Nitta et al. (2013) and
Long et al. (2017a) are also presented for comparison. Finally,
in Section 3, we present discussions about our findings and
conclusions.

2. Results

Since errors in speeds of type IIs and CMEs would have
small effects on the correlations as discussed in Section 1, we
used the speeds previously reported in the LASCO CDAW
catalog (Yashiro et al. 2004) and the NOAA list for CMEs and
type IlIs, respectively. Knowing the uncertainties described in
Section 1 and thus to be compared with previous measure-
ments, we analyzed the EUV wave events listed in Nitta et al.
(2013) which are already extensively studied (Nitta et al.
2013, 2014; Long et al. 2017a). We used the Solar Dynamics
Observatory (SDO; Pesnell et al. 2012)/Atmosphearic Ima-
ging Assembly (AIA; Lemen et al. 2012) AIA 193 A images
to re-examine the properties of the EUV waves. We compared
the timing of these events with CMEs and type IIs in the
LASCO CDAW catalog and the NOAA list, respectively. As
a result, we found 60 EUV wave events associated with type
IIs. The list of the events investigated in this study and the
physical parameters are given in Table 1.

Figure 1(a) shows that out of the 60 events studied, 28 featured
the occurrence of type IIs within a time interval of 5 minutes after
the generation of the EUV waves. The maximum delay preceeding
type IIs was found to be 25 minutes after the appearance of the
EUV waves. Interestingly, type IIs appeared before EUV waves in
five events. A possible physical explanation is that the fast radial
motion of the CME generates a shock wave prior to the lateral
expansion that produces the EUV wave in the low corona. While
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Figure 1. Histograms showing time differences of occurence of EUV waves vs. type II radio bursts (a), EUV waves vs. CMEs (b), and type II radio bursts vs.

CMEs (c).

800 SNEY)
600
4005

200}

Y (arc sec)
Distance (arc sec)

600 -400 -200 0 200

X (arc sec)

1000 -800

of

06:51 07:15 07:39

Time (UT)

07:27

07:03

Figure 2. (a) location of the slit along which the distance—time plot is created. (b) distance—time plot showing the propagating fast-component (red dashed line) and

slow-component EUV wave (blue dashed line) on 2013 April 11.

these cases can be due to mismatches, their small number is
expected to have a minimal effect on our statistical study, which
uses a large number of samples.

Previous works have indicated that CMEs are a common
agent of EUV waves and type IIs (Biesecker et al. 2002;
Mancuso et al. 2002; Ciaravella et al. 2005; Gopalswamy et al.
2005, 2009). In this regard, the properties of CMEs may
provide indications as to the link between the EUV waves and
type IIs. Figures 1(b) and (c) show the timing difference of the
CME onsets from EUV waves and type IlIs, respectively. The
CME onset times have been taken from the CDAW catalog,
and thus the onset time represents the first appearance of CMEs
in the LASCO C2 field of view. The larger time delay of CMEs
seen in these panels than in Figure 1(a) is due to the transit time

of the CMEs as they propagate into the C2 field of view. There
are few questionable events in which the CME appearance is
earlier than that of EUV waves or type IIs, but this should not
affect our statistical results.

We derived the speeds of the 60 EUV waves. Since EUV
waves are observed most clearly in 193 A and 211 A we
selected AIA 193 A images. Figure 2 shows an example of
distance—time maps used to track the EUV wave fronts and
determine their speeds. The distance—time map is constructed
by stacking cuts taken along a great circle passing the source
region (the white curve in panel Figure 2(a)) on images taken
during the EUV wave is in progress.

To determine the speed, one may use a manual or automatic
method (see review by Long et al. 2017b). Note that these
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Figure 3. Comparisons between speeds of EUV waves, type II radio bursts, and CMEs determined in Nitta et al. (2013), Long et al. (2017a), and the present work. See

Section 2 for details.

methods can be applied only after an EUV wave front is
identified by visual inspection. While the different approaches
for the same front will result in different speeds, it is very likely
that these speeds are correlated with each other, and thus these
differences may not affect greatly the correlation when
comparing with other physical parameters. In this sense, we
can speculate that the largest uncertainties in the correlation
occur at the selection stage of the fronts due to interference by
non-wave components and projection effects (Section 1).

Taking sources of speed uncertainty into consideration, we
used a slightly different method, expecting that comparisons of
the given type II speeds with EUV wave speeds determined
with various methods may provide indications to find a trend.
For every event, the distance—time maps revealed fast as well as
slow EUV wave components. We used visual inspection to
track these EUV wave-related fronts and computed their
average speeds. We found that EUV waves propagate with
speeds as low as ~170kms ' and as high as ~1500 kms .
Note that Nitta et al. (2013) and Long et al. (2017a) used the
same catalog and determined the speeds of EUV waves, and
thus our investigation can be made together with their speed
measurements (Figure 3).

Figure 3(a) shows comparisons between the speeds of EUV
waves and type IIs. Closed dots denote values determined in

this study and show no correlation between the two speeds.
Since EUV wave speeds could be uncertain, we also present the
values in Figure 6 of Long et al. (2017a) with cross symbols to
determine whether the low correlation is due to the uncertainty
of our calculated speeds. Furthermore, the speeds for EUV
waves also studied in Nitta et al. (2013) and Long et al. (2017a)
are shown in Figure 3(b) as ex and plus symbols, respectively.
These comparisons made with three independent measurements
do not provide any indication for a trend. This implies that the
inconsistency is not merely due to uncertainties in measuring
EUV wave speeds. Instead, we found a tendency from these
three independent studies, in which the type II speeds easily
exceed a higher speed, e.g., 1000 kms™ ', whereas the EUV
waves rarely do so.

The same tendency is also found in the speeds of CMEs and
EUV waves, as shown in Figure 3(c). Their weak correlation was
also reported in Nitta et al. (2013). It seems natural that EUV
waves are waves propagating with their wave-mode speed while
CME speeds depend on kinetic energy. Figure 3(d) shows that
type II speeds are better correlated with those of CMEs
(correlation coefficient of 0.29) than with EUV waves (correlation
coefficient of 0.17). In addition, the full speed ranges of type IIs
and CMEs are identical (~2500kms ™). It also seems natural if
type IIs arise due to CME-driven shocks. Note that the CME
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speeds presented in this paper were determined at the noses. The
weak correlation coefficient values between type IIs and CMEs
can be understood considering the various source locations of type
IIs. Ramesh et al. (2012) studied 41 type IIs and found that they
could originate from any location of the CME. There are equal
possibilities for type II generation from the nose and flank.

3. Discussion and Conclusion

We analyzed 60 EUV wave events associated with type IIs. We
found no strong correlation between the speeds of EUV waves and
type IIs; however, we invoke a tendency that has been regarded as
an inconsistency, i.e., that the speeds of EUV waves and their
range are much less than those of type IIs (Fi%ure 3). Type 1Is
easily exceed higher speeds, e.g., 1000kms™, whereas EUV
waves rarely do so. The average and standard deviation (the full
range and median value) are 480 +250kms ' (170-1570km s~
and 450kms "), ie., approximately two times less than those
of type IIs, which are 970 + 470kms~' (360-2350kms ' and
830 kms ).

The same tendency has been noted in two other independent
studies (Klassen et al. 2000; Long et al. 2017a), suggesting that
differences in speed cannot be described only to uncertainties.
Long et al. (2017a) showed that the speed and range of type Ils are
three times greater than those of EUV waves. The average speed
and standard deviation (the full range and its median value) of
EUV waves and type IIs are 430 + 170 kms ™" (100-790 km s~
and 410kms™") and 1150 £670kms ™' (360-4520kms™" and
1040 km s~ 1), respectively. According to Figure 4 in Klassen et al.
(2000), the values for EUV waves are 280 +70kms~" (100—
500km s~ and 250 km s "), whereas those for type IIs are 740 +
230km s~ (200-1300 kms ' and 750 km s ). These results also
show that the type II speeds and the range are three times greater
than those of EUV waves. Meanwhile, we did not see the same
tendency between the speeds of the type IIs and CMEs. The
average speed and the standard deviation of CMEs are
980 + 610km s, approximately identical to those of the type IIs
(970 £ 470 kms ™).

This tendency or inconsistency has been expected from the
three-dimensional speed distribution of coronal shocks (Kwon
& Vourlidas 2017). Kwon & Vourlidas (2017) found the same
tendency in two shock speeds taken from two different
directions in an event, nearly along the radial direction and
the direction of the EUV waves. They analyzed three halo
CME:s with significantly differing radial speeds in the CDAW
catalog. They considered that halo fronts are the observation of
coronal shocks (Sheeley et al. 2000; Kwon et al. 2015), and
thus the coronal counterparts of EUV waves (Kwon et al.
2013). The 3D geometry and kinematics of coronal shocks
were determined using the ellipsoid model (Kwon et al. 2014).
While the shock leading-edge speeds of the three CMEs vary
from 1355 to 2157 km sfl, speeds close to the solar surface,
i.e., nearly in the direction of EUV waves, are identical and
consistent with the local fast magnetosonic wave speeds (see
Figure 16 in Kwon & Vourlidas 2017). It is well-known that
type IIs form due to CME-driven shocks propagating with the
driver CMEs. Since EUV waves are decaying shock waves
decoupled from the driver in the low corona where the driver
had left, their speeds should be largely affected by the local fast
magnetosonic wave speeds. In this regard, it is not necessary
that the speeds of EUV waves and type IIs are correlated.

Considering that EUV waves are a coronal counterpart of
Moreton—Ramsey waves, our interpretation above seems

Fulara & Kwon

contradictory to the strong correlation between the speeds of
Moreton—-Ramsey waves and type IIs (Klassen et al. 2000;
Warmuth 2010). An explanation for this can be found in the
fact that Moreton—Ramsey waves are observed only in very
energetic events (Francile et al. 2016; Cabezas et al. 2019;
Long et al. 2019), and their traveling distances are short
compared with those of EUV waves (Warmuth et al. 2001).
This leads to the conjecture that Moreton—Ramsey waves are
strictly related to either the shock-driving phase or the initial
strong shock phase (Kwon et al. 2013), and thus they are a
driven shock whose speeds are identical to those of the drivers.
On the other hand, EUV waves can be observed even in later
phases, when the speeds have reached the local fast
magnetosonic wave speed (Warmuth et al. 2001). This feature
was clearly observed in the simultaneous observation of a
Moreton—-Ramsey wave and EUV wave in Asai et al. (2012),
where they initially propagate cospatially. The Moreton—
Ramsey wave disappears first while the EUV wave continues
to propagate. Since both Moreton—Ramsey and EUV waves
decelerate, the simple average speed over time will result in a
slower speed for the one that travels a greater distance
(Warmuth et al. 2001). In this sense, the speeds of Moreton—
Ramsey waves and type Ils, i.e., CME-driven shocks, should
reflect the driver’s radial or expansion speeds, and thus their
speeds are very likely to be correlated, as opposed to the cases
of EUV waves.

Our interpretation also provides indications for the associa-
tion problem between EUV waves and type IIs. Type IIs are
often observed without EUV waves and vice versa (Biesecker
et al. 2002; Thompson & Myers 2009; Nitta et al. 2013; Muhr
et al. 2014; Long et al. 2017a). This may depend on the
direction of shock wave propagation and whether driven or
non-driven shocks are present. Type IIs are observed as a slow
frequency drift in the dynamic spectra and their frequency
corresponds to the local electron density. Therefore, shocks
strong enough to cause radio emission should travel in the
direction of the electron density gradient (nearly radial) and
along a sufficiently long distance to be identified as a frequency
drift in the dynamic spectra. If a super-magnetosonic CME
expansion in the initial phase serves as a piston, but its
traveling distance in the direction of the electron density
gradient is insufficient, there will be no observable frequency
drift. However, once a shock wave is generated in all directions
by the 3D piston, a fast magnetosonic wave is decoupled from
the piston and can propagate to greater distances as a decaying
shock wave, i.e., an EUV wave.

On the other hand, when piston-driven shocks travel to greater
distances, both type IIs and EUV waves will be observed;
however, once the EUV wave becomes freely propagating and
decouples from the driver, it will be subject to refraction due to the
local wave-mode speed gradient (Uchida 1968; Wang 2000;
Afanasyev & Uralov 2011; Kwon et al. 2013; Kwon &
Vourlidas 2017). Figure 4 in Kwon & Vourlidas (2017) indicates
that the EUV wave cannot be observed due to refraction toward
the upper corona in which the local fast magnetosonic speed
decreases with height. Additionally, when super-magnetosonic
radial motion of a CME occurs with sub-magnetosonic expansion,
the shock wave will be driven only in the radial direction. In this
case, the EUV wave will not be observed.

In summary, we have confirmed the inconsistency between
the speeds of EUV waves and associated type IIs. The
correlation coefficient is 0.17. However, we also identified a
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tendency for the speeds and range of type IIs to significantly
exceed those of the EUV waves. Type IIs can easily exceed
1000 kms ™', whereas EUV wave speeds rarely do so. The
average and standard deviation of the EUV wave speeds are
also significantly less than those of the type IIs and CMEs. This
tendency also can be found in Klassen et al. (2000), Warmuth
(2010), and Long et al. (2017a). Despite these differences, the
average and standard deviation of type IIs and CMEs are
identical and better correlated (correlation coefficient of 0.29).
These results indicate that type IIs can be as fast as CMEs, as
opposed to EUV waves. As indicated by the close relationship
between Moreton—Ramsey waves and type IIs (Klassen et al.
2000; Warmuth 2010), the directionality itself is insufficient to
account for this tendency. There must be an additional factor
lowering the EUV wave speeds, i.e., local fast magnetosonic
wave speeds.

We conclude that the inconsistency between the speeds of EUV
waves and type IIs is an intrinsic tendency. Type IIs are the
consequence of a driven shock in the extended solar corona and
their speeds are thus dependent on those of the driver, i.e., CME.
By contrast, the EUV waves are a non-driven shock wave,
propagating in the low corona where the driver had already left;
they evolve into a linear wave. The simple average speed of an
EUV wave over time could be largely affected by the local fast
magnetosonic wave speed and thus be independent of the speeds
of both the CME and the accompanied type II. Since the coronal
Alfvén speed and sound speed on average may not vary greatly,
the average speed of EUV waves must not show large event-to-
event variation relative to type IIs whose speeds are dependent on
the speed of the driver CMEs. Our results indicate that this is the
case. While our analysis may contain significant uncertainties in
identifying EUV waves and type IIs and measuring their speeds,
our conclusions lead clearly to a conjecture that the observed
inconsistency should remain even if all uncertainties were
removed.
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