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Abstract

Coronal mass ejections (CMEs) often exhibit a three-part structure consisting of a bright inner core, an outer
leading edge, and an intervening dark cavity. While the core has traditionally been attributed to prominence
material, an alternative interpretation suggests it may arise from the projection effects of a twisted flux rope. We
focused on limb CME events to reassess the connection between CME cores and their associated prominences in
the inner corona. The CME cores were analyzed using white-light observations from the Mauna Loa Solar
Observatory K-Coronagraph, while the corresponding prominence eruptions were examined using Ha data from
the Global Oscillation Network Group and 304 A images from the Atmospheric Imaging Assembly (AIA). Our
results show a strong spatial correspondence between Ho prominences and CME cores in white light, with an
average image correlation of ~(0.7, while correlations between white light and AIA 304 A are comparatively
weaker (~0.5). Several events could be continuously traced into the field of view of the Large Angle and
Spectrometric Coronagraph Experiment (LASCO/C2), confirming the persistence of prominence material into the
outer corona. We find back-extrapolating LASCO/C2 CME cores under assumptions of constant velocity and a
linear trajectory can introduce large errors—up to ~40° in inferred position angle and ~140 minutes in eruption
time relative to their true values—underscoring the importance of observations of the inner corona for accurately
constraining CME dynamics. Overall, our findings suggest that in prominence-associated CMEs, the bright cores
are predominantly composed of prominence material.

Unified Astronomy Thesaurus concepts: Solar coronal mass ejections (310); Solar prominences (1519); Solar

corona (1483); Solar physics (1476)

Materials only available in the online version of record: animations

1. Introduction

Coronal mass ejections (CMEs) are powerful eruptions of
plasma and magnetic field from the solar surface into
interplanetary space. CMEs are typically observed using
white-light coronagraphs, which employ one or more occulting
disks to block the intense light from the solar disk while
allowing the much fainter light from the solar corona to be
captured (B. Lyot 1930). Since the advent of coronagraphic
instruments, our understanding of CMEs and their impact on
Earth has undergone a significant leap (N. Gopalswamy et al.
2009; P. F. Chen 2011; D. F. Webb & T. A. Howard 2012;
M. Temmer 2021). In coronagraph images, CMEs can appear in
various shapes. One common type is called the “three-part”
structure, which consists of a bright inner core, a dark cavity in
the middle, and an outer leading edge (R. M. E. Illing &
A. J. Hundhausen 1986). This three-part structure is often
considered the standard structure of CMEs (P. F. Chen 2011).
However, only about one-third of CMEs show the classical
three-part structure (R. H. Munro et al. 1979; D. F. Webb &
A. J. Hundhausen 1987; A. Vourlidas et al. 2013). But
interestingly, recent work by H. Song et al. (2023a) presents a
different picture: almost all CMEs wider than 60° show a three-
part structure in observations of the inner corona from the
Mauna Loa Solar Observatory (MLSO) K-Coronagraph (K-Cor;
S. Tomczyk et al. 2016), i.e., below 3 R.. Their results
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underscore the importance of observations of the inner corona in
fully understanding the three-part structure of CMEs and their
evolution.

Numerous observational and modeling efforts in the past
have contributed to understanding the nature of the three-part
structure, broadly converging into a unified view that is now
referred to as the “traditional view” (P. F. Chen 2011;
D. F. Webb & T. A. Howard 2012). According to this view,
the core of the three-part CME structure can be interpreted as
the erupting prominence (L. L. House et al. 1981;
R. M. E. Illing & A. J. Hundhausen 1985, 1986), while the
surrounding dark cavity is interpreted as a magnetic flux rope
(MFR; T. G. Forbes 2000; S. E. Gibson et al. 2006; J. Fuller
et al. 2008; T. A. Howard & C. E. DeForest 2012). As a
prominence, enclosed within an MFR, rises through the
corona, it pushes aside the ambient plasma, forming a bright
leading edge of a CME (T. G. Forbes 2000; R. Schwenn 2006;
A. Vourlidas et al. 2013). However, recently, this perspective
has been questioned (T. A. Howard et al. 2017; H. Q. Song
et al. 2017; H. Song et al. 2022), particularly regarding the
interpretation of the CME core and its association with
prominences. Below, we briefly review the studies that
established the traditional view of the core as prominence
material, and then outline the recent challenges it has faced.

Following the discovery of CMEs (R. T. Hansen et al.
1971), numerous studies explored their association with solar
disk phenomena such as prominences and filaments. Using
Skylab data (J. T. Gosling et al. 1974), A. 1. Poland &
R. H. Munro (1976) showed that CME core emission was
dominated by Ha, indicating the presence of prominence
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material. Observations from the Solar Maximum Mission
(R. M. MacQueen et al. 1980), which provided overlapping
coronagraph and Ha coverage, further revealed that CME
cores frequently contained eruptive prominence signatures
(L. L. House et al. 1981). A detailed analysis by R. M. E. Illing
& A.J. Hundhausen (1986), after separating Ha emission and
Thomson-scattered light, confirmed the presence of promi-
nence material in CME cores, thereby strengthening the
prominence—CME connection.

Additionally, many coronagraphic observations reveal
dense, filamentary structures within CME cores (H. Q. Song
et al. 2019a), often interpreted as embedded prominence
material. Several studies (E. Schmahl & E. Hildner 1977,
L. Burlaga et al. 1998; N. Gopalswamy & Y. Hanaoka 1998;
R. M. Skoug et al. 1999; D. Marici¢ et al. 2004; M. Mierla
et al. 2011; R. Susino et al. 2018) have reported cases where
prominence material was directly tracked into CME cores.
Together, these findings established the long-standing view
that prominences represent CME cores (D. F. Webb &
T. A. Howard 2012).

It is important to note, however, that most of these early
works were case studies rather than broad statistical analyses.
Subsequent studies based on statistical analyses have exam-
ined the occurrence rates of eruptive and noneruptive
prominences that lead to CMEs (H. Wang & P. R. Goode
1998; H. R. Gilbert et al. 2000; K. Hori & J. L. Culhane 2002;
D. P. Choudhary & R. L. Moore 2003; N. Gopalswamy et al.
2003; B. Filippov & S. Koutchmy 2008; D. Marici¢ et al.
2009; X. L. Yan et al. 2011; B. Schmieder et al. 2013; D. Seki
et al. 2021), as well as the overall prominence-CME
association rate (R. H. Munro et al. 1979; D. F. Webb &
A. J. Hundhausen 1987; P. Subramanian & K. P. Dere 2001;
Y. Wang et al. 2011; S. Majumdar et al. 2023). However, none
of these studies specifically focused on CMEs exhibiting the
three-part structure. One notable study is the 16 yr statistical
analysis of  Large Angle and Spectrometric
Coronagraph Experiment (LASCO; G. E. Brueckner et al.
1995) observations by A. Vourlidas et al. (2013), which
examined the morphological types of CMEs. The study
showed that CME cores are generally associated with
prominence material. Nonetheless, most such studies are
limited by the lack of simultaneous structural overlap between
white-light and Ho/extreme ultraviolet (EUV) observations,
which is essential for reliably linking prominences with CME
cores.

One of the first direct challenges to the traditional view
came from T. A. Howard et al. (2017). They compared
LASCO/C2 three-part CMEs with nearby prominence obser-
vations in the Atmospheric Imaging Assembly (AIA;
J. R. Lemen et al. 2012). Their study showed that the cores
of most three-part CMEs had no clear link to prominences.
They also reported unexpectedly low detection rates of
prominence material at greater heliocentric distances, in both
in situ measurements (S. T. Lepri & T. H. Zurbuchen 2010)
and remote-sensing data (B. E. Wood et al. 2016). Moreover,
their observations from the COR1 coronagraph (W. T. Thomp-
son et al. 2003) on the Solar Terrestrial Relations Observatory
(STEREO) showed that some CME cores had high ratios of
polarized brightness to total brightness (pB/B). The observed
values were greater than those anticipated for a core made of
cool, dense prominence plasma. To account for these
discrepancies, T. A. Howard et al. (2017) proposed several
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scenarios. One possibility is that CMEs are generally not
associated with prominences. Another is that some events
involve failed prominence eruptions, where the material falls
back to the solar surface (H. R. Gilbert et al. 2007; B. Filippov
2020). A further explanation is that prominence plasma may
undergo rapid ionization at higher altitudes (R. M. E. Illing &
G. Athay 1986; T. A. Howard 2015). T. A. Howard et al.
(2017) also proposed an alternative interpretation of the classic
three-part CME structure that does not require a prominence:
the entire CME is a flux rope, and the core is a twisted section
of that flux rope whose brightness is enhanced by line-of-sight
(LOS)—integrated emission. However, this study also lacked
overlapping field-of-view (FOV) observations between white-
light and EUV observations.

H. Song et al. (2023b) proposed another alternative
perspective, suggesting that in prominence-unrelated CMEs
the plasma within the MFR appears as the bright core, the
plasma pileup along overlying coronal loops forms the bright
leading edge, and the intervening low-density region—distinct
from the flux rope in the inner corona—corresponds to the
dark cavity. In such cases, flux rope plasma is often observed
in hot EUV channels (e.g., AIA 94 A and AIA 131 A) as a hot-
channel structure (J. Zhang et al. 2012; H. Q. Song et al. 2014).
For prominence-associated CMEs, both prominence material
and the MFR can contribute to the observed core structure.
Coronagraphic and EUV observations show that the sharp,
brighter component of the core is associated with erupting
prominence material, while a surrounding, more diffuse
component corresponds to the flux rope (H. Q. Song et al.
2019a; H. Song et al. 2022). It was further suggested that the
three-part CME structure gradually evolves from the inner to
the outer corona (H. Q. Song et al. 2017; H. Song et al. 2023a,
2023b, 2025). In this framework, the flux rope initially
confined to the CME core in the inner corona expands outward
and forms the dark cavity at greater heights, reconciling
interpretations of the inner corona with the traditional three-
part picture observed in the outer corona. This view also
explains why some prominence-associated CMEs lose their
three-part morphology in the outer corona when the promi-
nence material drains back during the eruption (H. Song et al.
2023a).

Considering all these different interpretations, we simply
revisit a fundamental question: When a CME is associated
with a prominence, does the core consist of that prominence
material? In this study, we aim to answer this question through
direct, overlapping observations using white light, Ha, and
304 A. In many cases, we use LASCO/C2 observations to
extend our analysis into the outer corona (beyond 3 R.) and
follow the evolution of CMEs outside the inner coronal FOV.

2. Observations and Data
2.1. Data Products and Processing

To facilitate a direct comparison between CME cores and
prominences in the lower corona, we utilize observations from
the MLSO K-Cor coronagraph. K-Cor offers the field of view
closest to the solar disk among currently available corona-
graphs, covering a radial range from approximately 1.05 to
3 R.. It is important to note that the inner boundary can vary
slightly between events due to pointing uncertainties inherent
to coronagraphic instrumentation. The instrument operates
within a passband of 7200-7500 A, capturing the polarized
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brightness (pB) resulting from Thomson scattering of photo-
spheric light by coronal electrons (H. C. van de Hulst 1950;
D. E. Billings 1966). K-Cor has a plate scale of 5”643 per pixel
and provides high-cadence observations with a 15 s temporal
resolution. i

To observe prominences, we utilized data from AIA 304 A,
Global Oscillation Network Group (GONG; J. W. Harvey
et al. 2011) Ha, and the 304 A channel of the Sun-Earth
Connection Coronal and Heliospheric Investigation (SEC-
CHI)/Extreme Ultraviolet Imager (EUVI, J.-P. Wuelser et al.
2004). AIA is an EUV imaging instrument aboard the Solar
Dynamics Observatory (SDO). It captures high-resolution
images with a plate scale of 0”6 per pixel and a temporal
cadence of 12s. Its FOV extends up to 1.3 R, along the sides.
GONG H-Alpha is a network of six ground-based telescopes
strategically positioned around the globe to provide nearly
continuous solar observations. GONG H-Alpha operates with
a narrow passband of 0.4-0.5A centered at 6562.8 A,
achieving a plate scale of approximately 1” per pixel and a
cadence of one minute. Its FOV covers up to 1.13 R.. EUVI,
part of the SECCHI suite on board STEREO, provides
additional EUV observations with a plate scale of approxi-
mately 1759 per pixel and a cadence of 2.5 minutes. To track
CME evolution beyond the inner corona, we also use LASCO/
C2 observations from Solar and Heliospheric Observatory
(SOHO, V. Domingo et al. 1995), which cover a radial range
of 2-6 R, in white light, with a plate scale of 1172 per pixel
and a cadence of about 12 minutes.

CME intensity naturally decreases with heliocentric dis-
tance; the signal-to-noise ratio becomes a limiting factor,
particularly in ground-based observations such as those from
K-Cor, which are further affected by atmospheric interference.
Although K-Cor has a nominal FOV extending to 3R,
features beyond about 2-2.3 R, tend to be faint and noisy,
reducing their utility for detailed analysis. In this outer range,
bright structures may be visible in motion, but their fine-scale
features are difficult to discern.

For this study, we used K-Cor data processed with the
Normalized Radial Gradient Filter (NRGF; H. Morgan et al.
2006), available online.® In some cases, where NRGF-
processed images did not provide the desired contrast and
visibility of dynamic structures, we performed base differen-
cing by subtracting a background image created using images
obtained prior to eruptions.

For Ha and 304 A, we have analyzed only the off-limb part
of the images. Ha images were primarily obtained from the
GONG station at MLSO, Hawaii. When data from the MLSO
site were unavailable or of poor quality, observations from
other stations—namely, Big Bear Solar Observatory (Califor-
nia) and Cerro Tololo Inter-Amerigan Observatory (Chile)—
were used instead. For AIA 304 A data, a radial filter was
applied to enhance fainter structures away from the solar limb.
No additional processing was applied to the Ha images.

Structural comparison posed a challenge due to the limited
overlap in the fields of view between instruments. The region
of overlap, restricted to approximately 1.05-1.13 R, spans the
inner edge of K-Cor and the outer edge of GONG Ha.
Observations from different instruments were coaligned by
centering on the solar disk and standardizing radial distances
to solar radii (R.), allowing consistent spatial comparison.

3 https: //www2.hao.ucar.edu/mlso
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Even after the above-mentioned alignment, we found some
residual spatial offset in some cases, with a maximum offset of
40" between instruments, likely due to pointing inaccuracies.
These offsets were manually corrected by comparing identifi-
able features off the disk for the different times across all
datasets. While this manual alignment introduced potential
bias, simultaneous analysis of structures in three complemen-
tary instruments improved overall confidence in the results.

To trace the cores of CMEs beyond the K-Cor FOV, we
supplemented K-Cor data with LASCO/C2 observations from
SOHO, which cover a range of 2-6R. in white light.
Typically, LASCO/C2 data are reliable only beyond
2.1-2.3 R, as the region closer to the occulter suffers from
significant scattered light from the solar disk. We processed
level-0.5 LASCO/C2 data to level-1 using the reduce le-
vel one.pro routine available in SolarSoft. To enhance
faint structures, we applied the Simple Radial Gradient Filter
(SiRGraF; R. Patel et al. 2022), which has been shown to
outperform NRGF for outer coronal features. The SiRGraF
method involves generating a background image from long-
duration observations, deriving a uniform 2D radial profile,
and then enhancing the image by subtracting the background
and dividing by the profile—highlighting subtle, dynamic
features in the outer corona.

2.2. Event Selection

The event selection for this study was inspired by the dataset
used by H. Song et al. (2023a), which focused on CMEs
exhibiting a three-part structure within the inner corona as
observed by K-Cor. Also, some additional CME events were
incorporated based on the following selection criteria:

i. The CME must display a clear three-part structure in
K-Cor observations.
ii. The event should be observed near the solar limb.
iii. The CME must be associated with a prominence.

Limb events are defined as follows: for Earth-facing events,
the source region must be located at least 30° in longitude
from the solar limb, and for backside events, the associated
prominence structure must be visible (H. Song et al. 2023a).
They are preferred for their clearer three-part structure and
reduced projection effects.

To identify potential events, we referred to the K-Cor CME
catalog, which lists detections from 2013 to 2022 based on an
automated CME detection algorithm (W. T. Thompson et al.
2017). A total of 65 events were selected based on the criteria
outlined above. The association with prominences was verified
using ATA EUV data, with additional data from the EUVI
instrument on SECCHI/STEREO. Each event was visually
inspected to determine whether a distinct prominence structure
was visible in Ha observations, allowing for a meaningful
comparison with the core features observed in K-Cor data.

Out of the 65 events, five did not exhibit any identifiable
prominence structure in Ha. In 13 events, a well-defined
prominence was initially visible, but it faded quickly and was
no longer discernible within the K-Cor FOV during the
evolution. Additionally, eight more events were discarded,
which did not suffer from the above limitations but were
excluded due to other data-related issues. For example, the
unavailability of K-Cor observations because the event took
place before K-Cor observations began or because observa-
tions were excessively bright near the K-Cor occulter, which
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Table 1
Analysis Results of Category-A CME Events

S. No Date Eruption Time Correlation Coefficients (r) Ad AT

(YYYY-MM-DD) uT) K-Cor versus Ha K-Cor versus 304 A Ha versus 304 A (deg) (min)
1 2014-05-28 17:14 0.81 0.65 0.76 15.41 92.18
2 2014-12-21° 01:52 0.67 0.27 0.30 6.33 —10.40
3 2015-05-05% 22:09 0.65 0.67 0.77 15.11 —6.35
4 2015-05-15 21:28 0.68 —-0.22 0.11 11.28 31.35
5 2015-05-25 21:10 0.68 0.09 0.01 19.44 97.98
6 2015-07-02 17:12 0.58 0.33 0.20 17.01 35.28
7 2015-09-23" 18:00 0.54 0.73 0.48 39.82 16.15
8 2016-02-08" 22:20 0.76 0.73 0.68 33.32 27.00
9 2016-08-08" 20:22 0.80 — — 14.79 138.35
10 2022-01-31 23:38 0.73 0.00 0.24 12.38 12.65
11 2022-05-147 17:09 0.84 0.62 0.53 17.05 92.83
12 2022-05-24" 22:19 0.58 —0.03 0.02 19.39 4.38
13 2022-09-24 19:57 0.63 0.48 0.36 6.54 80.01
14 2022-10-26" 20:00 0.68 0.52 0.48 5.70 103.50
15 2022-10-26" 21:28 0.85 0.49 0.47 30.25 16.60
Avg. 0.70 0.38 0.38 17.59 48.77

Note. The table summarizes the parameters of Category-A CME eruptions that preserve their three-part structure into the LASCO/C2 field of view. The dates and
times are taken from the K-Cor database. The table includes the Pearson correlation coefficients (r) between K-Cor, Ha, and 304 A ROI images, as well as the
angular (A#) and temporal (A7) deviations for all Category-A CME events. The deviations represent the differences between the actual position angle and onset
time of the eruption and the values extrapolated from LASCO/C2 observations alone, in the absence of inner coronal coverage. “—" marks entries where the value

of r could not be determined owing to the lack of corresponding AIA 304 A observations. See Section 3.2 for meanings of T, #, and *.

obscured the core structure. Excluding these 26 events, the
remaining 39 showed a clearly defined prominence structure in
Ha and were included in the detailed analysis.

Among these 39 events, 16 retained a recognizable three-
part structure during their evolution into the LASCO/C2 FOV,
while the remaining 23 did not. Out of the 16 events, one
(2014 February 11) was excluded, as a nearby hot-channel
eruption made it difficult to determine whether the CME core
arose from the prominence, the hot channel, or both, leaving
15 events. For this study, CMEs that maintain their three-part
structure into the LASCO/C2 FOV are classified as Category
A, while those that do not are referred to as Category B.
Table 1 lists all 15 Category-A CMEs, and Table 2 lists all 23
Category-B events. Additionally, it is worth noting that among
the 26 events excluded from detailed analysis, three were
observed to exhibit a three-part structure in the higher corona
as seen in LASCO/C2 observations.

3. Analysis and Results

3.1. Comparison between CME Core and Prominence in the
Lower Corona

We examined the spatial and temporal correspondence
between CME core structures observed in K-Cor white-light
images and their associated prominence features observed in
Ha and AIA 304 A in the lower corona. Figures 1 and 2
showcase four Category-A CME events that retain their three-
part structure into the LASCO/C2 FOV, selected to highlight
the diversity in CME core evolution and morphology
encountered in our study.

Figure 1(a) depicts the event from 2015 July 2, showing the
evolution of the CME across four time steps in K-Cor white
light, Ho, and AIA 304 A. The event can be characterized by
the appearance of a bright core-like structure, a surrounding
dark cavity, and a diffused leading edge in K-Cor white-light

images. The CME core structure aligns with the eruption of a
prominence seen in both AIA 304 A and GONG Ha images.
The spatial structures of the CME core seen in the K-Cor
closely resemble the prominence seen in Ha as well as that in
AIA 304 A observations. Initially, the full prominence is
visible in all three observations, suggesting a face-on
orientation. As the event progresses, the prominence exits
the Ho FOV; however, its two footpoints remain discernible
even in the later frames. Overall, the spatial structure and
evolution of the CME core show coherence with those of the
erupting prominence. To facilitate a visual comparison
between the CME core and the associated prominence
structure, we have overlaid Ha intensity contours (red) on
K-Cor and AIA 304 A images. Similarly, the front of the CME
core traced from K-Cor data (blue contour) is overlaid on AIA
304 A images for visual guidance to follow its evolution.

Figures 1(b) and 2(a) present prominences with edge-on
orientation, whereas Figure 2(b) displays a face-on promi-
nence. Figure 1(b) corresponds to a CME event of 2015
September 23. A three-part CME structure is clearly visible in
the K-Cor observations, and the core of the CME is well
aligned with the structure of the erupting prominence present
in the Ha and AIA 304 A images.

Figures 2(a) and (b) depict two eruptions on 2022 October
26 that subsequently interacted to produce what appears to be a
dual-core CME (see Figures 6(c) and (d)). The first eruption
shows a three-part structure in K-Cor images, where the core
has an elongated structure matching the prominence observed
in the Ho and AIA 304 A images. The animation corresp-
onding to Figure 2 shows that part of the prominence material
falls back to the solar surface, which is visible in AIA 304 A as
well as in K-Cor observations. The eruption, as mentioned
earlier, is followed by another eruption where the corresp-
onding prominence has a face-on orientation, which has a
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Table 2
Analysis Results of Category-B CME Events

Correlation Coefficients (r)

S. No Date Eruption Time
(YYYY-MM-DD) (UT) K-Cor versus Ha K-Cor versus 304 A Ha versus 304 A

1 2014-02-20 22:24 0.70 0.45 0.31
2 2014-04-29 19:40 0.62 0.37 0.40
3 2014-06-30 17:33 0.56 0.56 0.41
4 2014-12-13 21:47 0.55 0.66 0.54
5 2014-12-21° 00:48 0.75 0.46 0.47
6 2015-02-04 19:28 0.77 0.67 0.61
7 2015-02-08 22:19 0.91 0.73 0.66
8 2015-04-25 18:03 0.81 0.32 0.45
9 2015-05-01 21:56 0.86 0.67 0.72
10 2015-08-01 20:00 0.75 0.16 0.37
11 2015-12-17 19:22 0.50 0.42 0.39
12 2016-02-09 17:58 0.86 —0.38 —0.53
13 2016-06-11 22:06 0.49 0.59 0.46
14 2021-04-29 17:01 0.81 0.77 0.60
15 2021-06-25 20:17 0.64 0.52 0.71
16 2021-10-10 22:35 0.72 0.57 0.27
17 2022-02-01 23:00 0.89 0.74 0.70
18 2022-04-27 18:06 0.80 0.45 0.53
19 2022-05-24 21:55 0.67 0.64 0.53
20 2022-07-10 16:58 0.72 0.47 0.62
21 2022-07-20 21:16 0.88 — —
22 2022-07-31 22:36 0.53 0.39 0.34
23 2022-11-25 21:28 0.65 0.49 0.59
Avg. 0.72 0.49 0.46

Note. Same parameters as in Table 1, but for Category-B CME events. Angular (Af) and temporal (A7) deviations are not included, as these events lacked a
traceable three-part structure in LASCO/C2 observations, preventing reliable extrapolation. See Section 3.2 for the meaning of .

spatially and temporally coherent structure in the CME core
structure observed in K-Cor. One notable point is that the
second eruption on 2022 October 26 does not exhibit a
classical three-part structure within the K-Cor FOV. This is
most likely because the earlier eruption had already cleared the
coronal plasma in that region, leaving no material to form a
distinct leading edge. As the two eruptions ultimately merge
into a single CME that does show a three-part structure in
LASCO/C2 FOV, we include these events in Category A.

A similar analysis was carried out for the Category-B
CME:s, which reveal the three-part structure in the K-Cor FOV
but do not maintain it in the LASCO/C2 FOV. Figure 3 shows
four such events at a single time stamp, allowing for
comparison between the CME cores and their associated
prominence structures. The distinct core structures in K-Cor,
along with their three-part configuration, are clearly visible
and well matched with the corresponding prominence features
in both Ho and 304 A images. Animations of these events
strongly suggest that the core part of CMEs evolves in tandem
with the prominences observed in the AIA 304 A channel.

In all Category-A CMEs and Category-B CMEs, visual
inspection reveals a strong spatial correlation between
prominence structures observed in Ha and AIA 304 A, and
CME cores observed in K-Cor images. The structural
boundaries in AIA 304 A and K-Cor, in particular, exhibit
notably strong alignment within the AIA/SDO FOV.

The above-presented analysis provides clear evidence that
the CME core part has overall spatial and temporal
correspondence with prominences. To perform a more detailed

spatial comparison, examining the presence of finer-scale
structure of prominences observed in Ho and AIA 304 A and
that in the K-Cor observations, we have focused on a common
small region of interest (ROI). The ROI was selected for each
event, corresponding to the time when the prominence was
most clearly visible across all three instruments (see yellow
boxes in Figures 1, 2, and 3). Figure 4 shows zoomed-in viewos
of the selected ROIs from GONG Ha, K-Cor, and AIA 304 A
images. Panels (a)—(d) correspond to Category-A CMEs, while
panels (e)—(h) display examples from Category-B CMEs.
Panels (a) and (d) show ROIs highlighting the fine-scale
structure of prominences and corresponding K-Cor counter-
parts observed on 2015 July 2 and the second CME event on
2022 October 26, respectively. Both the prominences have a
face-on orientation. The K-Cor image, consisting of the core
part of the CME presented in panel (a), has structural
similarity on a finer scale with the details present in the
prominence seen in Ha. For instance, a Y-shaped bright
structure is visible in both the Ha and K-Cor images, which
is marked by the arrow in panel (a). Interestingly, in the AIA
304 A image, the same structure appears as a dark feature,
showing a contrasting characteristic. Despite these subtle
differences, the overall morphology of the prominence seen
in AIA 304 A is consistent with that of the Ha observations
and CME core structure in the K-Cor image. The prominence
presented in panel (d) had an arc-like structure in the Ha
image, which shows remarkable similarity with the CME
core structure seen in K-Cor data. There is a wide dark void
at the apex of the prominence (see arrow in panel (d)) that is
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Figure 1. Comparison of the structural evolution of CME cores in K-Cor white-light images with their associated prominences in GONG Ha and AIA 304 A for
Category-A CMEs, which preserve their three-part structure into the LASCO/C2 FOV. (a) The event on 2015 July 2; (b) the event on 2015 September 23. For each
event, images from all instruments at four selected time steps are presented to illustrate the evolution of the eruption. Red contours, outlining features from Ha
observations, are projected onto both K-Cor and AIA 304 A images to assess morphological correspondence. Blue contours, extracted from K-Cor structures, are
overlaid on the AIA 304 A images to facilitate further structural comparison. Yellow boxes in the images indicate ROIs selected for detailed analysis and are shown
only for time stamps in which the prominence is the most prominent in Ho. A gray area with a solid white outline denotes the solar disk and the limb, respectively. A
dashed white arc in all images marks 1.05 R, the inner edge of the K-Cor FOV. In the first K-Cor frame of panel (a), a white dotted—dashed curve indicates the inner
boundary of the CME leading edge. The arrows mark regions where a feature seen in white light and 304 A is absent in Ho, which is discussed in detail in
Section 3.1. An animation of this figure is available showing the complete evolution of each event in GONG Ha, K-Cor, and AIA 304 A.

(An animation of this figure is available in the online article.)

also present in the corresponding K-Cor image while being
absent from AIA 304 A.

The prominence associated with the CME eruption on 2022
July 10 shows a tilted U-shaped structure (Figure 4(f)) in the
Ha observations, and the corresponding CME core, as seen in
K-Cor, has very similar morphology. The AIA 304 A channel

also exhibits very similar morphology. The Ha and AIA 304 A
images in panel (h) display A-shaped structure in the observed
prominence as well as in the K-Cor image, which represents
the core structure of the CME. The prominences presented in
panels (b), (c), and (e) have edge-on orientatioons and display
elongated structure. The Ha and AIA 304 A images show
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Figure 2. Same as Figure 1, with panels (a) and (b) showing structural analysis of two consecutive Category-A CME events on 2022 October 26. An animation of
this figure is available. Similar to the animation of Figure 1, the animation shows the complete evolution of each event in GONG Ha, K-Cor, and AIA 304 A.

(An animation of this figure is available in the online article.)

similar morphological structure to that present in the K-Cor
observations. Panel (g), however, shows a case similar to
panels (a) and (d), where the AIA 304 A image reveals a
structure that contrasts strongly with those in Ha and K-Cor.
At the location where Ha and K-Cor display an elongated
bright feature, AIA 304 A instead shows a dark structure (see
arrow in panel (g)).

Overall, we see that there is a remarkable similarity on a
finer scale between prominence structures observed in Ha
observations and the core part of the CMEs observed in the
K-Cor observations. The AIA 304 A observations also show

prominence structure consistent with that of Ha. However, in
many events, AIA 304 A displays structures on a finer scale
which do not match with Ha and K-Cor. Overall, a common
trend observed in both Category-A and Category-B CME:s is
that the K-Cor core shows a stronger visual correspondence
with the Ha prominence structures than AIA 304 A.

One notable observation is that the GONG Ha shows
sharper structure than K-Cor. Additionally, when comparing
Ha and AIA 304 A images, an interesting feature is that the
Hor prominence structures tend to appear narrower than their
counterparts in AIA 304 A, as is most evident in panels (b),
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Figure 3. Structural comparison of Category-B CMEs that fail to maintain their three-part structure into the LASCO/C2 FOV shown at a single representative time
step for four distinct events, dated (a) 2015 February 4, (b) 2022 July 10, (c) 2016 February 9, and (d) 2015 April 25. The representation of the observed images
follows the same format as in Figure 1. An animation of this figure is available. Similar to the animation of Figure 1, the animation shows the complete evolution of

each event in GONG Ha, K-Cor, and AIA 304 A.
(An animation of this figure is available in the online article.)

(c), and (e)—a trend also reported for on-disk filaments (e.g.,
J. C. Vial et al. 2012).

To gain a clearer understanding of the one-to-one structural
correspondence with a quantitative analysis, an image
correlation analysis was carried out between each pair of
1nstruments—namely, K-Cor versus Ha, K-Cor versus AIA
304 A, and Ha versus AIA 304 A. The i image correlation was
carried out only on a small portion of the FOV common to all
three instruments, for example, ROIs displayed in Figure 4.
For this analysis, the K-Cor and Ha images within the selected
FOV were upscaled to match the pixel size of the AIA images.
After ensuring identical pixel size for all three instruments,
Pearson correlation coefficients (r) were computed between
the pixel values of images of each instrument pair (see
Figures 5(a)-(d) for Category-A CMEs and 5(e)—(h) for
Category-B CMEs:).

For Category-A events, the average correlation between
K-Cor and Ha was approximately 0.70 while the correlations
between K-Cor and AIA 304 A, and between Ha and AIA
304 A, were notably lower, around 0.4 each (see Table 1). In
the case of Category-B events, the average K-Cor—-Ha
correlation was about 0.72, witoh correlations of around 0.49
between Ig-Cor and AIA 304 A, and 0.46 between Ha and
AIA 304 A. These values are slightly higher than those for
Category A, though they remain within a similar range (see
Table 2). Additionally, Category-B events displayed a broader
spread in correlation values, likely due to the larger number of
events in the sample. For instance, the event of 2016 February
9 (Figure 5(g)) shows a negative correlation in AIA 304 A,
where the observed feature contrasts with that seen in the
K-Cor and Ha images. It is also important to note that these
correlation values were derived using upscaled K-Cor and Ha
images. When instead the AIA and Ha images are downscaled
to match the K-Cor resolution, the average correlations
increase slightly—by approximately 0.03 for K-Cor—-Ha and

by about 0.12 for K-Cor-AIA in Category-A events. Similar
trends are also found for Category-B CMEs, with average
increases of about 0.04 and 0.10, respectively. Nevertheless,
the overall results consistently indicate that the CME core
observed in K-Cor correlates more strongly with Ha
prominence features than with those observed in AIA 304 A.

Several minor ambiguities were also observed in the
structural comparisons discussed above. For example, in
Flgure 1(a), additional features are visible in the CME core
in K-Cor and in the prominence in AIA 304 A marked by
white arrows, which are not apparent in the corresponding Ho
images. These differences may be due to the Doppler dimming
effect (A. W. Peat et al. 2024) inherent in narrowband Ha
observations. Prominence plasma with significant LOS
velocity can experience Doppler shifts that reduce the detected
Ha emission, in some cases rendering the feature entirely
invisible in narrowband filters. Additionally, some discrepan-
cies may arise from the presence of hotter plasma structures in
the prominence—corona transition region (PCTR), which are
not captured in the Ha line. It is worth noting that similar
effects may also explain the absence of identifiable promi-
nence structures in Ha for the 18 events eliminated from the
original set of 65.

3.2. Tracking CME Core from Lower to Higher Corona

Having already established the association between the core
of the three-part structure and prominence structures in the
inner corona, we aim to examine whether this relationship
persists in the outer corona. We investigated the evolution of
15 Category-A CME:s listed in Table 1 as they propagate from
the FOV of K-Cor into that of LASCO / C2.

The analysis presented in Section 3.1 is limited to the FOV
of GONG Ha and AIA 304 A, which extends only up to
1.13R, and 1.3R., respectively. Due to the lack of
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Figure 4. Cutout images of the yellow-box ROIs from GONG Ha, K-Cor, and AIA 304 A observations, as shown in Figures 1, 2, and 3. (a)-(d) Four Category-A
CME events; (e)—(h) four Category-B CME events. These zoomed-in views highlight the fine-scale structural correspondence between prominence and CME core
features across different wavelengths. In each panel, the first image corresponds to GONG Ha, the second to K-Cor, and the third to AIA 304 A. Red contours,
extracted from Ha images, are overlaid on the 304 A and K-Cor images. Blue arrows indicate corresponding discernible features observed across images from

different instruments.

narrowband EUV or Ha observations beyond these heights
and extending into the LASCO/C2 FOV, the present analysis
relies on visually linking the CME core observed in K-Cor
with its counterpart in LASCO/C2. This linkage is based on
the established morphological relationship between the
prominence structures and their associated CME core within
1.3 R, as observed with the K-Cor data. We then track the
apparent continuity of the CME core as it propagates outward.
The primary objective is to assess whether the core structure
observed at the outer edge of the K-Cor FOV continues into
the structure identified as the core in LASCO/C2. This allows
us to determine the morphological continuity of the CME core
from the inner to the outer corona.

Figure 6(a) illustrates the evolution of the CME event on
2015 July 2 using a composite of five radially segmented
annular slices: the first two from K-Cor and the remaining
three from LASCO/C2, each corresponding to a different
time step. These slices are arranged in a single image to
effectively show the CME core’s progression through the
corona. Readers can view the corresponding animation to
have a better visualization of the CME evolution. In the
innermost slice, the core appears as a structure with two
footpoints anchored to the solar disk. These footpoints
correspond to prominence footpoints as seen in Ho and
AIA 304 A images presented in Figure 1. As the eruption
progresses, the right footpoint (marked with an arrow)

appears to disconnect from the disk and rise more rapidly
than the left, which remains anchored. In the second slice, the
apex of the core appears to be present just beyond the
selected slice. The disconnected right footpoint is also visible
(marked with an arrow), while the central body of the
structure appears blurred due to noise. Then, the LASCO/C2
slices can be seen capturing a clear central portion of the
elongated core structure. For effective visual tracking, a
white dotted—dashed curve is overlaid on the composite
image, which is obtained simply from polynomial fitting to
the trajectory of the apex part of the CME core.

Figure 6(b) presents similar composite images for the event
on 2015 September 23. In the event, the CME core can be seen
as a blob-like structure (shown by white arrows), with a clearly
visible footpoint that evolves smoothly into the outer corona.
Figures 6(c) and (d) present two successive events that
occurred on 2022 October 26. Both events are associated with
two separate prominences that erupted sequentially. As they
evolve into the LASCO/C2 FOV, the two eruptive structures
appear to merge and form the core of a single CME. As in
Figure 6(a), arrows are used to track and highlight the evolving
core structures across the radial slices. See the accompanying
animation to have a better understanding of the evolution of
these events.

To further analyze the kinematic continuity of the CME
core, we extracted intensity values along the trajectory traced
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Figure 5. Quantitative comparison of CME core and prominence intensities using a combination of scatter plot and density distribution for three pairwise
combinations: K-Cor versus GONG Ha, K-Cor versus AIA 304 A, and Ha versus AIA 304 A. Intensities (pixel values) from all three observations are shown in
arbitrary units. The intensity comparisons are restricted to the ROIs shown in Figure 4. The darker shade of black indicates a higher density of occurrence, whereas
the lighter gray represents a low-density distribution. For each of the eight events (four Category-A and four Category-B CMEs), the Pearson correlation coefficient
(r) is calculated from the corresponding ROIs, with the values displayed in the bottom right corner of each plot.

by the white dotted—dashed curves in Figures 6(a)—(d) and
created distance—time maps. Figure 7(a) presents the distance—
time map of the 2015 July 2 event. The distance axis begins at
the height where tracking starts within the K-Cor FOV—
typically near the lower boundary of the K-Cor observational
range. Although K-Cor formally extends to approximately 3
R, its outer regions are often affected by significant noise, as
is evident in the image. Therefore, only the region with
reliably identifiable structures was used in the analysis,
followed by data from the LASCO/C2 FOV. The red curve
corresponds to a polynomial fit to the trajectory of the apex of
the CME core, while the blue curve traces the trajectory of the
apex of the CME leading edge. A data gap appears in the
LASCO/C2 just as the CME core enters its FOV, obstructing
visual tracking in standard images. However, the distance—
time representation still clearly captures the continuous
evolution of the CME core across the data gap.

Figure 7(b) shows the 2015 September 23 event. But here,
an ambiguity can be seen and explained as follows. As noted
earlier, this event exhibits both a blob-like head structure and a
footpoint on the plane of the sky. In the K-Cor-Ha
comparison (Section 3.1), we focused on the footpoint
structure, since the blob does not appear until about 1.5 R,
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outside the Ho and AIA 304 A FOV. In contrast, in this
kinematic study, we track the blob-like head (shown by the red
curve) rather than the footpoint. So, in summary, the ambiguity
is that we are not comparing the same feature in the two
analyses. Nevertheless, both the footpoint and the blob can be
identified as extensions of the same structure. Based on the on-
disk eruption captured in AIA 304 A, we speculate that the
blob could be formed from the LOS evolution of the second
footpoint of the edge-on prominence, which likely became
diffuse due to rapid expansion, with portions of the material
possibly falling back to the solar surface. In Figure 7(b), both
the leading blob and the footpoint (marked by a white arrow)
can be distinctly identified. Refer to the accompanying
animation of the event of 2015 September 23 corresponding
to Figure 6 for a clearer understanding.

Figure 7(c) summarizes both eruptions from 2022 October
26 in a single map, constructed using pixel values extracted
along the trajectory of the first core. The first eruption,
originating from an edge-on prominence, evolves into a core
within the K-Cor FOV, but a significant portion of its structure
appears to fall back to the Sun, as seen in Figure 7(c) from
around 22:00 UT. This falling material subsequently merges
with the second eruption. Additionally, the first core shows
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Figure 6. Composite images showing the temporal evolution of Category-A CMEs as they propagate from the inner corona (observed by K-Cor) into the outer
corona (observed by LASCO/C2). Each panel corresponds to a distinct event: (a) 2015 July 2, (b) 2015 September 23, (c) 2022 October 26 (first event), and (d) 2022
October 26 (second event). The K-Cor FOV spans from 1.05 to 2.3 R, beyond which LASCO/C2 observations begin. For each event, five time steps are shown in a
single image, separated radially using segmented annular slices to illustrate the CME’s outward evolution (the first two from K-Cor and the remaining three from
LASCO/C2). In each panel, a white dashed—dotted line traces the smoothed trajectory of the CME core’s apex, derived from a polynomial fit to the original path to
highlight its motion through the corona. Panels (a), (b), and (c) are fitted with third-order polynomials, while panel (d) uses a fourth-order fit to capture its more
complex evolution. The arrows illustrate how different CME core features evolve over time in the sequence of frames. An animation of this figure is available. The
animation shows the evolution of the events from the K-Cor FOV up to 2.3 R, followed by their continuation into the LASCO/C2 FOV. The first two panels
correspond to the events on 2015 July 2 and 2015 September 23, respectively, while the third panel shows both events on 2022 October 26.

(An animation of this figure is available in the online article.)

apparent signs of rotation in the plane of the sky, contributing
to a complex dynamical evolution. The leading edge of the first
CME is prominent in the K-Cor images but appears to diffuse
as it propagates into the LASCO/C2 FOV. The second
eruption followed a more irregular trajectory due to its

11

interaction with the first eruption, as is evident in
Figure 6(d), and appears as a narrow structure in Figure 7(c).

It is also important to highlight several challenges
encountered in tracking the CME core, which can be outlined
as follows.
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Figure 7. Distance—time maps illustrating the temporal evolution of CME core features along the traced trajectory in the K-Cor and LASCO/C2 FOV as shown in
Figure 6 (white dashed—dotted line) for three Category-A events: (a) 2015 July 2, (b) 2015 September 23, and (c) 2022 October 26 (first event). In each panel, the
blue curve represents the manually traced path of the leading edge, while the red curve, obtained by polynomial fitting of the core trajectory shown in Figure 6,
indicates the path of the apex of the CME core. The arrow in panel (b) indicates the evolution of the footpoint associated with the event, as discussed in more detail in
Section 3.2. The arrow in panel (c) shows the evolution of the second eruption corresponding to the illustrated event.

1. Morphological challenge. In some cases (e.g., events
marked with # in Table 1), a three-part structure is
visible in LASCO/C2, but it is either weakly defined or
not sustained throughout the full LASCO/C2 FOV. As a
result, it becomes difficult to reliably identify and track
the CME core to the outer edge of the LASCO/C2
observations.

2. Tracking mismatch. In events marked with * in Table 1
(for example, 2015 September 23), the feature tracked
from K-Cor to LASCO/C2 may not correspond exactly
to the one analyzed in the K-Cor—Ha image comparison
(Section 3.1), owing to the complex evolution within the
K-Cor FOV. Nevertheless, it can be verified that the
features compared in these different analyses originate
from the same prominence structure.

3. Event interaction. Events marked with  in Table 1
involve interactions between multiple erupting struc-
tures. In particular, the merging of two erupting cores
(e.g., 2022 October 26) complicates the identification of
the CME’s true source and its evolution into a coherent
core structure.

In summary, despite the presence of some challenges, the
analysis shows that for most Category-A CMEs, the core
structure observed in K-Cor exhibits clear morphological
continuity as it propagates into the LASCO/C2 FOV. This
continuity suggests that the CME core remains closely
associated with the corresponding prominence even at greater
heights in the outer corona.

We also investigated the implications of associating CMEs
with on-disk events in the absence of observations of the inner
corona by backtracking the CME core observed in LASCO/C2
onto the solar disk under simplified assumptions. While a
CME may exhibit varying speeds while evolving, it is standard
practice to assume constant velocity and linear propagation
within the LASCO/C2 FOV for simplicity when estimating
average velocity for a large statistical study (S. Yashiro et al.
2004; N. Gopalswamy et al. 2009). This assumption is
supported by our findings, which show that CME cores
typically follow a linear trajectory with very low acceleration
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in the LASCO/C2 FOV compared to the inner corona,
consistent with earlier results (B. M. Bein et al. 2011). Based
on this linear approximation, we assessed the spatial and
temporal uncertainties in identifying the CME core’s source
region using only its motion in the outer corona. Spatially, this
refers to potential offsets in position angle between the
projected and actual source regions; temporally, it refers to
differences between the extrapolated and actual eruption times.

To estimate the spatial discrepancy, we extrapolated the
CME core’s trajectory (marked by a white dotted—dashed
curve) observed in LASCO/C2 back to the solar disk, as
illustrated in Figure 8, where the blue line indicates the
extrapolated path. The angular deviation (Af) between the
extrapolated location and the actual source region was then
calculatedo. For this, we identified the associated prominence in
AIA 304 A and used its midpoint as the reference point for the
position angle of CME origin. The position angle corresp-
onding to the extrapolated path was compared to this reference
to determine A6. In Figures 8(a)—(c), Af is displayed in the
lower left corner. A full list of Af values for all events can be
found in Table 1, with an average angular deviation of
approximately 17.5 and with a maximum deviation of about
40°. Tt should be noted that prominences can be extended and
structurally complex, and their spatial extent can sometimes be
comparable to the value of Af.

To assess temporal discrepancies, we constructed distance—
time plots tracking the motion of the CME core apex using
points extracted from both K-Cor and LASCO/C2 fields of
view. A third-order polynomial fit (black curve) was applied to
the combined dataset, as shown in Figure 9. Additionally,
assuming a constant CME speed in the LASCO/C2 FOV, we
performed a linear extrapolation using only LASCO/C2 data
points (red dashed curve) to estimate the expected initiation
time at lower coronal heights—mimicking a scenario where
only LASCO/C2 observations are available. Higher-order
polynomial fits were not applied to the LASCO/C2 data, since
we assumed a constant velocity. Although such fits can
effectively trace the observed trajectory, they often overfit and
may yield unreliable extrapolations due to overshooting.

The temporal discrepancy (AT) was then defined as the
difference between this extrapolated onset time and the actual
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(a) 2015-07-02

(c) 2022-10-26 (1st event)
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Figure 8. Assessment of spatial discrepancy in locating the position angle of the origin of the CME core with only outer coronal (LASCO/C2) observations and no
inner coronal data. For three Category-A CME events—(a) 2015 July 2, (b) 2015 September 23, and (c) 2022 October 26 (first event)—the white dashed—dotted
curve shows a third-order polynomial fit to the observed path of the CME core from the disk through K-Cor to LASCO/C2. The blue line shows a simple linear
extrapolation of the trajectory based only on outer coronal (LASCO/C2) motion, projected back toward the solar surface. The angular deviation (A6) between the
observed and extrapolated paths is illustrated in the bottom right corner of panel (a), with the corresponding values listed in the bottom left corner of each panel.
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Figure 9. Assessment of temporal discrepancy in identifying times of origin of the CME core when relying solely on outer coronal (LASCO/C2) observations. For
each of the three Category-A events—(a) 2015 July 2, (b) 2015 September 23, and (c) 2022 October 26 (first event)—a plot of distance (Dcypg) versus time is shown
along the actual CME core trajectory. Blue points mark positions tracked in K-Cor images, while red points correspond to LASCO/C2 detections. A third-order
polynomial fit to all data points (black solid line) provides a smooth kinematic profile. A linear fit to LASCO/C2 points only (red dotted line) extrapolates the core
motion backwards in time, assuming constant velocity. The temporal offset between the extrapolated and actual times of origin (AT) is indicated in each panel.

observed start time of core tracking. In Figure 9, the AT values nature of core of CMEs only for events related to prominence
are indicated in red for each event. It is important to emphasize eruptions. We have analyzed 38 events selected based on the
that this start time does not refer to the initial appearance of the criteria mentioned in Section 2.2. In agreement with H. Song
prominence, but rather to the point at which the CME core et al. (2023a), we confirm that all of our events show the three-
could be reliably identified and tracked. The AT values for all part structure in the K-Cor FOV, but only 15 events (39% of
analyzed events are summarized in Table 1, with an average those analyzed) retain it in the LASCO/C2 FOV.

temporal discrepancy of approximately 49 minutes and with a In all the events, the core part of CMEs is visible in the
maximum discrepancy of about 138 minutes. For a clearer K-Cor FOV in the very initial stages of eruption or sometimes
representation of these discrepancies, Figure 10 presents prior to the onset of the CME eruptions. This enabled a direct
histograms of both Af and AT. These deviations, although comparison of CME cores with their associated prominences
moderate, suggest that associating CME cores with their disk using simultaneous observations in white light, Ha, and 304 A
counterparts based solely on observations of the outer corona within the height range 1.05-1.13R.. To explore the
may lead to spatial and temporal misidentifications. connection between CME core and prominence beyond

1.13 R, we looked at the AIA 304 A channel, which provided
chromospheric context up to 1.3 R,

4. Discussion We found a remarkable similarity between the CME core

We investigated the connection between prominences and structures and the prominence features observed in Ha. For
CME cores in the plane of the sky, using simultaneous example, in prominences with a face-on orientation, the K-Cor
observations in Ha, EUV 304A, and white-light observations reveal a similar pattern in the CME cores.
coronagraph data for a large sample of limb events. Most of Similarly, in prominences with an edge-on orientation, the
the analyzed CME events are a subset of events studied by corresponding CME cores exhibit an elongated morphology.
H. Song et al. (2023a). In this study, we have only focused on Not only does the overall morphology of the prominences
CMEs associated with the clear prominence eruption visible in match the structures of the CME cores, but a detailed
the GONG Ha and AIA 304 A observations, thus assessing the comparison also shows that the fine-scale substructures within
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Figure 10. Left: histogram of angular or spatial offsets (Af), representing the differences between the backtracked position angles of CME cores (from LASCO /C2
observations) and the actual position angles of the associated prominences observed in AIA 304 A for 15 Category-A CME events. Right: similar histogram of
temporal offsets (AT), comparing the backtracked onset times of the CME cores with the observed onset times of the associated prominences.

the prominences are strikingly well reflected in the substruc-
tures of the CME cores. Our quantitative comparison, carried
out over ROIs covering the prominence and its surroundings,
shows that Ha images and K-Cor images have an average
cross-correlation coefficient of ~0.7. Apart from the striking
correspondence between CME core structures and prominence
features, we also find that these core structures remain clearly
traceable as they evolve beyond 1.13 R, within the K-Cor
FOV. This extended traceability highlights not only the close
relationship between the CME core and erupting prominence
in the inner corona, but also the continuity of these features as
the CME propagates outward.

We also performed image cross-correlation between the
K-Cor and AIA 304 A images, for the same ROIs for which
cross-correlation was estimated for the K-Cor and Ha images.
We find that on average the cross-correlation is ~0.5, which is
weaker than that for Ha. One possible explanation for the
weaker cross-correlation i 1s that the AIA 304 A channel has its
maximum response at 10*7 K; however, it also has a response
at coronal temperature (P. Boerner et al. 2012; J. R. Lemen
et al. 2012). Therefore, 304 A not only traces the cooler
prominence plasma, but also the surrounding hotter PCTR
plasma. Our results indicate that in the inner corona, the white-
light emission from the CME core shows a stronger correlation
with the Ha plasma, which probes the prominence core, rather
than with the multithermal plasma observed in the AIA 304 A.
This is consistent with several previous studies, as summarized
in the review by N. Labrosse et al. (2010), which report a
broad range of electron densities in prominences. These
studies indicate that electron densities are significantly higher
in the cool core than in the surrounding PCTR, thereby
enhancing the Thomson scattering signal observed in white-
light coronagraph images.

We further examined whether any strong chromospheric
emission lines fall within the K-Cor bandpass (7200-7500 A)
that could significantly contribute to the visibility of cool
prominence plasma in white light. Two O I lines, at 7320.94 A
and 7332.76 A (Y. J. Rivera et al. 2019), are present within the

14

K-Cor bandpass. These lines have a temperature response
peaking around 10**° K, within the temperature range of
prominence plasma. However, the analyzed quantity from
K-Cor is the polarized brightness and not the total brightness;
therefore, the only way these two OTI lines can contribute to
the observed core structure is through resonant scattering
polarization. A detailed modeling effort is required to know
whether there is any significant contribution from the O 1I lines
in the measured linear polarization and its comparative
contribution to the continuum polarization within the K-Cor
passband, which is beyond the scope of the current work.
However, since the K-Cor passband is 300 A wide we
anticipate that continuum polarization will dominate over
resonant scattering polarization from the OT1I lines, if any.

Our observations do not have chromospheric counterparts
beyond 1.3 R, therefore we cannot directly access the
presence of cool prominence plasma at greater radial distances.
However, to explore indirect evidence, we have tracked CME
cores observed in K-Cor images and followed their evolution
in LASCO/C2 observations. To track a CME core at larger
distances, we have first identified features of a CME core that
show clear matching with a prominence observed in the Ho
and AIA 304 A observations, then we followed these features
transiting from the K-Cor to the LASCO/C2. In 15 Category-
A events, we find strong evidence that CME cores have clear
counterparts in prominence structures, and their kinematic
evolution remains continuous into the LASCO/C2 FOV. In
many cases, we were able to track spatially resolved features
from the inner corona up to ~6 R, suggesting the CME cores
consist of prominences.

Our results are also consistent with a recent study by
M. Mierla et al. (2022), who have directly observed the
prominence and CME core in both white-light and EUV using
observations from multiple vantage points to establish their
correspondence. They utilized the Full Sun Imager on Solar
Orbiter’s Extreme Ultraviolet Imager (P. Rochus et al. 2020)
in the 304 A channel to detect prominence material as far as
6 R, supported by white-light coronagraph data from
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LASCO/C2 and STEREO/SECCHI. Such observations are
rare due to a lack of regular simultaneous observations in EUV
and white light beyond 2 R.. Aside from this case study, a
recent statistical analysis by P. Devi et al. (2025) found that in
78% of CMEs associated with erupting prominences, the CME
cores show strong kinematic correspondence with their
associated prominences. This result was obtained by compar-
ing CMEs observed in the LASCO/C2 FOV with prominences
seen in the AIA FOV for a large sample of 662 events.

The primary reason behind challenges to the idea of
prominence core connection stems from the fact that not all
CMEs are associated with prominence eruptions. Therefore,
alternative mechanisms are proposed to explain the origin of
CME cores. For example, T. A. Howard et al. (2017) proposed
that the core represents the twisted central portion of an MFR,
with the entire MFR appearing as the CME. In their study,
conducted without observations of the inner corona, they traced
CME structures from LASCO/C2 back to the solar disk and
found significant spatial and temporal offsets between the nearby
limb prominence and the core seen in coronagraph images.
Consequently, they suggested that, even for CMEs associated
with prominence eruptions, the cores are unlikely to be directly
linked to prominences. Based on their findings, T. A. Howard
et al. (2017) concluded that CME cores containing prominence
material are “so rare that they are statistically insignificant.”

In contrast, our study revisits this claim using a larger and
more detailed dataset. By analyzing the spatial offset (A6)
between the CME core’s expected position angle and the
associated angle of the prominence’s origin, as well as the
temporal offset (A7) between the CME core’s expected
eruption time and the associated prominence eruption time, we
find that both offsets can be significant. Additionally, our
observations reveal that in prominence-associated CMEs, it is
common for the core to exhibit geometric and morphological
changes as it evolves through the corona. These findings
highlight the difficulty in establishing a reliable structural
association between the prominence and the CME core in the
absence of observations of the inner corona.

H. Song et al. (2023b) proposed a unified explanation for the
nature of the three-part CME structure, in which the CME core
primarily corresponds to an MFR, while any associated
prominence represents additional material embedded within
the MFR. This interpretation builds upon a series of earlier
studies (H. Q. Song et al. 2017, 2019a, 2019b; H. Song et al.
2022). For prominence-associated CME eruptions, they suggest
that the prominence appears brighter and more distinct, while
the surrounding MFR remains faint and often barely visible in
coronagraph images. For example, in some LASCO/C2
observations of three-part CMEs, they have identified the
diffuse, fuzzy portion of the core as the MFR, whereas the
sharper, filamentary features are embedded prominence mat-
erial. Our study, though focused on prominence-associated
CMEs, does not provide direct evidence of MFR signatures in
the core. However, if the interpretation above holds, the
signatures of MFRs could be very faint and not discernible
given the sensitivity of a ground-based coronagraph such as
K-Cor; thus, our results do not necessarily contradict this
scenario.

Although our study provides insights into the nature of the
CME core using multiwavelength observations, a complete
understanding of its physical origin and its connection to the
MEFR requires direct magnetic field measurements with high
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temporal resolution, but such observations are currently
lacking. Instruments such as the Coronal Multichannel
Polarimeter (S. Tomczyk et al. 2008) and Upgraded Coronal
Multichannel Polarimeter (E. Landi et al. 2016) provide
valuable diagnostics of coronal magnetic fields, yet their utility
has so far been limited to relatively stable structures such as
coronal cavities (U. Bak-Steslicka et al. 2013; A. Rumiriska
et al. 2022) and streamers (S. E. Gibson et al. 2017), and they
lack the sensitivity to capture highly dynamic phenomena such
as CMEs.

5. Conclusion

In this work, we investigated the nature of CME cores by
analyzing 38 prominence-associated CMEs using simultaneous
Ha, AIA 304 A, and white-light coronagraph observations. All
selected events exhibited the classical three-part structure within
the K-Cor FOV, but only ~39% maintained it into the LASCO/
C2 FOV. Our analysis reveals a clear one-to-one correspon-
dence between prominence morphology and CME cores. Both
face-on and edge-on prominence orientations are consistently
reproduced in the cores, with fine-scale substructures also well
preserved. A quantitative comparison further supports this
connection. The average cross-correlation is strong between Ha
and K-Cor images (~0.7), while it is weaker with AIA 304 A
(~0.5), likely because this channel is also sensitive to hotter
plasma in the PCTR region. In all the ~39% of cases where
CMESs maintain their three-part structure, CME cores could be
continuously traced outward from the inner corona into the
LASCO/C2 FOV, sometimes as far as 6R., strongly
reinforcing their origin in prominences.

We further backtracked CME cores from LASCO/C2 FOV
to their on-disk source regions under the assumption of no
observations of the inner corona and by adopting linear
kinematics with constant velocity. This exercise revealed
offsets of up to 40° in position angle and up to 140 minutes in
onset time between the actual and back-extrapolated values.
These results highlight the critical importance of observations
of the inner corona for reliably connecting CMEs with their
source structures.

In summary, using observations of the inner corona of
carefully selected prominence-associated limb events, we
demonstrate that the CME core in the inner corona is
predominantly composed of prominence material, which can
be indirectly traced into the outer corona, suggesting its
persistence in CME cores at greater heights.
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