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Abstract According to the standard coronal mass ejection (CME) model, both
the flare and the CME are a result of the common process of magnetic reconnec-
tion. This implies that the CME impulsive acceleration and the flare reconnection
should correlate in time. However, observations suggest that this correlation
may break for CMEs associated with weak flares. In this work, we aim to find
experimental evidence of such desynchronization. For this study, we chose a
CME that 1) was associated with a weak B7.1 flare; 2) was continuously tracked
from the solar surface up to the outer corona with high-cadence observations;
3) for which X-ray images were available. We measured the CME acceleration
profile and compared it with the reconnection signatures: the derivative of the
soft X-ray (SXR) emission and the motion of flare ribbons. The studied CME
had non-trivial kinematics. It first impulsively accelerated to 440 km s~! over
~ 20 min, then decelerated to 280 km s~' over ~ 15 min, and then slowly
accelerated up to 660 km s~! over ~ 2 h. We observed reconnection signatures
only during the deceleration and second acceleration phases, suggesting that
the main impulsive acceleration occurred without flare reconnection. We inter-
preted the first acceleration phase as a consequence of the kink instability. As
the flux rope rose, it stretched the current sheet below it, which slowed down
the CME. Eventually, the reconnection started inside the newly formed current
sheet, and the CME started to accelerate again. These results show that CMEs
can accelerate significantly without magnetic reconnection and exhibit a complex
acceleration structure. This means that different mechanisms play a role in CME
acceleration at different stages of its evolution.
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1. Introduction

Coronal mass ejections (CMEs) are giant eruptions of plasma from the corona
into interplanetary space. They are caused by the restructuring of the coro-
nal magnetic field. The study of CMEs is important for solar physics (Chen
2011; Webb and Howard 2012) and the space weather science (Schwenn 2006;
Pulkkinen 2007).

Since CMEs are often associated with flares (Andrews 2003; Yashiro et al.
2005; Reva et al. 2024), the standard CME model evolved as an extension of the
standard flare model (CSHKP model: Carmichael 1964; Sturrock 1966; Hirayama
1974; Kopp and Pneuman 1976; Svestka and Cliver 1992). In the standard model,
the CME pre-eruption configuration consists of a flux rope, a loop arcade below
it, and a current sheet between the flux rope and an arcade. The flare begins
with the onset of reconnection inside the current sheet. Reconnection accelerates
electrons, which move down toward the chromosphere, where they stop, produce
hard X-ray (HXR) emission, and heat plasma. The heated plasma fills the flare
loops, producing flare soft X-ray (SXR) emission. At the same time, the upward
reconnection outflow leads to the CME impulsive acceleration.

In the standard model, both the flare and the CME result from the same
process of magnetic reconnection. Therefore, the CME impulsive acceleration
should correlate in time with signatures of the magnetic reconnection. Indeed,
researchers reported temporal correlations between CME impulsive acceleration
and HXR emission (Temmer et al. 2008, 2010; Berkebile-Stoiser et al. 2012;
Vievering et al. 2023), the rise of the SXR emission (Zhang et al. 2001, 2004;
Gallagher, Lawrence, and Dennis 2003; Maricié et al. 2007; Bein et al. 2012), the
flare ribbons’ motions (Qiu et al. 2004; Jing et al. 2005; Zhu et al. 2020), and
the appearance of the current sheet (Gopalswamy et al. 2018; Reva, Ulyanov,
and Kuzin 2016; Reva et al. 2022).

The CME-flare connection can also be traced through statistics. Since the
same magnetic reconnection fuels the CME and the flare, their energetic char-
acteristics should correlate.

Indeed, for strong flares (M and X), such a correlation exists: the stronger the
flare, the faster (on average) the CME (Yashiro et al. 2005; Vrénak, Sudar, and
Ruzdjak 2005; Reva et al. 2024). However, for weak flares (C and below), this
correlation breaks: CME speed does not depend on flare strength (Reva et al.
2024). Similarly, for fast CMEs, their speed correlates with the total magnetic
flux reconnected during the flare, while for slow ones the correlation is absent
(Zhu et al. 2020).

This pattern suggests that for strong flares, flare reconnection is a dominant
mechanism for CME acceleration, while for weak ones, other mechanisms may
play a bigger role. If this is true, then it is natural to assume that, for weak
flares, we may observe a desynchronization between flare reconnection and CME
acceleration.

The same conclusion could be drawn from the CME theory and magnetohy-
drodynamic (MHD) simulations. Flare reconnection is not the only mechanism
that could lead to the CME eruption. CMEs could be initiated by ideal MHD
instabilities — kink (Hood and Priest 1981) or torus (Kliem and Térok 2006) —
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without flare reconnection. The MHD simulations support this statement (Fan
2005; Inoue and Kusano 2006; Torok and Kliem 2007; Rachmeler, DeForest,
and Kankelborg 2009). However, these simulations show that during an erup-
tion driven by an ideal MHD instability, a current sheet forms as a result of
flux rope motion (Fan 2005; Inoue and Kusano 2006). Reconnection can occur
inside this current sheet, leading to a weak flare. If the ideal MHD instability
is the main driver of the CME acceleration, then there should be no CME-flare
synchronization.

As we can see, statistics, MHD simulations, and the CME theory point in
the same direction. For CMEs associated with weak flares, we may see a devi-
ation from the standard CME model: desynchronization between CME impul-
sive acceleration and flare reconnection. Observing such an effect will provide
experimental guidance for further development of the CME theory.

The progress in this area is mainly limited by the availability of experimental
data. To comprehensively study CME kinematics, we need to continuously ob-
serve its evolution from the solar surface up to the far corona. The low corona
(r £ 1.2 Rg) is well observed by EUV telescopes — e.g., Atmospheric Imaging
Assembly (ATA: Lemen et al. 2012) — while the far corona (r 2 2 Rg) is well
observed by white-light coronagraphs: e.g., LASCO C2 and C3 (Large Angle
Spectroscopic Coronagraph: Brueckner et al. 1995). However, the middle corona
(r~1.2-2 Rg: West et al. 2023) is a ‘blind zone’ for traditional instruments, and
it is not systematically observed. As a result, it is hard to accurately determine
the timing of the CME acceleration.

Observations of the CME in the blind zone are relatively rare. They were
observed by the LASCO/C1 coronagraph (Zhang et al. 2001), the Siberian Solar
Radio Telescope (Alissandrakis et al. 2013), Mk4 coronameter (Bemporad et al.
2007; Reva et al. 2022) and K-Coronameter (K-Cor: Song et al. 2023) at the
Mauna Loa Solar Observatory (MLSO), the Full-disk EUV Telescopes (FET:
Reva et al. 2014; Reva, Ulyanov, and Kuzin 2016; Reva et al. 2016, 2017),
the SPIRIT EUV telescope-coronagraph (SPectroheliographlc X-Ray Imaging
Telescope: Slemzin et al. 2008), the Sun Watcher with Active Pizels and Image
Processing (SWAP: Byrne et al. 2014; Mierla et al. 2013; D’Huys et al. 2017),
the Solar Ultraviolet Image (SUVI: Seaton and Darnel 2018; Tadikonda et al.
2019), and Extreme Ultraviolet Imager (EUL: Mierla et al. 2022).

Among the instruments mentioned above, we want to point out the Mk4 and
K-Cor coronameters. Because they are ground-based instruments, they cannot
provide a 100% duty cycle. However, they cover the blind zone and observe the
Sun routinely for many years. We think that their dataset is a good place to
search for evidence of the CME-flare desynchronization.

In this work, we present observations of a CME associated with a weak flare
that exhibited evidence of the CME-flare desynchronization. The event was ob-
served with the Mk4 coronameter. As a result, we can continuously observe its
evolution from the solar surface to the edge of the LASCO field of view. We
will measure its kinematics and compare the timing of CME acceleration with
signatures of flare reconnection.
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Table 1. Instruments used in the research

Instrument Field of View Resolution  Cadence  Purpose
LASCO/C2 2-6 Rp 11” 30 min CME kinematics
LASCO/C3 4-30 Ro 56" 60 min CME kinematics
EIT < 1.2 Rp 2.6"” 12 min CME kinematics
Ribbons’ motion
Mk4 1.14-2.86 Ry 5.95" 3 min CME kinematics
PICS <23 Rp 2.9 3 min CME kinematics
CHIP <18 Rp 2.3" 3 min CME kinematics
GOES-XRS - — 1s Flare dynamics
SXI <1.2 Rp 5" 8 min Flare dynamics
SPIRIT-Mgxu < 1.2 Rg 8" 2 min Flare dynamics

2. Experimental Data

In this work, we study a CME that occurred on 2003 February 18. This event
happened before the launch of the Solar Dynamics Observatory (SDO: Pesnell,
Thompson, and Chamberlin 2012) and Solar Orbiter (SolO: Miiller et al. 2020).
That is why, instead of using data from modern, well-known observatories, we
rely on a combination of obscure, older instruments.

The instruments used in this research fall into two groups. The first group
measured CME kinematics, while the second observed the evolution of an as-
sociated flare. Table 1 summarizes the basic information about them. A more
detailed description is given below.

2.1. Data for CME Kinematics

To comprehensively study the CME kinematics, we need to continuously observe
its evolution from the solar surface up to the outer edge of coronagraphs’ field
of view. No existing instrument can do this alone. Additionally, to measure the
fine structure of its acceleration, we need a high cadence. For these reasons, we
need to combine all available data that observed the studied CME.

To study the outer corona, we use the Large Angle Spectroscopic Coronagraph
(LASCO: Brueckner et al. 1995), which worked on board the Solar and Helio-
spheric Observatory (SoHO: Domingo, Fleck, and Poland 1995). LASCO is a
set of white-light coronagraphs that observe the solar corona from 1.1 Ry up to
30 Rp (C1,1.1-3 Rp; C2,2-6 Re; C3,4-30 Ry). In 1998, LASCO C1 stopped
working, and for this research, only C2 and C3 data are available. Coronagraph
C2 has a resolution of 11”7, and C3 has a resolution of 56”.

To study CMEs in the inner corona, extreme-ultraviolet (EUV) telescopes are
usually used. In our research, we use the Extreme ultraviolet Imaging Telescope
(EIT: Delaboudiniere et al. 1995), which operated on board SoHO. EIT regis-
tered narrowband solar images at wavelengths centered at 171, 195, 285, and
304 A. The instrument has a pixel size of 2.6” and a spatial resolution of 5”.
The EIT had two observational modes: synoptic and ‘CME watch.” In synoptic
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PICS disk (Ha): 01:35 EIT 195 A: 02:00 10830 nm: 02:02

Figure 1. CME eruption. In the CHIP image, blue indicates positive values and red indicates
negative values. PICS limb, Mk4, and LASCO images are base-difference images. All images
were taken on 18 February 2003.

mode, it takes images in all four channels every 6 h. In the ‘CME watch’ mode,
the telescope takes images in the 195 A channel every 12 min.

Observations of the CME in the blind zone are covered by the Mk4 coro-
nameter at Mauna Loa Solar Observatory (MLSO). Additionally, two other
instruments at MLSO — Polarimeter for Inner Coronal Studies (PICS) and
Chromospheric Helium-I Imaging Photometer (CHIP) — observed the studied
event. They provide additional data points for kinematics measurements in the
blind zone and low corona.

Mk4 coronameter (DOT: 10.5065/D66972C9; Elmore et al. 2003) built images
of the solar corona from 1.14 to 2.86 R, in the white light (700-900 nm). It had
a spatial resolution of 5.95” and a cadence of 3 min.

PICS (DOT: 10.5065/D65719TR) registered Ho images (6563 A) with a field
of view of 2.3 Ry, a spatial resolution of 2.9”, and a cadence of 3 min. The
instrument operated in two modes: limb observations and disk observations (see
Figure 1). In limb mode, an artificial moon occulted the solar disk, which helps to
observe prominence eruptions better. In disk mode, the solar disk is not occulted.
The limb signal is still present in the images, but is less distinct than in limb
mode.

CHIP (DOI: 10.5065/d6ww7gf7) built solar images at the He1 1083 nm line.
The instrument had a field of view of =~ 1.8 R, a cadence of 3 min, a pixel size
of 2.3”, and a measured spatial resolution of ~ 8.

The He1 1083 nm line image is produced by subtracting a line and a continuum
exposure. Due to Doppler shifts, some of the pixels in the CHIP image will have
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Figure 2. Flare arcade. Images were taken on 18 February 2003.

positive and some negative values (see Figure 1). In this research, we do not
analyze the observed Doppler shifts and only use CHIP images to determine the
position of an erupting prominence.

2.2. Data for Flare Dynamics

The widely used instrument for flare research is the X-ray Sensor (XRS) on
board the Geostationary Operational Environmental Satellite (GOES: Hanser
and Sellers 1996). XRS measures full-Sun integrated X-ray flux in two spectral
channels: 1 -8 A and 0.5-4 A. The flux in the 1 -8 A channel is commonly used
to classify flare strength, and the rise in this channel is commonly used as a
marker of flare onset.

The main disadvantage of GOES-XRS is the lack of imaging capabilities.
Signals from different flares can overlap, which complicates diagnostics. For
better flare analysis, X-ray images are desirable.

As an X-ray imager, we use the MgXII spectroheliograph (Zhitnik et al.
2003a), which was a part of the SPIRIT complex (SPectroheliographlc X-Ray
Imaging Telescope: Zhitnik et al. 2002, 2003b) on board the CORONAS-F satel-
lite (Complex Orbital Observations Near-Earth of Activity on the Sun: Oraevsky
and Sobelman 2002). The instrument built monochromatic images of the solar
corona in the Mgxir 8.42 A line. The main strength of the MgXII spectrohe-
liograph is its temperature selectivity. The MgxXi1 8.42 A line emits only at
temperatures above 4 MK, making the instrument a useful tool to study heating
processes in the solar corona (Urnov et al. 2007; Kirichenko and Bogachev 2017;
Reva et al. 2018, 2023; Kirichenko et al. 2024). During the studied event, the
Mg x11 spectroheliograph had a cadence of 2 min and an angular resolution of
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8. For more technical details about the instrument, see Zhitnik et al. (2003a)
and Reva et al. (2021).

The temperature selectivity of the Mg XII spectroheliograph is also its weak-
ness. Since most of the solar corona has a temperature below 4 MK (Paterson
et al. 2023; Ulyanov et al. 2024), most pixels in the Mg X1I images have no signal
(see Figure 2). It could be hard to interpret Mg XII images without any auxiliary
data. To help interpret the Mg XII images, we use images from EIT and the Solar
X-ray Imager (SXI).

The Solar X-ray Imager (SXI: Hill et al. 2005; Pizzo et al. 2005) worked on
board the GOES-12 satellite. The telescope provided full-disk soft X-ray solar
images in the 6 60 A wavelength range with an angular resolution of ~ 10” and
a 5" pixel size. The ‘Be-thin’ channel of SXI is sensitive to the same temperatures
as the Mg X1I spectroheliograph but with a contribution from low-temperature
background.

2.3. Data We did not Use

For flare diagnostics, HXR and radio emission data are commonly used. We
checked the available data, but because the flare was weak, the existing instru-
ments did not register any meaningful signal.

During the studied event, several HXR instruments were operating: Reuven
Ramaty High Energy Solar Spectroscopic Imager (RHESSI: Lin et al. 2002),
Helicon/CORONAS-F (Frederiks et al. 2007), IRIS/CORONAS-F (Dmitriev
et al. 2006), and Konus-Wind (Aptekar et al. 1995). RHESSI and Helicon did
not register HXR emission above the background during the studied period. IRIS
and Konus-Wind had a data gap during the CME eruption.

As for the radio data, the Culgoora (Prestage et al. 1994) and Learmonth
(Zhang et al. 2021) radio spectrographs observed the Sun during the studied
period. However, they also did not register a signal above the background.

3. Results
3.1. General Description

In this work, we study a prominence eruption that occurred on 18 February
2003. The prominence was located in a north-western part of the Sun. It was
~ 430 Mm long. Around 01:35 UT, the prominence lost equilibrium and started
to erupt (see Figure 1). In white-light images, the CME had a classical three-
part structure: a bright frontal loop, a dark cavity, and a bright core (Illing and
Hundhausen 1985; Webb and Hundhausen 1987; Song et al. 2023).

The CME evolution was observed continuously with multiple instruments:
PICS, EIT, CHIP, Mk4, and LASCQO. This allows for a comprehensive study of
its kinematics.

As the CME erupted, a weak B7.1 flare occurred below it (see Figures 2 and 3).
The flare had a typical morphology: a flare arcade with flare ribbons and hot
loop-top emission.
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Figure 3. CME-flare timing. a) GOES flux. b) CME acceleration. ¢) MgXiI flux. d) Deriva-
tives of the SXR flux: GOES (red dashed line) and MgXi1 (black line). The yellow vertical
stripe marks the CME’s first acceleration phase. The red horizontal stripe marks the flare
ribbons’ motion.

As we see, the morphology of the studied event is consistent with the standard
flare model: we observed a prominence eruption, a three-part CME structure, a
rise in X-ray emission, a flare arcade, flare ribbons, and hot loop-top sources.
However, some aspects of it looked suspicious to us.

First, the flare’s SXR emission rises gradually over ~ 1.5 h. Usually, the
impulsive phase of flares is relatively short (< 15 min: Veronig et al. 2002). If
the CME follows the standard model, we would expect a more impulsive rise in
SXR emission rather than a gradual one.

Secondly, according to the Coordinated Data Analysis Workshop catalog
(CDAW: Yashiro et al. 2004; Gopalswamy et al. 2009), the studied CME had
a kinetic energy of 4.7 x 103! erg. This is a characteristic energy that strong
X-class flares have. However, the studied CME was associated only with a B-
class flare. Although there is no strict relationship between the CME and flare
energies, a correlation between them nonetheless exists (Kotani et al. 2023). The
low strength of the associated flare was also suspicious to us.

These factors, combined with our ability to measure CME kinematics accu-
rately, motivated us to study the timing between the CME acceleration and flare
dynamics, which we will do below.
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3.2. Kinematics

To measure the CME coordinates, we need to choose a feature to track. Since in
CHIP and PICS images we see only an erupting prominence, we measured the
coordinates of its apex.

For measurements, we used a simple point-and-click procedure. This ap-
proach is somewhat subjective. To eliminate subjectivity and estimate errors,
we repeated the procedure 9 times and averaged the result.

After this procedure, we obtained a set of CME coordinates observed by seven
different instruments (or measurement modes). The instruments operated in dif-
ferent wavelength ranges and obtained images that looked different. As a result,
in the time intervals where observations overlap, the coordinates measured by
different instruments differ from each other by about 2—3%. Although small, this
difference is significant when calculating derivatives. That is why the coordinates
should be scaled in order to be consistent with each other.

For scaling, we adopted the procedure from Reva et al. (2016). We assumed
that the CME expands uniformly and the heights measured from different instru-
ments could be linearly scaled to one another. For more details on the procedure,
see Section 3.4 in Reva et al. (2016).

After measuring and scaling the CME coordinates, we have 121 data points.
Most of them cover the CME acceleration phase (see Figure 4). Additionally,
the CHIP, Mk4, and PICS data points are shifted in time relative to each other.
This yields an effective cadence of ~ 1 min during the CME acceleration phase.

Now we need to calculate the CME velocity and acceleration. That is, we
need to calculate derivatives. We are dealing with the case of numerous data
points with irregular cadence, where the increments between adjacent points
are comparable to the measurement errors. We think that in this case the most
appropriate method for differentiation is a local least-squares approximation (see
Appendix A).

We applied a local least-squares approximation to calculate the derivative of
the coordinates and obtained the CME velocity. Then, using the same method,
we calculated the velocity derivative and obtained the CME acceleration. The
result is presented in Figure 4.

As we see, the CME has a complex acceleration structure. First, it impul-
sively accelerated to 440 km s~! (peak acceleration 400 m s~2). Then it quickly
decelerated to 280 km s~! (peak deceleration -200 m s~2). Finally, it gradually
accelerated up to 660 km s~1 over ~ 2 h (peak acceleration 100 m s~2).

This behavior deviates from the standard CME model. If a CME obeys the
standard model, we do not expect a deceleration phase. We think this is an
important issue. In the next sections, we will investigate its origin by comparing
the timing of the acceleration phases and signatures of the flare reconnection.

3.3. Flare Dynamics
We cannot directly observe the reconnection inside the flare current sheet. That

is why we must rely on indirect signatures of reconnection: HXR emission, the
rise in SXR emission, flare ribbons’ motion, etc.
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Figure 4. CME kinematics.

Usually, HXR emission is considered one of the most reliable signatures of
flare reconnection. However, as stated earlier, the HXR spectrometers operating
during our observations either lacked the sensitivity to detect emission from this
flare or had data gaps.

An alternative signature of reconnection is the rise of the SXR emission. In
the standard model, reconnection accelerates electrons. They propagate down
to the chromosphere, where they stop and produce HXR, emission. At the same
time, accelerated electrons heat chromospheric plasma that fills the flare loops,
increasing SXR emission.

So, if the flare follows the standard model, we expect reconnection to correlate
with the rise of the SXR flux. Neupert (1968) formulated this more quantita-
tively: HXR emission correlates with the derivative of the SXR flux (“Neupert
effect”).
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Usually, researchers use GOES 1-8 A flux to analyze the Neupert effect.
However, GOES provides a full-Sun integrated flux. This means that other areas
of the Sun may contribute to the rise in SXR flux, which will affect the analysis.

Ideally, we need SXR images. Fortunately, we have Mg XII images available.
So, to make use of the Neupert effect, we use the GOES flux and a Mg X11 signal
integrated over the studied active region.

Figure 3 shows GOES and Mg xiI fluxes of the studied active region. We see
that the SXR emission rises after the first impulsive acceleration phase of the
CME. This suggests that the first acceleration phase was not related to the flare
processes.

For the Neupert effect analysis, we need to calculate the derivatives. Since
both GOES flux and MgXII images have a fixed cadence, instead of a local
least-squares approximation, we use the Savitzky-Golay filter (see Appendix A).

The result is presented in Figure 3. As we can see, the large values of the SXR,
derivative occur after the first impulsive acceleration phase of the CME.

3.4. Motion of Flare Ribbons

When accelerated electrons stop in the chromosphere, they produce bright emis-
sion at the footpoints of the flare loop. If the flaring active region has a loop
arcade structure, these brightenings form two parallel ribbons (also called “flare
ribbons”). As reconnection continues, larger loops become involved in the pro-
cess. This will lead to flare ribbons moving away from each other. The motion of
flare ribbons is directly connected to reconnection inside the current sheet, and
it can serve as a proxy for flare reconnection (Qiu et al. 2004; Hinterreiter et al.
2018; Zhu et al. 2020).

For our flare, the flare ribbons are well observed in the EIT 195 A images (see
Figure 5). They are also observed in CHIP images, but they are significantly
more blurred and are inconvenient for measurements. In the PICS images, flare
ribbons are only seen at the late stages of the flare, and they are also harder to
distinguish compared to the EIT 195 A images. For these reasons, we use only
the EIT 195 A images for flare ribbon analysis.

First, we should note that the distance between the ribbons observed in the
images is subject to projection effects. It differs from the true value by a constant
scale factor. However, since we are interested only in the timing of the motion,
we do not correct the obtained values for the projection effects.

Second, the “distance between the ribbons” is a vague concept. As can be
seen from Figure 5, the ribbons are curved; they are not strictly parallel to each
other, and the distance between them varies along the ribbons’ length. So, any
definition of the distance between the ribbons should be treated as a general
measure of their separation.

We define the distance between the ribbons as follows. The ribbons around
their center (the area around points O, A, and B in Figure 5) are approximately
parallel to each other. So, we define the distance between the ribbons as the
length of the line that is perpendicular (as seen in the images) to both ribbons
in this area (BH in Figure 5).
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Figure 5. Measurement of the distance between the flare ribbons.

To measure this distance quantitatively, we use the following procedure. We
mark three points near the center of the ribbons: two points lying on one ribbon,

and the third one lying on the second ribbon (see Figure 5). Vectors OA = a =

(az,ay) and OB = b = (b,, b,) form a parallelogram. On the one hand, its area
equals S = |axb|. On the other hand, S = h|a| (where h is the distance between
the ribbons). Combining these two expressions, we obtain an expression for h:

_ |a x b| _ lagby — aybs|

la \/a? + a2

Similar to the CME kinematics, we marked the positions of points O, A,
and B using a point-and-click procedure, which is subjective. To eliminate the
subjectivity, we repeated the procedure 9 times and averaged the distances. The
result is presented in Figure 6.

Next, we need to calculate the derivative of h. We have a small number of data
points (only 24). Therefore, a local least-squares approximation and Savitzky-
Golay filters are not wise choices (see Appendix A). The displacement between
adjacent data points is comparable to, or less than, the measurement error.
Therefore, a finite-difference approach is also a poor choice. As we see, for the
derivative of h, the forward fitting is the best choice.

For forward fitting, we need to choose a reasonable analytical expression for
the speed of the ribbon separation. Unfortunately, we have no insight into how
the speed should depend on time. For this reason, we pick the simplest piecewise
analytical function.

The first frame in which flare ribbons were observed was at 02:12 UT. The
previous frame was recorded at 02:00 UT. We assume that before ty = 02:12 UT,
the speed of the ribbons’ motion is zero. We then assume that the ribbons move

h (1)
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Figure 6. Time dependence of the distance between the flare ribbons.

at a constant speed vy until reconnection ends at tyax. After ¢max, the speed is
Zero.

to <t < timax
o) =9 (2)
0, otherwise

We integrated v(t) and obtained an expression for h(t):

ho, t <ty
h’(t) = hO + UO(t - tO)v tO S t S tmax (3)
hO + Vo (tmax - t()), t > tmax

Then, we fitted the experimental data points with Equation (3) using a
least-squares approximation (the function scipy.optimize.curve fit from the
scipy library in Python). We obtained that tp,.x = 04:34 UT. That is, the
ribbons’ motion (and, therefore, reconnection) starts at 02:12 UT and ends at
04:34 UT.

We marked the time interval [tg, tmax] in Figure 3. As we can see, the ribbons’
motion occurs after the first impulsive acceleration phase. The motion coincides
in time with the deceleration and second acceleration phases. Also, the ribbon
motion continues for about 1 h after the SXR flux reached its maximum.

3.5. Previous Studies
The studied event is a beautiful example of a well-distinguished prominence
eruption. This beauty attracted other researchers to study it. To provide the

reader with complete information, we will briefly review the results obtained by
other authors.
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Bao, Zhang, and Lin (2006) studied this event with almost exactly the same
set of instruments (without the CHIP and Mg X11 data). The authors found that
the formation of the CME leading edge and dark cavity is synchronized with the
filament acceleration. They also reported Ha brightenings along the filament,
which they interpreted as a signature of the filament heating.

Fan (2005); Rust and LaBonte (2005); Gibson and Fan (2008); Torok, Berger,
and Kliem (2010) performed MHD simulations of the flux rope eruption driven
by the kink instability. The authors noted that the event’s morphology — an
inverse-y shape (see Figure 8 in T6rok, Berger, and Kliem 2010) and rotational
motion (see Figure 1 in Rust and LaBonte 2005) — is consistent with their model
predictions. They concluded that this event is an example of a CME driven by
the kink instability.

Finally, Marici¢ et al. (2007) analyzed this event in their statistical study.
The authors studied the delay timing between flares and CME acceleration. To
calculate acceleration, the authors used Mk4 and LASCO data. For this event,
they obtained a two-stage acceleration (see Figure 6d in Mari¢ié et al. 2007).
Because the authors used less data than in this work and used spline fitting to
calculate derivatives, they could not resolve a deceleration phase.

4. Discussion
4.1. Interpretation

In this work, we compared the timing of CME acceleration and flare reconnec-
tion. The comparison yielded two non-trivial results.

First, the CME showed a complex acceleration structure. It consisted of the
main impulsive acceleration phase, deceleration phase, and a secondary acceler-
ation phase. This structure is inconsistent with the standard model and deserves
explanation.

Second, most of the CME acceleration occurred during the first acceleration
phase, which occurred before signatures of the flare reconnection appeared (rise
of the SXR and flare ribbons’ motion). Again, this is inconsistent with the
standard model.

Since the first acceleration phase occurred without signatures of reconnec-
tion, it is natural to explain it as a result of the ideal MHD instability: either
kink (Hood and Priest 1981) or torus instability (Kliem and T6rék 2006). Both
scenarios can explain pre-flare acceleration. However, due to its morphology (an
inverse-y shape and rotational motion), it is often used as an example of a CME
driven by the kink instability (Fan 2005; Rust and LaBonte 2005; Gibson and
Fan 2008; Torok, Berger, and Kliem 2010). For this reason, we think that kink
instability is a more likely scenario.

As for the deceleration and second acceleration phases, MHD simulations
offer a hint for their explanation. Several researchers used MHD simulations to
investigate whether a CME eruption is possible without flare reconnection (Fan
2005; Inoue and Kusano 2006; Térok and Kliem 2007; Rachmeler, DeForest, and
Kankelborg 2009). The authors showed that the CME could indeed erupt due to
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a) b) c)

Figure 7. Interpretation of the observations. a) CME pre-eruption configuration. b) CME
motion creates the current sheet. ¢) Reconnection leads to the second acceleration phase. Blue:
current inside the flux rope; yellow: current inside the current sheet; red: reconnection.

the ideal MHD instability. Furthermore, Rachmeler, DeForest, and Kankelborg
(2009) ran a simulation in the complete absence of reconnection, and the CME
could still erupt. However, the motion of the flux rope creates a current sheet
below it (Fan 2005; Inoue and Kusano 2006). Eventually, because of numerical
resistivity, reconnection starts inside the newly formed current sheet.

The formation of the current sheet below the erupting flux rope is natural in
ideal MHD. It ensures that connectivity of the magnetic field lines is preserved
during flux rope motion. Therefore, it is reasonable to assume that a current
sheet also formed in our case.

The current inside the current sheet will have the same direction as the current
inside the flux rope (this can be derived from the direction of the magnetic field
around the currents; see Figure 7). Since two currents with the same direction
attract, the flux rope should experience deceleration.

The same conclusion could be made from an energy perspective. The poten-
tial magnetic field has the lowest energy. Introducing a current inside the field
requires energy, which could be taken from the CME’s kinetic energy.

Inoue and Kusano (2006) reproduced a similar effect. The authors ran MHD
simulations of a flux rope eruption driven by the kink instability. They found that
the flux rope quickly accelerates to a maximum velocity, but then its velocity
drops to about half its peak value.

As the flux rope erupts, the current sheet length should increase. At some
point, it should become unstable, and reconnection will start inside it. At this
point, the standard model should describe the CME evolution and explain the
second acceleration phase.

To summarize, we think the following model explains the observations. The
CME eruption (its first impulsive acceleration phase) is caused by the kink
instability. As the CME moves, a current sheet is formed below it. The interaction
between the currents inside the flux rope and the current sheet slows down
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the CME (the deceleration phase). Eventually, reconnection starts inside the
current sheet, and the CME evolves according to the standard model (second
acceleration phase).

4.2. Likelihood of the Scenario
4.2.1. General Remarks

The studied event looked like a typical CME. We observed a large erupting
prominence, a three-part CME structure, rise of the SXR emission, motion of
flare ribbons, and a flare arcade. These observational signatures are common for
CMEs, and they fit well into the standard model. However, the CME kinematics
had an anomaly. This raises a question: how common is this kinematics anomaly
among other typically looking CMEs?

Clearly, we cannot answer this question based on a study of a single event.
However, we will try to make an educated guess based on the reports of similar
events present in the literature. Below, we will do this from several viewpoints:
case studies, simulations, and statistics.

4.2.2. Case Studies

Although very rare, several studies report events that show CME-flare desyn-
chronization and CMEs with multiple stages of impulsive acceleration.

Wang et al. (2023) reported a prominence eruption associated with a B-
class flare. The CME impulsive acceleration phase occurred within the ATA
field of view. This allowed them to measure its acceleration with good temporal
resolution. The authors showed that the CME reached maximum velocity before
the flare started. They interpreted this as evidence that the CME erupted due
to the ideal MHD instability.

Song et al. (2015) reported the CME with two impulsive acceleration phases.
The first phase occurred before the flare, while the second one was synchronized
with the HXR emission. The authors concluded that an ideal MHD instability
caused the first phase, while flare reconnection caused the second one.

Reva et al. (2017) and Byrne et al. (2014) reported CMEs with a similar
acceleration pattern: impulsive acceleration, impulsive deceleration, and impul-
sive acceleration. However, in Reva et al. (2017), this pattern was caused by the
CME-CME interaction. In Byrne et al. (2014), both acceleration phases of the
studied CME were accompanied by M-class flares. The authors interpreted the
acceleration phase as resulting from flare reconnection, while the deceleration
phase resulted from the downward tension force of overlying field lines.

These reports show that our event is not unique. Probably, more CMEs may
have similar acceleration patterns.

4.2.3. Simulations

MHD simulations reproduce the main aspects of our interpretation. Fan (2005);
Inoue and Kusano (2006); Torok and Kliem (2007); Rachmeler, DeForest, and
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Kankelborg (2009) simulated CME eruptions caused by the ideal MHD insta-
bility. In their simulations, the current sheet forms below the flux rope, and
reconnection eventually starts inside it (Fan 2005; Inoue and Kusano 2006).
Furthermore, in Inoue and Kusano (2006), after acceleration caused by the kink
instability, the flux rope decreases its velocity from the maximum value. As we
see, from the MHD simulation viewpoint, our interpretation is plausible.

The closest to our work acceleration structure was reproduced by Guo et al.
(2026). The authors performed a data-driven MHD simulation of the CME and
obtained a similar pattern: impulsive acceleration, deceleration, and a second
impulsive acceleration. However, they interpreted the deceleration as resulting
from the downward tension force. Another difference is that, in their work, the
second acceleration phase was stronger than the first.

4.2.4. Statistics

As for statistical studies, we are interested in the delay between the peaks of
CME acceleration and flare reconnection. As a signature of flare reconnection, re-
searchers use HXR emission, the derivative of SXR emission, or the reconnection
rate derived from the flare ribbons’ motion.

In Berkebile-Stoiser et al. (2012), for 20 out of 21 events, the peaks of CME
acceleration and flare HXR emission differ by less than 10 min. In only one event
in their sample, the CME acceleration peak occurred 20 min before the HXR
peak.

Zhu et al. (2020) studied the relationship between CME acceleration and the
reconnection rate derived from flare ribbons’ motion. The authors found that
the delay between the peaks of the CME acceleration and reconnection rate is
less than 15 min.

For 57 events studied by Bein et al. (2012), 81% had a delay between peaks
of CME acceleration and GOES SXR derivative of less than 10 min. All events
except one in their sample had a delay of less than 20 min. In a similar study
of 22 events by Marici¢ et al. (2007), the delay was less than 20 min for 75% of
events, while for 25% it was higher.

Before making conclusions, we would like to comment on the limitations of
these studies. Firstly, almost any method of calculating a derivative of the experi-
mental data either explicitly or implicitly involves smoothing (see Appendix A).
If smoothing is done over three neighboring data points (best-case scenario),
the effective cadence is doubled. Since we need to take the derivative twice
to calculate acceleration, the effective temporal resolution of the acceleration
should be about three times the cadence of the original data. In the above-
mentioned studies, the data cadence was 3—5 min. Therefore, the accuracy of
the acceleration timings should be about 10—-15 min.

Second, GOES registers full-Sun integrated flux. As a result, signals from
two flares may overlap, which may lead to wrong CME-flare identifications (see
Section 3.1 in Reva et al. 2024). In turn, this may spoil the CME-flare delay
statistics. Notably, studies based on HXR emission or the reconnection rate
show better synchronization than those based on GOES flux.
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Considering these limitations, we think that the statistical studies show ex-
cellent CME-flare synchronization. Nonetheless, we could use the reported devi-
ations as an upper limit on the desynchronization frequency. That is, we should
expect a notable CME-flare desynchronization in less than 25% of the CMEs.

Another hint could be drawn from the statistics of CME-flare energetics. As
we mentioned in the Introduction, the energetic characteristics of the CMEs and
flares correlate well for strong flares and poorly for weak ones (Zhu et al. 2020;
Reva et al. 2024). Probably, the CME-flare synchronization depends on the ratio
of the non-potential magnetic energy that feeds the flare and the energy of the
twisted magnetic field inside the flux rope. If the flare magnetic energy is signif-
icantly greater than the twisted magnetic energy, then synchronization should
be good. Otherwise, we should observe a desynchronization. Therefore, it is
reasonable to assume that desynchronization is more likely for CMEs associated
with weak flares.

5. Conclusion

In this work, we analyzed a CME that exhibited deviation from the standard
CME model. We observed the CME’s evolution continuously from the solar
surface to the boundary of the LASCO field of view. Good data coverage allowed
a detailed comparison of CME acceleration with markers of flare reconnection.

We found that the CME had a complex acceleration structure. First, the
CME impulsively accelerated, then decelerated, and then accelerated again. The
markers of the reconnection — derivative of the SXR emission and motion of
flare ribbons — coincided with the deceleration and second acceleration phases.
In contrast, the first acceleration occurred without reconnection signatures.

We interpreted the first acceleration phase as a consequence of the kink in-
stability. The flux rope’s motion stretched the magnetic field below it, forming
a current sheet. In turn, this slowed the CME. Eventually, reconnection started
inside the newly formed current sheet, causing the CME to accelerate again.

These results show that CMEs can deviate from the standard model: they
can significantly accelerate without magnetic reconnection and exhibit a com-
plex acceleration structure. This means that CMEs are complex phenomena in
which different mechanisms play a role in acceleration at different stages of their
evolution.

Appendix

A. Calculation of the derivatives

Calculating derivatives from experimentally measured data is a complex issue.
Values are measured with finite accuracy. Because differentiation involves sub-
tracting measured values, the relative errors in the derivative increase. To address

this problem, researchers have developed multiple differentiation methods (Wood
1982).
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In this research, we calculate derivatives in three cases: CME speed and
acceleration, SXR derivatives, and flare ribbons’ motion. In each case, we use a
different method. Below, we will briefly overview the methods used for calculat-
ing the derivatives, present our thoughts on their strengths and weaknesses, and
explain why we choose a particular method for a particular case.

In studies of CME kinematics, the most common methods for calculating
derivatives are finite difference and forward fitting approaches. In the finite
difference approach, one takes two adjacent data points and divides the difference
in coordinates by the time difference. This approach may give reasonable results
if the coordinate difference is much larger than the measurement errors (Zhang
et al. 2001, 2004; Gopalswamy et al. 2018).

However, the error of the derivative is ~ Ax/At (where Ax is the error of
the coordinate, and At is the instrument cadence). If we improve the cadence
(i.e., make the data better), the error of the derivative will rise (i.e., make
the result worse). As a result, the method gives large errors for high-cadence
observations, where CME displacement for adjacent images is comparable to the
instrument spatial resolution (Wang et al. 2023). In all three cases analyzed in
this work, we face exactly this situation. Therefore, the finite difference approach
is undesirable.

In the forward fitting approach, one assumes that the CME acceleration,
velocity, or coordinates are described by an analytical formula. For example,
one can assume a bell-shaped acceleration profile (Gallagher, Lawrence, and
Dennis 2003; Sheeley, Warren, and Wang 2007; Reva et al. 2016; Zhu et al. 2020;
Vievering et al. 2023) or a polynomial (Yashiro et al. 2004; Vrsnak, Sudar, and
Ruzdjak 2005; Ma et al. 2010) or spline (Vrsnak et al. 2007; Marici¢ et al. 2007;
Berkebile-Stoiser et al. 2012; Bein et al. 2012) form for coordinates. Then one
calculates the analytical expression for coordinates (if needed) and fits the for-
mula to the experimental data with a least-squares procedure. After the fitting,
one analytically calculates the acceleration.

The forward fitting approach gives reasonable results when a low number
of data points are available. However, it does so at the expense of information
about the fine structure of its dynamics. If the CME has a complex acceleration
profile (Song et al. 2015; Reva et al. 2017), this information will be lost during
the forward fitting.

Additionally, this method may lead to unphysical results if the analytical
function is too complex. For example, if one fits the CME coordinates with a
polynomial of a high degree, it could result in unphysically large accelerations
at large distances.

In our research, we have a low number of coordinates measured for flare
ribbons’ motion, and forward fitting is a good approach in this case. In contrast,
SXR light curves and CME kinematics have many data points. Applying forward
fitting will lose information about the fine structure of the process. Therefore,
we need another method.

When dealing with a high-cadence time series, there is a need to smooth
the data. In signal processing, the standard solution is to use a Savitzky-Golay
filter (Savitzky and Golay 1964; Steinier, Termonia, and Deltour 1972). In this
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approach, for each data point, we approximate the data around it (within a fixed-
size running window) with a low-order polynomial. Then, to smooth the data,
we use the fitted value as the smoothed data point. If one needs to calculate a
derivative, then the polynomial is differentiated, and the value of the derivative
is obtained.

If the data points have a fixed cadence, the fitting can be expressed as a linear
combination of the data points within the running window, and the coefficients
of the linear combination can be calculated beforehand. That is, the whole
procedure can be done as a convolution, which is computationally efficient.

In our work, the calculation of the SXR derivatives is a case of a large number
of data points with a fixed cadence. This is a classic example where the Savitzky-
Golay filter performs well. For this purpose, we use the savgol_filter function
from the Python scipy library.

However, the CME kinematics have an irregular cadence. As a result, the
Savitzky-Golay filter is not applicable, and we need something different.

A generalization of the Savitzky-Golay filter is the local least-squares approx-
imation (Wood 1982; Reva et al. 2017, 2022). In this approach, similar to the
Savitzky-Golay filter, we approximate the data within a running window with a
linear function. The slope of the fit is the derivative. However, because the data
points are irregularly spaced and the number of points in the window varies, we
cannot express the operation as a convolution and need to make a fit for each
point. This is more computationally expensive than the Savitzky-Golay filter,
but it is a more general approach. We think this approach is best for calculating
the derivatives of the CME kinematics.
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