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Abstract. The eruption of a large prominence and
the resulting development of a coronal mass ejection
(CME) were observed on June 12, 2023 by the Siberian
Radioheliograph in microwaves up to heliocentric dis-
tances exceeding two solar radii, space-borne telescopes
in the extreme ultraviolet, and coronagraphs in white
light. The evolution of the CME structural components
was traced and their kinematic characteristics were
measured. The CME components underwent two suc-
cessive acceleration pulses, comparable in magnitude
and duration. According to the observations, the first
acceleration pulse was caused by torus instability of the
magnetic flux rope associated with the prominence. At
this stage, its expansion was self-similar and consistent
with the expansion of the CME frontal structure. The
frontal structure was an expanding arcade that encom-
passed the pre-eruption prominence. The second accel-
eration pulse was associated with helical kink instabil-

ity, which manifested itself in the deformation of the top
of the erupting prominence, visible as a helical protru-
sion. The development of helical kink instability affect-
ed the motion of the CME frontal structure, but did not
influence the motion of the main body of the CME core,
shown up as the massive part of the erupting promi-
nence beneath the helical protrusion. After the comple-
tion of the helical kink instability, the coordinated self-
similar expansion of all CME components recovered.
The fact that the helical kink instability occurred much
later than the torus instability excludes its involvement
in causing the latter, as has sometimes been assumed.

Keywords: Sun, eruptive prominence, CME, Siberian
Radioheliograph, kinematic characteristics, magnetic flux
rope, torus and helical kink instabilities.

INTRODUCTION

Solar eruptions, i.e. ejections of magnetized plasma,
are the initial stages of the formation of coronal mass
ejections (CMEs) and can be accompanied by flares,
shock waves, and energetic particle fluxes. All these
phenomena are potential sources of space weather dis-
turbances that threaten the operation of various space-
borne and ground-based systems. While there is a sharp
difference in the manifestations between events associ-
ated with powerful flares and those related to eruptions
of large prominences away from active regions, the pro-
cesses responsible for them are probably the same, and
the differences are purely quantitative [Svestka, 2001].
Non-flare-associated eruptions can lead to significant
space-weather disturbances too. In such cases, an im-
portant factor is also the size of the event. For example,
the eruption of a large prominence on September 29,
2013 resulted in a Forbush decrease, a geomagnetic
storm, and a large near-Earth proton enhancement with
proton energies exceeding 100 MeV [Bruno et al., 2018;
Grechnev, Kuzmenko, 2020]. These circumstances de-
termine the practical significance of non-flare-
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associated eruptions for space weather.

Such events also appear promising for studying the de-
velopment of eruptions and the formation of CMEs. The
absence of bright flare emission in such events facilitates
the observation of eruptive prominences. The large size of
such prominences promotes the identification of their
structure. The long duration of their lift-off simplifies
measurements of their kinematic characteristics. These
features of non-flare-associated eruptions of large promi-
nences favor observational studies of driving factors of
eruptive processes and further development of CMEs.

The magnetic structure of a solar prominence (fila-
ment) before eruption is usually approximately repre-
sented as a magnetic flux rope. Two main magnetohy-
drodynamic (MHD) instabilities, torus and helical kink,
may be responsible for the eruption and changes in the
shape of the magnetic flux rope. The role and conditions
of development of each of these instabilities differ. Ac-
cording to model studies of magnetic flux ropes (e.g.,
[Amari et al., 2000, 2014; Aulanier et al., 2010]), the
most probable driving factor of an eruption is torus in-
stability [Shafranov, 1966; Bateman, 1978; Chen, 1989;
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Kliem, Torok, 2006; Schmieder et al., 2013]. A simpli-
fied analog of such instability is the instability of a recti-
linear unscreened current above the photosphere (e.g.,
[van Tend, Kuperus, 1978; Molodenskii, Filippov,
1987]). To trigger torus instability, in addition to suffi-
cient magnetic twist, the flux rope must rise and reach
the zone of rapid decay of the external transverse mag-
netic field, which prevents expansion. This occurs dur-
ing the initiation stage, when, due to acts of magnetic
reconnection (e.g., tether cutting [Moore et al., 2001]), a
magnetic flux rope is formed and slowly rises into the
instability zone. After that, unlimited toroidal expansion
of the prominence becomes possible.

The development of the helical kink instability re-
quires only sufficient twist of the flux rope exceeding a
certain critical value. In the case of a force-free magnetic
field VxB=aB, it is also necessary to violate the condi-
tion Va=0. Unlike the torus instability, the helical kink
instability [Shafranov, 1970; Kadomtsev, 1966; Bellan,
2008] is not able to provide unlimited eruption of a mag-
netic flux rope, but it can destroy or change the entire
magnetic configuration [Amari, Luciani, 1999; Hassanin,
Kliem, 2016; Hassanin et al., 2022].

Observations of erupting structures over a wide range
of heights, changes in their shape, and measurements of
their motions can contribute to the study of solar eruptions,
the development of CMEs, and the elucidation of the role
of MHD instabilities. Common problems with such meas-
urements are a rapid decrease in brightness or opacity of
erupting structures during their expansion and the impul-
sive nature of acceleration. In flare-associated events, the
main acceleration occurs in the impulsive phase before an
erupting structure appears in the field of view of a corona-
graph. During eruptions of large prominences unrelated to
obvious flare manifestations, the acceleration is considera-
bly lower in magnitude and continues longer than during
flare-associated eruptions. Along with the initial main ac-
celeration pulse, in such events additional comparable ac-
celeration is sometimes recorded at a considerable distance
from the Sun (e.g., [Kuzmenko, Grechnev, 2017; Grech-
nev, Kuzmenko, 2020]). Difficulties in identifying the
structures observed by coronagraphs with those visible in
the extreme ultraviolet near the solar surface also prevent
complete measurements of their motions and the detection
of ongoing changes.

At present, prominences can be studied using almost
continuous observations in the extreme ultraviolet
(EUV) range, especially in the Hell 304 A line. Micro-
wave images can significantly complement these obser-
vations. They can be employed to measure motions of
erupting prominences and estimate plasma parameters
in them [Gopalswamy, Hanaoka, 1998; Grechnev et al.,
2006; Shimojo et al., 2006; Uralov et al., 2023]. Under
favorable conditions, radioheliographs' fields of view
can overlap with coronagraphs's fields of view.

This study analyzes the eruption of a large high-
latitude prominence and the development of CME ob-
served by space-borne telescopes and the Siberian Ra-
dioheliograph (SRH) [Altyntsev et al., 2020] in differ-
ent emission ranges. This article, Article I, examines the
structure, kinematic characteristics, and shape changes

of the eruptive prominence and CME. Article Il deals
with microwave observations of plasma streams falling
from the erupting prominence onto the solar surface.
Section 1 of this article provides a general overview
of the event, discusses data handling techniques, and
analyzes observations. Section 2 discusses the results.
The final section summarizes the findings of the study.

1. EVENT OVERVIEW,
OBSERVATIONS,
AND DATA HANDLING

1.1. Initial stage of eruption

On June 12, 2023 at 02:00-03:30 UTC (hereinafter
Coordinated Universal Time is used), a large promi-
nence, located approximately along the parallel at lati-
tudes N62—-N70, erupted. The eruption was observed by
SRH at a number of frequencies. In EUV, prominences,
including eruptive ones, are best seen in the Hell 304 A
line with a characteristic temperature of 50000 K. The
eruption in question was observed in different channels,
including 304 A, by the Atmospheric Imaging Assem-
bly (AlA) [Lemen et al., 2012] on board the Solar Dy-
namics Observatory (SDO) [Pesnell et al., 2012]. The
event was also recorded by the Sun Earth Connection
Coronal and Heliospheric Investigation (SECCHI) in-
strument suite [Howard et al., 2008] on board the Solar-
Terrestrial Relations Observatory (STEREO) [Kaiser et
al., 2008]. The advantage of the Extreme Ultraviolet
Imager (EUVI) [Wuelser et al., 2004] on STEREO-A is
its wider field of view compared to SDO/AIA.

This study uses SRH observations made at a fre-
quency of 6.2 GHz at which the eruptive prominence is
best visible. From SRH data, we synthesized image sets
for the stage of slow rise of the prominence from 00:15
to 02:00 with a typical interval of 352 s (5.87 min) and
then from 02:00 to 04:30, when the prominence rise
sped up, with a typical interval of 70.5 s (1.18 min). The
half-height cross-section of the 6.2 GHz SRH beam
pattern had the shape of an ellipse with axes 18”x27" at
02:00 and was almost circular, 22"x22", at 03:33.

In this study, the SRH images were calibrated in
brightness temperatures, using the following well-known
approach. Due to the statistical predominance in the im-
age of pixel values corresponding to the levels of the sky
and the quiet Sun at a given frequency, the brightness
distribution histogram has two peaks. For example, by
referring instrumental units to the histogram peaks, No-
beyama Radioheliograph data was calibrated [Hanaoka et
al.,, 1994]. Difficulties, however, arise when the histo-
gram peaks are distorted or there are very bright sources.
The biggest problems occur when the two histogram
peaks are not separated.

To overcome such difficulties, this technique has
been updated [Kochanov et al., 2013]. Brightness distri-
butions within the solar disk and over the sky region
outside it are analyzed separately. To reduce the influ-
ence of spurious spikes and other histogram problems,
the result of its fit with a Gaussian is used. The quiet
Sun’s brightness temperature at the required frequency
is calculated by a procedure that fits the measurements
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presented in [Zirin et al., 1991; Borovik, 1994]. At a
frequency of 6.2 GHz, quiet Sun’s brightness tempera-
ture is taken to be 15810 K.

Figure 1 displays images of the eruptive prominence
during its slow rise, which were obtained with SDO/AIA
in the 193 A and 304 A channels and with SRH at 6.2
GHz. The images in the top row are presented on a loga-
rithmic scale; for better visibility, the brightness is limited
from above at 50 % of the maximum. The same images
in the bottom row have enhanced contrast. For the image
in Figure 1, d (AIA 193 A), the threshold is lowered to
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AIA304A  02:00:07 ¢

AIA 304 A
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10 % and a power-law function with an exponent of 0.5 is
used for the image presentation. The AIA 304 A image in
Figure 1, e is divided by a radial brightness distribution
and the result is limited by thresholds 0.1 and 2.0. The
radial brightness distribution is subtracted from the SRH
image in Figure 1, f, and the difference is limited by
1+8000 K thresholds (+1.3 % of the maximum). The radial
brightness distributions are depicted in Figure 2.
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Figure 1. High-latitude prominence during its slow rise, observed by SDO/AIA in 193 A (a, d) and 304 A (b, €) and by SRH at
6.2 GHz (c, f): top row — log-scale images with moderate brightness thresholding; bottom row — the same images with enhanced
contrast. The AIA 304 A (e) and SRH (f) images are corrected for radial brightness distributions (division is used in panel e; subtrac-
tion, in panel f) and are limited by brightness above and below. The upper edge of the prominence is outlined by the yellow dashed
arc. The small white ellipse in panels c and f is the cross-section of the SRH beam pattern at half-height level

1000
800 A

600 4
400 4
200 4

18

Brightness [dN]

=
o
L

(6]
1

temperature [10° K] Brightness [dN]

0
20 !
SRH 6.2 GHz

) 154 o
7]
e
b= 104 F
2
S i

od C &

0.0 0.5 1.0 1.5 Ro

Figure 2. Radial brightness distributions in SDO/AIA images
in 193 A (a) and 304 A (b) and in SRH images at 6.2 GHz (c).
Exposure durations are 2.0 s for AIA 193 A and 2.9 s for AIA
304 A images. The vertical dotted line in panels a and b indicates
the edge of the AIA field of view in the northern direction
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Dividing by the radial brightness distribution pro-
duces a result somewhat similar to using a radial filter.
The advantages of this method over dividing by an im-
age before the event are the absence of the solar rotation
effect and lower noise in the array on which the division
is made, compared to a single image. The disadvantage
is that it ignores the inhomogeneities of the corona de-
pending on the azimuth (position angle), which is insig-
nificant in our case when only the directions that in-
clude the eruptive prominence are of interest. Dividing
by the radial brightness distribution is effective for EUV
images, which have high sensitivity and low noise. For
microwave images, which have higher noise and uneven
background, subtracting the radial distribution or its
fraction is more effective. This processing results in
increased contrast of the prominence.

The prominence structure in the AIA 193 A imag-
es (see Figure 1, a and d) is highly inhomogeneous
and contains dark helical threads screening the bright
corona behind them. Consequently, these threads ab-
sorbed the coronal emission, which indicates their
low temperature. A small coronal hole is visible in
the lower-left corner of the images, just east of the
disk center. The AIA 304 A images (Figure 1, b and e)
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also reveal an inhomogeneous threadlike structure of
the prominence.

Figure 1, c and f presents an SRH image. Figure 1, f
demonstrates the prominence's eastward extension, as
well as a dark filament southwest of the eruptive promi-
nence. This filament is also visible in the AIA 193 A
and 304 A images. The bright regions in all three imag-
es are similar too.

As the AIA 304 A and SRH images in panels d, e,
and f show, dividing by the radial brightness distribution
or subtracting it enhances contrast of the eruptive prom-
inence against both the solar disk and the sky. This em-
phasizes the prominence body and leading edge, facili-
tating more accurate measurements of its position and
brightness temperature. In the SRH image shown in
Figure 1, the average brightness temperature of the
prominence against the solar disk is 9130+1400 K (at
level 1o); against the sky, 3450+800 K. Sky back-
ground fluctuations at level 1o are ~1000 K. The maxi-
mum brightness temperature in this SRH image is as
high as 0.6 MK (minimum —13400 K). Brightness tem-
peratures in SRH images at different frequencies are
discussed in Article II.

Further, when examining EUV and microwave
observations, we use partial or full correction of the
images for the radial brightness distribution. These
distributions, shown in Figure 2, were obtained by
circular scanning of the images. Each radius value
corresponds to the most probable brightness value
along the circumference of this radius.

Shapes of the radial distributions in different emission
ranges are similar, as expected given the general similari-
ty between the images in Figure 1, but the relationships
between their parts are not identical. In the 193 A chan-
nel, there is a strong limb brightening typical of the opti-
cally thin corona. The limb brightening is observed in the
EUV channels dominated by iron emission lines (171-
175 A, 193195 A, 211 and 284 A, etc.) and is expected
at high radio frequencies [Zheleznyakov, 1970]. In the
radial radio brightness distribution in the SRH image (see
Figure 2, c), the limb peak is weakly pronounced. This
may be due to factors related to the optical thickness of
the corona at 6.2 GHz, as well as insufficient resolution
and other instrumental limitations of SRH.

The vertical dotted line in Figure 2, a and b indicates
the northern edge of the SDO/AIA field of view. SRH

g a 01:59:33 b 03:00:34
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has a much wider field of view. It is limited by the pres-
ence of solar images from adjacent interference maxima
in the direction of interest, as well as by SRH sensitivi-
ty. In Figure 2, c, the radio brightness distribution is
given only out to the heliocentric distance of 1.7R to
better demonstrate the distribution across the solar disk;
at larger distances, the radio brightness is almost con-
stant. In this event, the top of the erupting prominence is
detectable in SRH images at 6.2 GHz out to a heliocen-
tric distance of 2.2R.

1.2. Kinematics of the erupting prominence
according to SRH observations

Figure 3 exhibits four episodes of prominence erup-
tion observed by SRH. The prominence top is visible
clearly enough to measure the position of its leading
edge. Initially, the top rose mostly in one direction be-
tween two dotted lines, each at an angle of —15° to the
Sun's polar axis. Then, the eastern (left in Figure 3) edge
of the prominence began to stretch forward, which is
confirmed by subsequent coronagraph images. The dis-
tance between the inclined dotted lines was chosen to
ensure that the prominence top remained between them.

There are two approaches to measuring speeds
and accelerations of erupting structures. One ap-
proach uses differentiation of time-distance meas-
urements to obtain speeds. The scatter of results is
usually large because of observational difficulties in
identifying the position of the leading edge of the
erupting structure. This scatter complicates the sec-
ond differentiation for estimating acceleration. To
overcome this difficulty, spline smoothing [Vr$nak et
al., 2007] and a more sophisticated method using reg-
ularization [Temmer et al., 2010] have been pro-
posed. In addition to the above works, this approach
was adopted, for example, in [Bein et al., 2011;
Berkebile-Stoiser et al., 2012].

Note that with the achievable measurement accura-
cy no method can identify the shape of the acceleration
pulse due to the double integration required to transit
from the desired acceleration to measurable time-
distance points. It is only possible to estimate the ac-
celeration pulse area (i.e., the speed difference) and its
centroid time and effective duration.
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Figure 3. Episodes of prominence eruption observed by SRH at 6.2 GHz. In all images, 60 % of the radial brightness distri-
bution has been subtracted, and a nonlinear scale has been used. The dotted lines at —15 ° to the north correspond to the main
motion of the prominence top. Averaging in the band between the dashed lines was made to compute the one-dimensional profile

presented in Figure 4
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Another approach involves fitting the observed motion
of the erupting structure by an analytical function [Gal-
lagher et al., 2003; Sheeley et al., 2007; Wang et al., 2009;
Alissandrakis et al., 2013]. In the simplest case, the erup-
tive structure starts to move with a low speed and after an
impulsive acceleration acquires a high constant final speed.
The corresponding speed evolution is close in shape to a
hyperbolic tangent or error function. Assuming that the
acceleration pulse has, for example, the Gaussian shape,
we can estimate its area from the difference between the
final and initial speeds, find the time of the maximum by
comparing the result of its double integration with the
measured time—distance points, and adjust the duration
according to the curvature of the acceleration segment. For
instance, acceleration shaped as a &-function corresponds
to a break in the time—distance plot, whereas a longer ac-
celeration is typical of a smoother transition from the initial
to final speed. In the case of more complex kinematics, a
combination of two or more acceleration pulses is used
(e.g., [Grechnev et al., 2016, 2022, 2024]).

To measure the motion of the eruptive prominence, a
one-dimensional spatial profile is employed. Each its
column is calculated as the average across a relatively
narrow strip of the given image along the direction of
motion. This representation is similar to stack plots [Ma
et al., 2011; Alissandrakis et al., 2013], but provides
higher sensitivity. By adjusting the acceleration parame-
ters, an acceptable match between the calculated time—
distance curve and the trace of the erupting prominence
on the one-dimensional profile is achieved.

Figure 4 displays the one-dimensional profile com-
puted from all SRH images in the strip between the in-
clined dotted lines in Figure 3. The radial radio brightness
distribution, shown in Figure 2, ¢, was subtracted from
each SRH image. To emphasize the bright trace of the
prominence, each column of the profile was normalized
by its extreme values outside the solar disk. The kine-
matic plots corresponding to the dashed curve along the
trace of the prominence are presented in Figure 5.

arc sec from solar disk center

00:30

01:00 01:30 02:00 02:30 03:00 03:30 UTC

Figure 4. One-dimensional profile of eruptive prominence
motion computed from all SRH images with the radial radio
brightness distribution subtracted. Each column of the profile
represents the average of one SRH image across the strip en-
closed between the dotted lines in Figure 3. The dashed curve
fits the rise of the prominence top. Horizontal dotted lines 1R
and 2R denote the corresponding heliocentric distances
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Figure 5. Kinematics of the leading edge of the erupting
prominence according to SRH data: a — heliocentric distanc-
es of the eruptive prominence (orange dashed line) and its top
(solid magenta line). Black dotted lines denote 1R and 2R ;
b, ¢ — speed and acceleration plots. The magenta dotted line

indicates the initial part of the plot magnified by a factor of 10

The solid magenta curve in Figure 5, a is identical
to the dashed curve outlining the prominence trace in
Figure 4; and the magenta curves in Figure 5, b and ¢
represent the corresponding speed and acceleration vari-
ations. A clear acceleration of the prominence, lasting
approximately an hour at half-height, occurred around
02:58. Nonetheless, when using a single acceleration
pulse, it is impossible to reproduce the entire trajectory
of the prominence: its calculated rise begins earlier than
the actual one. To be consistent with observations, an
additional weak acceleration pulse is required around
01:00. At this time, the prominence began to rise no-
ticeably, with its speed reaching 6 km/s. This slow rise
of the prominence might have been related to the initia-
tion stage.

On the other hand, for the dashed curve to match the
prominence trace in the final part of the trajectory after
03:20 in Figure 4, another, later acceleration pulse is
required. The SRH data represents the prominence lift-
off out to the heliocentric distance of 2.2R,. Measuring
its subsequent acceleration calls for wider-field observa-
tions discussed below.

1.3. General characterization of CME

In images obtained by the C2 Large Angle Spectro-
scopic Coronagraph (LASCO) [Brueckner et al., 1995]
of the Solar and Heliospheric Observatory (SOHO)
[Domingo et al., 1995], from 03:12 a CME was ob-
served in the region of position angles close to the direc-
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tion of motion of the eruptive prominence in Figure 3.
The position angle is calculated counterclockwise from
North. This CME, visible in Figure 6 slightly west of
the North Pole, probably resulted from the eruptive
event in question. In the online CME catalog
[http://cdaw.gsfc.nasa.gov/ICME_list/] [Yashiro et al.,
2004] based on SOHO/LASCO observations, the speed
of the fastest feature (FF) of this CME is estimated to be
750 km/s at a heliocentric distance of 2.5R, and 670
km/s at 27R, an average speed of 714 km/s, and an
average acceleration of -4 m/s°.

For measurements in the CME catalog, enhanced-
contrast running-difference images are used which are
formed by subtracting its predecessor from each current
image (see Figure 6, a). This representation clearly reveals
the outer edge of expanding CME, providing acceptable
accuracy in measuring its motion. However, features that
were bright in the subtracted image appear dark in the dif-
ference image, and vice versa; therefore, it is difficult to
analyze the internal CME structure from such images.

Since the main subject of this study is the eruptive
prominence that later became the core of the CME, the
representation in Figure 6, b is more convenient. Here,
the same image at 04:12, which is displayed in Figure 6, a,
is divided by a background image, each pixel of which

2

0 1
Distance [solar radii]

Figure 6. CME in SOHO/LASCO-C2 images. Panel a:
enhanced-contrast difference with a preceding image — a
representation close to that used in the CME catalog for meas-
urements; the green arrow marks the fastest feature (FF). Pan-
el b: the same image at 04:12 divided by the background im-
age computed from several images obtained before the CME
appearance; the CME structural components are outlined by
colored arcs: the main core (yellow dashed), the core tip (solid
magenta), and the frontal structure (dash-dotted cyan). The
white arc is the solar limb
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is calculated as the median value at the same pixel over
five images from 02:00 to 02:28 before the CME ap-
peared in the LASCO-C2 field of view. Next, a series of
images are used for measurements, in which the leading
edge of the measured structure is outlined by an arc, as
in Figure 6, b. Arcs also trace the edges of prominent
CME features: the main core, its tip, and the frontal
structure. The time dependence of the radius of each arc
is adjusted by varying the acceleration parameters until
an acceptable match to the measured structure is
achieved, as described in the previous section.

1.4. STEREO-A observations of the eruptive
prominence

It is possible to follow the further expansion of the
eruptive prominence before the CME appearance in the
SOHO/LASCO-C2 field of view (2-6.4)R,, using STE-
REO-A/SECCHI observations. During this event, STE-
REO-A was located 6.1° east of Earth and 5.8 % closer to
the Sun. The latitude of the solar disk center viewed from
STEREO-A was -0.07°; and viewed from SDO, about
+0.6°. Thus, the structures expanding above the Sun
were visible almost equally from Earth, SDO, and
STEREO-A (corrected by 1.058), although there may be
small differences. Figure 7 compares the images of the
eruptive prominence obtained by SDO/AIA and STE-
REO-A/EUVI in the 304 A channel, as well as by SRH.
The yellow dashed arc corresponds to the middle of the
prominence top; the solid magenta arc, to the forward-
stretching eastern (left) part.

Further expansion of the eruptive prominence is
traced in images obtained by STEREO-A/COR1 that
has the (1.4-3.6)R,, field of view. Figure 8 shows four
COR1 images (top row) along with images obtained
with SRH at close times (bottom row). In the damaged
areas of the COR1 field of view, the eruptive promi-
nence is not visible; however, in the selected images,
its visible parts, including the top, correspond to each
other in the images produced by both instruments. In
Figure 8, h, the prominence is detectable almost at the
SRH sensitivity limit; nevertheless, its eastern part is
seen stretching forward.

1.5. CME structural components and their
motion

To identify the CME structural components and
measure their expansion, we examine white-light imag-
es obtained by STEREO-A/COR1 and SOHO/LASCO-
C2. Figure 9 displays six enhanced-contrast images cap-
tured by STEREO-A/COR1. Recall that in the previous
section the bright core of the CME was identified with
the eruptive prominence. Figure 9, d—f shows twisting of
the eastern part of the core moving increasingly away
from its main body.

Starting at 03:10:50 in Figure 9, a-d, a faint halo
appears which expands ahead of the CME core until it
leaves the COR1 field of view. This halo is the outer-
most part of the CME, its frontal structure. The average
brightness of the small region of the frontal structure
visible at 03:15:50 is almost 60 times lower than the
brightness of the core that reached the same location at


http://cdaw.gsfc.nasa.gov/CME_list/

Eruption of a high-latitude prominence

SRH 6.2 GHz

A a o rdw N
<5 ey g o

R St ) vl
f 02:35:55 o] 02:55:52

0 200 400 600 0 200 400 600 0 200 400 600 0 200 400 600
arc sec from solar disk center

Figure 7. Comparison of images of the eruptive prominence observed in the 304 A channel by SDO/AIA (a, b) and STE-
REO-A/EUVI (c, d) with temporally close images obtained by SRH (e-h). In all images, the radial brightness distribution was
partly subtracted. The yellow dashed arc outlines the middle of the prominence top; the solid magenta arc, the forward-stretching
left part
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Figure 8. Eruptive prominence in the images obtained: top row — by STEREO-A/COR1 (the 03:00:50 image was subtracted
before the CME appearence); bottom row — by SRH (radial distribution of radio brightness was subtracted). The yellow dashed
arc outlines the middle part of the prominence top; the magenta arc, the stretching eastern part. The white arc is the solar limb
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Figure 9. CME structural components in STEREO-A/COR1 images (the 03:00:50 image before the CME appearance was
subtracted from each image). The yellow dashed arc delineates the prominence top; the magenta arc, its stretching nose; and the
cyan dash-dotted arc, the CME front. The white arc is the solar limb
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Figure 10. CME structural components in SOHO/LASCO-C2 images, divided by the background image observed before the

CME appeared. The designations are the same as in Figure 9

03:45:50. The cyan dash-dotted arc outlines the leading
edge of the frontal structure. No manifestations of the
frontal structure were detected in either SDO/AIA or
STEREO-A/EUVI images in the 193 (195) and 304 A
channels.

The subsequent expansion of the CME is shown in
Figure 10. The appearance and position of the CME
structural components according to SOHO/LASCO-C2
(see Figure 10) correspond, as a whole, to STEREO-
AJCORL observations (see Figure 9) at close moments
in time, with differences determined by the quality and
presentation of the images. The twisting of the protrud-
ing tip of the core is accompanied by a twisting of lat-
eral parts of the frontal structure, which looks like a
multitude of loops. Further expansion of the CME in the
SOHO/LASCO-C3 field of view occurred at a nearly
constant speed, slightly decelerating (—4 m/s?). Its study
is beyond the scope of this work.

The arcs outlining the eruptive prominence and then
the CME structural components in all the examined
images obtained with various instruments fit the overall
kinematic plots presented in Figure 11. The frontal
structure was not detected until 03:10:50, so the initial
parts of its kinematic plots had to be completed, assum-
ing a kind of self-similarity in CME expansion. This
self-similarity was observed later, when the frontal
structure became visible. Its estimated initial height is
0.5R, but this height is beyond the SDO/AIA field of
view. The frontal structure could be observed with
STEREO-A/EUVI, but the EUVI sensitivity near the
edge of its field of view is reduced. The lateral parts of
the frontal structure were not detected in EUV either.
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In all cases, the correspondence of the arcs to the
leading edges of the measured objects appears to be quite
acceptable, if not perfect. Since different images are pre-
sented variously, the leading edges of these objects may
be visible at slightly higher or lower altitudes (e.g., parts
of the CME core in Figure 9, e—f and the corresponding
images in Figure 10, e—f). The estimated error in timing
the second acceleration pulse at 04:07 is several minutes;
and in its magnitude and duration (43 min at half-level),
within +15 %. Despite all the uncertainties, the second
acceleration is clearly linked to the twisting of the erup-
tive structure, occurred at ~2R altitudes, and is compa-
rable in magnitude and duration to the preceding main
acceleration pulse.

In Figure 11, a, symbols represent measurements in
the online CME catalog [http://cdaw.gsfc.nasa.gov/
CME_list/] [Yashiro, et al., 2004], carried out for the
fastest feature of CME. As shown in Figure 6, this feature
was slightly further than the main front and the cyan
dash-dotted arc outlining it. This relationship also cor-
responds to the position of the symbols relative to the
blue dash-dotted curve in Figure 11, a, which repre-
sents our fit. The overall slope of the symbol sequence
(i.e. the speed) is somewhat larger than the slope of the
fitting curve. Nevertheless, our results are close to the
average estimates in the CME catalog: the established
speed of the CME front in Figure 11, b is 760 km/s —
almost the same as the result of the second-order fit in the
CME catalog for the first measured points. Thus, the
measurements performed in our study provide a detailed
picture of CME evolution and are consistent with the
estimates in the CME catalog.
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Figure 11. Kinematic characteristics of the eruptive prom-
inence and CME structural components (all measurements
relate to their leading edges): the orange dashed line represents
the main CME core (eruptive prominence); the solid magenta
line, the CME core tip; the blue dash-dotted line, the CME
front; thin lines show the initial parts of the plots for which
there were no observations. Panel a — heliocentric distances.
Symbols indicate measurements in the CME catalog: from
LASCO-C2 data (asterisks), LASCO-C3 data (diamonds). The
gray dash-dotted line denotes the solar limb. In panels b, c,
and d are speed plots, acceleration and speed ratios between
the CME structural components; the magenta dotted line is the
initial part of the plot for the prominence and the core tip
magnified by a factor of 10; vertical dotted lines are centroid
times of the main acceleration pulses

2. DISCUSSION AND SUMMARY
2.1. Eruptive prominence and CME core

The steady rise of the prominence, with its shape
remaining mainly the same until the maximum of the
first acceleration at ~03:00 (see Figures 3, 7), sug-
gests that the torus instability governed the onset of
the eruption. A similar conclusion was drawn in [Fil-
ippov, 2024] from analysis of a number of eruptions.
At ~2R altitudes, the eastern part of the prominence —
the CME core — started to noticeably stretch forward
and twist (see Figures 9, 10), which corresponds to
the second acceleration with a maximum at 04:07.
This phenomenon clearly demonstrates the develop-
ment of helical kink instability, which did not affect
the expansion of the main core. A similar transfor-
mation of eruptive prominences has been observed
before (see, e.g., [Aschwanden et al., 2009, Figure
14; Grechnev et al., 2018, Figure 13]).
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Note that the apparent complexity of the shape of the
eruptive prominence and the CME core may be due to
the peculiarities of its three-dimensional configuration
(e.g., [Koutchmy et al., 2008]). As known, due to grav-
ity, the bulk of the mass of a quiescent prominence is
concentrated in the lowest locations, where magnetic
field lines are concave (see, e.g., [Gibson, 2018]). This
location corresponds to the lower part of the invisible
volumetric magnetic flux rope that is the magnetic
skeleton of the seemingly thin prominence. From
above, the prominence appears as a filament consisting
of numerous threads located nearly along the inversion
line of the radial magnetic field. From the side, the
prominence looks like a band-like mesh of these
threads extended along the magnetic field lines. Heli-
cal Kink instability of the invisible volumetric magnet-
ic flux rope is observed as a helical bend of this visible
mesh. The development and stretch of the helical bend
upward in the final nonlinear stage creates a visual
impression of a tip growing out from the prominence
body (see Figures 9, e-f and 10, g-1). The pattern ob-
served in this event resembles the scheme of the heli-
cal bend in Figure 2, a in [Uralov, 1990a].

The proposed interpretation of the visual manifesta-
tion of the helical bend of the magnetic flux rope is a
simplification. In a real eruption, the accelerated expan-
sion and change in the shape of the magnetic flux rope
are accompanied by a redistribution of the prominence
mass (see, e.g., [Filippov, Koutchmy, 2002]). In our
case of relatively low eruptive accelerations of the
prominence (<0.25g,, where g, is the solar gravity ac-
celeration), the clearly visible effect of its draining, i.e.
ejected plasma flows back to the solar surface, proves to
be significant.

2.2. Frontal structure

In this event, the frontal structure was observed only
by coronagraphs. The brightness of the structures visible
in white light due to Thomson scattering is proportional
to the free electron density. The brightness of the opti-
cally thin structures emitting EUV emission lines and
thermal radio bremsstrahlung is proportional to the
emission measure, i.e. the square of the emitting particle
density. According to the estimate in Subsection 1.5, the
brightness of the frontal structure in the STE-
REO/COR1 image was lower by a factor of almost 60
than the brightness of the core observed at the same
location half an hour later. With such a brightness ratio,
it is difficult to detect the frontal structure even in imag-
es obtained by EUV telescopes with focusing optics.
The dynamic range of Fourier-synthesis interferometers
is much narrower, so the frontal structure is unlikely to
be detected in the microwave range.

According to the SOHO/LASCO-C2 images (Figure
10), the frontal structure consisted of multiple loops. Be-
fore the eruption, the prominence should have been sur-
rounded by a coronal arcade, so the frontal structure was
most likely formed from this arcade. Magnetic fields in
such arcades are close to potential ones; therefore, the
frontal structure could hardly be active. It is more likely
that its expansion was caused by the expansion of an active
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magnetic flux rope within it. Accordingly, visible changes
in the frontal structure reflected changes occurring in
CME's internal structure.

There should be a separatrix surface between the
magnetic domain, which contained closed structures
of the prominence and arcades above it before the
eruption, and the outer coronal structures open to
interplanetary space. The rise of the erupting struc-
tures causes the separatrix surface to expand, pre-
venting plasma penetration through it and acting as
an isotropic piston. As a result, the plasma is forced
out of the volume it previously occupied, forming a
compressed layer ahead of the CME. This plasma
pileup could be the reason for the considerable excess
of the CME mass over the mass of the eruptive prom-
inence estimated in [Koutchmy et al., 2008]. Presum-
ably, the compressed plasma layer in front of a CME
is present until the surrounding plasma begins to flow
around the CME.

2.3. Helical kink instability and kinematic re-
lationships between CME structural compo-
nents

Our kinematic analysis has revealed two main accel-
eration pulses of the CME (see Figures 5, 11). The first,
main acceleration pulse corresponds to the kinematic
similarity between all three spatially separated CME
structures outlined by yellow, magenta, and cyan arcs in
Figures 6-10. Initially, the expansion was self-similar —
the shape and relative positions of different components
of its structure remained unchanged. During the second
pulse, this similarity was disrupted. After the second
acceleration pulse, the self-similar expansion of all three
structural components of the CME was resumed.

An indicator of the self-similar expansion of the
CME structural components, conventionally designated
by the indices i=1 and i=2, is the equality and constan-
cy of the ratios of velocities v;, accelerations a;, and
distances r; of elements, which correspond to each oth-
er, to some, a priori unknown expansion center:
vilv,=a;/a,=ri/r,=k, where k is a constant value
[Uralov et al., 2005]. To assess self-similarity, it there-
fore suffices to know the behavior of the v;/v, ratio.
This ratio for different pairs of CME components is
shown in Figure 11, d. The horizontal regions corre-
spond to the consistent self-similar expansion of the
selected elements. All three lines were horizontal within
the interval of the first acceleration pulse (the maximum
of the pulse at ~03:00 is indicated by the dotted line).
The interval of the second acceleration pulse (the pulse
maximum is indicated by the dotted line at ~04:00) cor-
responds to the continuation of only one horizontal line
Front/Tip. During this period, there was no synchroniza-
tion between the main core and front or between the
main core and tip. After the second pulse (after 04:30),
synchronization was resumed — all three lines in Figure
11, d became horizontal and parallel again.

During the first acceleration pulse, a coordinated ex-
pansion of the frontal structure and the prominence, which
retained its toroidal shape, occurred. This pulse was caused
by torus instability. The second acceleration pulse was
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produced by helical kink instability, whose development
can be seen in the helical deformation of the shape and size
of the eruptive prominence in Figures 9, 10 and in violation
of the kinematic self-similarity of the CME in Figure 11, d.
The subsequent virtually inertial expansion of the newly
shaped prominence became self-similar again.

Further confirmation that we are indeed dealing with
helical kink instability can be provided by a qualitative
assessment of the spatial size of the helical disturbance
at the nonlinear stage. The instability is caused by the
external helical magnetic field surrounding the magnetic
flux rope; it is this field that “breaks” the magnetic flux
rope. The helical bending of the flux rope is accompa-
nied by an increase in its length and straightening of
external magnetic field lines. Let us use the frozen-in
condition of the magnetic field in the form of the equali-
ty of two magnetic fluxes: a) the poloidal magnetic flux
between the conventional boundary of the unperturbed
magnetic flux rope and the separatrix surface of the
magnetic domain within which this flux rope is located,;
b) the magnetic flux that envelops the magnetic flux
rope after the helical kink instability ceases. For charac-
teristic radii of the flux rope b and the separatrix surface
d, the typical radius of the helical bend

R b /ZIn%. This relation is given in [Kadomtsev,

1966, § 9] to estimate the radius of the equilibrium spi-
ral for the helical kink instability of electric current in a
plasma cylinder of radius b surrounded by a perfectly
conducting sheath of radius d. In our case, the sheath is
represented by the separatrix surface. The radius b of
the magnetic flux rope is unknown, but it is not less than
the apparent width of the eruptive prominence. Assum-
ing that for a thick magnetic flux rope Ryiw=b, we have

2In% ~1, and then Ry, ~d/~/e =0.6d. The separa-

trix surface of the magnetic domain in which the erup-
tion occurred determines the size of the coronal magnet-
ic cavity of the CME, as well as the location of the
frontal structure. The size of the additional CME “swell-
ing” caused by helical kink instability is therefore com-
parable to the size of the frontal structure, as in the
event under discussion.

The above reasonings do not take into account the
possible presence of reverse electric currents that shield
the forward current within the magnetic flux rope. The
presence of reverse currents alters equilibrium condi-
tions of the magnetic flux rope (e.g. [Solovev, Uralov,
1979]) and reduces the effectiveness of helical kink
instability (e.g., [Uralov, 1990b; Tsap et al., 2020]). In
this regard, it is worth noting that the effects of shield-
ing of magnetic structures by reverse currents are more
important at the moments when new magnetic fluxes
emerge from beneath the photosphere into the corona
and are insignificant later on.

RESULTS AND CONCLUSIONS

The eruption of a high-latitude prominence on June 12
2023 was observed by SRH out to heliocentric distances
exceeding two solar radii with sufficient temporal resolu-
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tion to identify features of its development and changes in
its shape. Detailed SRH observations over a wide altitude
range confirmed the correctness of transformations of all
the examined images, obtained by various instruments, and
ensured a reliable identification of the CME structural
components visible in different emission ranges.

The eruptive event led to the development of a
CME. The eruptive prominence became the CME core,
while the arcade that previously surrounded it formed
the frontal structure. Its probable initial height above the
solar surface is estimated at 0.5R . The frontal structure
and the pre-eruptive arcade that formed it were not de-
tected in EUV in this event, and they are unlikely to be
found in microwave images in this or other events.

Two acceleration pulses comparable in magnitude
and duration have been revealed in the expansion of the
eruptive prominence that became the CME core. Appar-
ently, the first acceleration was caused by the develop-
ment of torus instability in the magnetic flux rope, whose
visible part was the prominence; and the second, by its
helical kink instability. The development of helical kink
instability manifested in the stretching and twisting of the
eruptive prominence top did not affect the expansion of
its massive lower portion, but influenced the motion and
shape of the CME frontal structure. The CME expansion
was self-similar both during the torus instability and dur-
ing the final stage of unlimited inertial expansion of all
CME structural components. During the intermediate
stage of helical kink instability, only kinematic similarity
between the frontal structure and the top of the growing
helical bend was retained. The involvement of helical
kink instability in initiating torus instability is ruled out
by the fact of its much later switch-on, which is con-
sistent with the conclusions drawn in [Filippov, 2024].
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