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Abstract

We investigate the effects of the evolutionary processes in the internal magnetic structure of two interplanetary
coronal mass ejections (ICMEs) detected in situ between 2020 November 29 and December 1 by the Parker Solar
Probe (PSP). The sources of the ICMEs were observed remotely at the Sun in EUV and subsequently tracked to
their coronal counterparts in white light. This period is of particular interest to the community as it has been
identified as the first widespread solar energetic particle event of solar cycle 25. The distribution of various solar
and heliospheric-dedicated spacecraft throughout the inner heliosphere during PSP observations of these large-
scale magnetic structures enables a comprehensive analysis of the internal evolution and topology of such
structures. By assembling different models and techniques, we identify the signatures of interaction between the
two consecutive ICMEs and the implications for their internal structure. We use multispacecraft observations in
combination with a remote-sensing forward modeling technique, numerical propagation models, and in situ
reconstruction techniques. The outcome, from the full reconciliations, demonstrates that the two coronal mass
ejections (CMEs) are interacting in the vicinity of the PSP. Thus, we identify the in situ observations based on the
physical processes that are associated with the interaction and collision of both CMEs. We also expand the flux
rope modeling and in situ reconstruction technique to incorporate the aging and expansion effects in a distorted
internal magnetic structure and explore the implications of both effects in the magnetic configuration of the ICMEs.

Unified Astronomy Thesaurus concepts: Solar coronal mass ejections (310); Solar wind (1534); Interplanetary
physics (827)

Supporting material: animations

1. Introduction

It is well established that interplanetary coronal mass
ejections (ICMEs) and their associated structures may unleash
the most harmful geomagnetic storms at Earth and other
undesired space weather effects at spacecraft. Unfortunately,
little is known about their internal magnetic structure due to
limitations imposed by currently available measurements and
techniques. The internal magnetic structure of coronal mass
ejections (CMEs) is intrinsically associated with the initiation
processes back at the Sun (e.g., Mikic & Linker 1994;

Longcope & Beveridge 2007; Cheng et al. 2013; Patsourakos
et al. 2013, 2020; Song et al. 2014). However, the CME
transformation into an ICME is essentially due to physical
processes related to its evolution and propagation (see reviews
by Lugaz et al. 2017; Manchester et al. 2017; Luhmann et al.
2020). How the internal magnetic structure of ICMEs is
characterized or how long the innate CME features remain
untouched in the interplanetary medium remain unanswered.
The progressive increase in ground-based assets, such as the

K-Coronagraph (KCor), which is a part of the COronal Solar
Magnetism Observatory (COSMO; Tomczyk et al. 2016), and
the space-based GOES-16/Solar Ultraviolet Imager (SUVI;
Seaton 2018; Vasudevan et al. 2019), the Atmospheric Imaging
Assembly (AIA; Lemen et al. 2012) instrument on board the
Solar Dynamics Observatory (SDO; Pesnell et al. 2012), the
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Large Angle and Spectrometric Coronagraph (LASCO;
Brueckner et al. 1995) on board the Solar and Heliospheric
Observatory (SOHO; Domingo et al. 1995), and the Sun–Earth
Connection Coronal and Heliospheric Investigation (SECCHI;
Howard et al. 2008) imaging suite on board the Solar
Terrestrial Relations Observatory (STEREO; Kaiser et al.
2008) provide a valuable combination of multiview remote-
sensing observations that enables progress in the 3D under-
standing of the physical processes associated with CME
evolution. With the advent of the Parker Solar Probe (PSP; Fox
et al. 2016) and Solar Orbiter (SolO; Müller et al. 2020),
multipoint in situ analysis of large-scale structures in the solar
wind has boosted the momentum created with MESSENGER
(Anderson et al. 2007) in the characterization of the internal
magnetic structure of ICMEs (Nieves-Chinchilla et al.
2012, 2013; Good et al. 2015; Winslow et al. 2016; Davies
et al. 2021; Lugaz et al. 2020, among others). However, efforts
to synchronize observations, researchers, resources, models,
and techniques toward reconciling the global and local views
not only reveals the limitations in our understanding of the
physical phenomena, but also the deficit of the techniques and
models.

There is still scarcity of in situ buoys in the interplanetary
medium that prevents us from capturing the magnetic field and
plasma signatures of ICMEs, which are needed to fully
characterize their internal structure and track changes as they
propagate and evolve through the heliosphere. As such, each
multiview and multipoint event observed becomes a valuable
opportunity to address these challenges. This is the case of the
four successive CMEs that occurred during 2020 November
24–29 listed in Table 1. The table lists the CME event name,
time of first detection by the SOHO/LASCO C2 coronagraph,
and central location at ∼20 solar radii. This paper focuses on
“CME1” and “CME2.” However, “CME 01” and “CME 02”
are considered as inputs for the WSA-ENLIL+Cone model
(hereafter ENLIL; Odstrcil et al. 2004, described in Section 3).
These CMEs can be important for the preconditioning of the
interplanetary space, for example, lowering the density in
which CME1 and CME2 propagate (Dumbović et al. 2019).

CME2 gave rise to an unusual spread of energetic particles
that are considered to be the first widespread solar energetic
particle (SEP) event of solar cycle 25 (Cohen et al. 2021;
Kollhoff et al. 2021; Lario et al. 2021; Mitchell et al. 2021;
Kouloumvakos et al. 2022). Two out of the four CMEs
observed by solar and heliospheric telescopes, namely CME1
and CME2, impacted PSP and left clear flux rope imprints
detected by the magnetometer (FIELDS; Bale et al. 2016) on
board. Maneuvers in the spacecraft during this period restricted

the performance of the Solar Wind Electrons Alphas and
Protons (SWEAP; Kasper et al. 2016) instrument, also on
board, and plasma information was therefore limited to the
interplanetary counterpart of CME1 (ICME1). Our work shows
that the magnetic field signatures of ICME2, counterpart of
CME2, are sufficient to identify the large-scale structure.
However, the lack of plasma information limits the full
characterization of the internal magnetic field structure. To
carry out the full in situ characterization of ICME2, we will
constrain the assumptions with remote-sensing observations,
propagation models, and in situ observations of the flank of
ICME2 at STEREO-A. STEREO-A helps to characterize the
event analysis in terms of the arrival time at STEREO-A and
in situ signatures. In the case of ICME2, in situ measurements
do not display the magnetic obstacle (MO) magnetic field and
plasma signatures.
In this paper, we present an extensive analysis of the

successive ICME1 and ICME2 crossing the PSP spacecraft and
the impact of evolutionary processes on these structures.
Section 2 provides the event overview based on the observa-
tions available. Section 3 presents our analysis of the internal
structure of the CMEs/ICMEs and a 3D reconstruction based
on remote-sensing and in situ observations. Given the lack of
data on kinematic and plasma parameters, we have combined
the available remote-sensing and in situ observations with the
ENLIL modeling simulation of the CMEs. The reconciliation
of the different techniques and models suggests that both
ICMEs are interacting in the vicinity of the PSP. Thus,
Section 4 provides insight into the in situ observations that help
evaluate the consequences of the interaction on the internal
structure. As part of the discussion, we have implemented the
effects of the aging and expansion in the Nieves-Chinchilla
et al. (2016, 2018a) models in order to assess the magnetic
configuration of an expanding and/or distorted magnetic flux
rope. In Section 5 we summarize our results and conclusions.

2. Events Overview

Figure 1 shows a map depicting the locations of multiple
solar–heliospheric spacecraft from 2020 November 29 to
December 1 (during which the PSP detected the transit of the
ICMEs). The PSP (orange) was moving from ∼96° to ∼97°
east of Earth (green), 39° east of STEREO-A (red), and at a
heliospheric distance of 0.81 au from the Sun. Such configura-
tion enabled the observation of successive CMEs that caused
the spread of energetic particles in the inner heliosphere. The
SolO spacecraft, which was located at 115° west of Earth at a
distance of 0.87 au, was also impacted by energetic particles
(Kollhoff et al. 2021; not shown in the figure). Two of the
observed CMEs (CME1 and CME2) directly impacted PSP
(ICME1 and ICME2), but only the second CME skimmed
STEREO-A. We note that during the time period of interest the
position of STEREO-A does not change significantly. This
paper focuses on the analysis of the internal structure of these
two CMEs at the PSP, while the STEREO-A signature will
play a significant role in the characterization of ICME2 and the
full reconciliation of the whole 3D scenario.

2.1. In Situ Observations

Figure 2 displays a subset of in situ (IS) measurements
collected by the FIELDS and SWEAP instruments on board the
PSP. The multipanel plot shows, from the top, the pitch angle

Table 1
Successive CMEs Launched in the General Direction of the PSP During 2020

November 24–29

Event Start Time Location
(UT) (deg)

(1) (2) (3)

CME 01 2020-11-24 04:36 S23E67
CME 02 2020-11-24 13:25 S10E153
CME1 2020-11-26 21:24 N08E102
CME2 2020-11-29 13:25 S15E83

Note. Columns list the (1) event name, (2) date and time of first detection by
the SOHO/LASCO C2 coronagraph, (3) central CME location.
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distribution of the 314 eV heat flux electrons in absolute units
and normalized, the magnetic field magnitude and its spherical
components, the proton plasma density, the thermal speed, and
the bulk speed. During this period, the PSP spacecraft
performed several maneuvers that impeded the collection of
full-cadence plasma data. Despite this, it was possible to
characterize two successive ICMEs relying uniquely on the
data from the FIELDS instrument.

ICME1 was observed on 2020 November 29 at 23:07 UT. In
general, the structure is characterized by very weak magnetic
field and plasma signatures. The start of the ICME1 is marked
by a very weak interplanetary shock or pressure pulse (Shock1;
light blue line). The magnetic observations of the Shock1
includes a very large, ∼270° magnetic field rotation
(23:07:12.25–23:08:06.10) on 2020 November 29. The first
half of this field rotation is magnitude preserving, while the
second half (23:07:47.75–23:08:06.10) is compressive. Magn-
etic coplanarity calculation gives a shock normal of (0.79, 0.20,
0.58) in radial–tangential–normal (RTN; see e.g., Hapgood
1992) coordinates resulting in θBn= 9°.1 as the angle between
the normal and upstream magnetic field, making this a quasi-
parallel shock. This shock appears to be in its early stages of
formation as it has no identifiable foot, overshoot, or wave
activity, and the shock ramp is fairly wide at 18 s. In the four-
hour-long sheath region, the magnetic field fluctuates and
rotates several times with angles greater than 90° right before
the magnetic obstacle (MO1) starts (first dark blue vertical line
on November 30 at 03:21 UT). MO1 is characterized by a
period of coherent change in the magnetic field magnitude for
∼13 hr and with a maximum of =B 14.0max nT and an

average of 〈B〉= 10.0 nT, twice the solar wind magnetic field
strength upstream of Shock1, Bupstream= 5.5 nT. The magnetic
field configuration exhibits a very flat and symmetric
magnitude profile with a distortion parameter (DiP) of ∼0.5
(see Nieves-Chinchilla et al. 2018b, for more details), and a
smooth and small rotation in the magnetic field direction that
indicates the presence of a twisted magnetic flux rope. We
identified the end of MO1 (second dark blue line) a few hours
before the passage of the second interplanetary (IP) shock wave
(Shock2; orange line) on November 30 at 16:26 UT. Shock2 is
preceded by a transition period of increase in electron flux
intensity and rotation of the magnetic field vectors (>90°).
Despite a few rapid changes in the magnetic field direction
during this period, the overall magnetic profile follows the
trend marked by MO1 (see the gray area in Figure 2). The
material measured during this period, identified as Shock2ʼs
upstream, may have originally been part of MO1 or its wake,
and is being disturbed by the passage of Shock2 at the time of
detection at PSP.
ICME2 is also preceded by an interplanetary shock (Shock2;

orange line) and followed by a sheath region of magnetic field
perturbations with an average magnetic field of ∼11.0 nT. This
shock is much more pronounced than Shock1, with strong
wave activity in the shock foot and with an initial very steep
ramp (18:35:32.3–18:35:33.2) on November 30. After this
initial steep ramp, a shallower growth phase begins (until
18:35:43.05) resulting in a prolonged, 1.5 minutes overshoot
region. Thus, this shock also appears to be in the process of
nonlinear steepening. Magnetic coplanarity gives a shock
normal direction of (0.33, 0.21, −0.92) in RTN coordinates and

Figure 1.Map of the solar–heliospheric spacecraft location (during the November 29 to December 1 time period) and capabilities: PSP (orange), STEREO-A (A; red),
and Earth (green), which includes SOHO, SDO, and GOES-16. The STEREO-A/COR2 field of view is delimited by the gray triangle and projected in the plane of the
sky (red line), and the SOHO/C2 field of view is in blue color projected in the plane of the sky (blue line). The arrows represent the central direction of propagation of
the CMEs listed in Table 1.
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θBn= 24°.3, again a quasi-parallel shock. The magnetic
obstacle (MO2) starts on December 1 at 02:24 UT and ends
the same day at 11:17 UT (bounded by the red vertical lines).
The maximum magnetic field strength is =B 43.0max nT, and
the average is 〈B〉= 27.0 nT. Note that this is almost 2.5 times
the average value during the front sheath. The MO2
configuration is characterized by a declining magnetic field
magnitude, with a compression at the front (DiP∼ 0.41). The
lack of plasma observations prevents us from discerning if this
is a signature of distortion or expansion (see Nieves-Chinchilla
et al. 2018b). At the front of MO2, within the boundaries
marked in Figure 2 with red lines, there is a single rotation in
the magnetic field direction of more than 90° again, but in this
case there is also a sharp intensity drop for 20 minutes and 29.9
s starting at 02:56:47 UT and ending at 03:17:17 UT on
December 1 (period marked by the short pink lines in the |B|
panel) with a change in the magnetic field from 41.8 to 3.8 nT
and back to 32.3 nT. This interval is also associated with an
increase in the bidirectional electrons flux intensity. The lack of
plasma observations prevents us from identifying these short
changes and sharp rotations in the magnetic field as magnetic
reconnection exhaust processes eroding the MO2 front (see
Gosling et al. 2005; Feng & Wang 2013).

This study is focused on the analysis of the ICMEs that
impacted the PSP; however the full characterization requires
constraining the forward modeling as well as the propagation
models. One relevant constraint is the observations of the
ICME2 by STEREO-A instruments. Later in this paper, in
Figure 7(b), we will use the one-minute-averaged magnetic
field observations from the In situ Measurements of Particles
And CME Transients instrument suite (IMPACT) Magnetic
Field Experiment (Acuña et al. 2008; Luhmann et al. 2008),
and the solar wind 10 minute averaged plasma data (only
available for STEREO-A) are from the Plasma and

Suprathermal Ion Composition (PLASTIC; Galvin et al.
2008) investigation, to constrain the CME propagation
modeling by reconciling with the remote-sensing analysis.
The ICME2 at STEREO-A is identified by the Shock2 arrival
at 07:30 UT on December 1, followed by an increase in the
magnetic field, solar wind bulk speed, temperature, and density.
However, the observations do not display any signatures of a
magnetic obstacle, which may indicate that the spacecraft only
crossed the flank of ICME2.

2.2. Solar and Heliospheric Observations between November
26 and 29

To understand the origins of the ICMEs observed by the
PSP, we studied the source regions in extreme ultraviolet
(EUV) observations and tracked the subsequent CMEs in white
light (WL) coronagraph observations. We reviewed data from
the STEREO/SECCHI suite of instruments, GOES-16/SUVI,
SDO/AIA, MLSO/KCor, and SOHO/LASCO C2. The
locations of the spacecraft during the 2020 November 26–29
time period were such that the respective source regions were
visible on-disk in the Extreme Ultraviolet Imager (EUVI) on
board STEREO-A and at the limb (originating just behind the
limb) in AIA and SUVI (see Figure 1). Together with careful
processing using advanced techniques (e.g., Morgan et al.
2006, 2012; Morgan & Druckmüller 2014; Alzate et al. 2021),
these observations enable a continuous view of the corona,
which helps establish direct correspondence of features in the
EUV with those in WL. Here, we present an overview of the
source regions and corresponding activity responsible for
CME1 and CME2. However, an in-depth analysis will be
presented in a subsequent study.
Figure 3 shows the source location and evolution of CME1

(a)–(b) and CME2 (c)–(d). Panels (a) and (c) are composed of

Figure 2. Overview of in situ measurements of the 2020 November events observed by PSP during the sixth solar orbit. From top to bottom, the plots show the
315 eV electron pitch angle distribution (PAD), normalized 315 eV electron PAD, magnetic field magnitude (|B|), magnetic field components in angular components
(f, θ), proton density (Np), thermal speed (Vth), and proton bulk speed. The colored vertical lines mark the boundaries of ICME1, including Shock1 (light blue) and the
magnetic flux rope (dark blue), and of ICME2, including Shock2 (orange) and the magnetic flux rope (red).
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observations from the STEREO/SECCHI suite. The EUVI
camera observes the corona up to ∼1.7 RS. Observations with a
cadence of ∼5 minutes in the 171, 195, and 284Å channels
were used. The SECCHI/COR1 inner coronagraph (Thompson
et al. 2003) observes at a ∼5minute cadence and has a field of
view (FOV) that extends from∼1.4 out to 4.0 RS. The SECCHI/
COR2 outer coronagraph observes the corona between ∼2.5 and

15 RS at a ∼60minute cadence of polarized brightness
sequences. Panels (b) and (d) are composed of observations
along the Sun–Earth line. The LASCO/C2 instrument on board
SOHO acquires WL coronagraph observations and has a FOV
spanning from 2.2 to 6.0 RS, and a cadence of ∼12 minutes
during the time period of interest. The AIA instrument on board
the SDO images the solar atmosphere in seven EUV channels

Figure 3. Source location and evolution of CME1 (a)–(b) and CME2 (c)–(d) in the EUV and WL remote-sensing data. (a) 2020 November 26 STEREO-A/SECCHI
composite of EUVI 195 Å, COR1, and COR2 images spanning a combined FOV out to ∼8 RS as shown, with the EUVI shown out to 1.4 and COR1 out to 3.0 RS; (b)
November 26 composite of SDO/AIA 171 Å, MLSO/KCor, and SOHO/LASCO C2 images spanning a combined FOV out to ∼6 RS as shown, with AIA shown out
to 1.25 and KCor out to 2.5 RS; (c) 2020 November 29 SECCHI composite spanning a combined FOV out to ∼10 RS, with the EUVI shown out to 1.45 and COR1 out
to 3.5 RS; (d) November 29 composite of AIA, KCor, and C2 images spanning a combined FOV out to ∼6 RS, with AIA shown out to 1.25 and KCor out to 2.5 RS.
Arrows indicate the source regions in the central EUV images and the CME events in the WL images. Times shown are approximate. An animation of the EUV and
WL images showing the evolution of each event is available in the online journal. The provides sequentially the STEREO-A/SECCHI EUVI 195 Å images, running
from to 01:08 UT on November 22 to 22:08 UT on December 1, followed by the SDO/AIA 171 Å images, running from 03:12 UT on November 24 to 23:48 UT on
November 30.

(An animation of this figure is available.)

5

The Astrophysical Journal, 930:88 (21pp), 2022 May 1 Nieves-Chinchilla et al.



and three UV channels out to ∼1.3 RS. For this study, images in
the 131, 171, and 193Å channels were used with a reduced
cadence of ∼24 s, which was enough for our purposes in this
study. The KCor instrument has a FOV from 1.05 to 3.0 RS and
observes at a time cadence of 15 s. As KCor is a ground-based
coronagraph, observations are limited to a few hours per day.
Additionally, we made use of observations from the SUVI
instrument on the GOES-16 spacecraft of the National Oceanic
and Atmospheric Administration (NOAA; see Figure 4). It offers
a FOV of up to 1.6 RS on the horizontal and 2.3 RS on the
diagonal and observes at a regular cadence of four minutes. We
used images in the 171 and 195Å channels.

On 2020 November 26, CME1 erupted from the northeast
region (see Table 1 for coordinates) indicated in Figures 3(a)
and (b) and was first seen in the LASCO C2 FOV at 21:12 UT.
Prior to entering the FOV, CME1 was preceded by a series of
very faint outflows as the streamer slowly began to expand
around 20:36 UT. CME1 overtook the FOV by 22:36 UT and
was followed by post-CME outflows. At 1:25 UT, a small
and faint structure appeared tethered to CME1 and was
followed by more outflows until the end of the 2020 November
27. CME1 itself exhibits a bright leading front, followed
by a cavity and a bright central core (thus featuring a
classic “three-part” morphology; Illing & Hundhausen 1985;
Chen 2011; Vourlidas et al. 2013). No signs of a preceding
shock can be discerned in the WL images of CME1. The
apparent radial velocity of CME1 in LASCO C2 is ∼524 km s−1.
In ancillary observations by the ground-based coronagraph KCor,
the streamer in the northeast region undergoes subtle reshaping
and expansion between 22:02 and 22:36 UT on 2020 November
26. Entrained within the streamer is a “triangle-like” shape
protruding from the inner FOV up to ∼1.5 RS. This structure
matches the shape and location of the erupting loop system in the
EUV that formed the core of CME1 before it propagated outward
in the extended LASCO C2 images.

Figure 4 shows observations by AIA and SUVI of the
CME1ʼs source region at the limb at approximately 30°
counterclockwise from the north (panels (a)–(d) in Figure 4). It
exhibits a complex system of loops that develop into the shell
of CME1 (panel (a)). In AIA, loops begin to expand at 20:25
UT and continue to expand until an eruption begins at around
20:48 UT (panel (b)) and leaves the AIA FOV (1.3 RS) at 21:25
UT. Also at this time, the remaining loops appear to twist and
form the “triangle-like” shape observed in KCor. A post-
eruption set of bright loops begins to form at 21:30 UT at the
onset of a flare, followed by flare loops (panel (d)). The
extended FOV of SUVI provides a better view of the loop
system, outflows, and surrounding structure. A series of faint
pre-eruption outflows begin at 13:00 UT and continue after the
main eruption until the bright post-flare loops are formed.

CME1 first enters the COR1 FOV at 21:25 UT and can be
tracked for a few frames until 22:15 UT. Because of instrument
noise and deterioration, it is difficult to characterize small-scale
structures within CME1. Only streamer brightness enhance-
ments are obvious. In COR2, CME1 is first visible at 22:08 UT.
CME1 exits the COR2 FOV beginning at 02:08 UT on the
2020 November 27. The source region in EUVI is on the disk
near the East limb (panels (e)–(h) in Figure 4; see Table 1 for
coordinates). Because of the on-disk location, we can study the
evolution of the region. In the 195Å channel, the system of
loops open and erupt beginning at 20:33 UT (panel (f)). The

pre- and post-eruption loops are visible, but what is most
distinguishable is the bright “S-shape” loop structure, or
sigmoid (e.g., Green et al. 2007), best seen at 21:30 UT (panel
(h)). In a time series (not shown) of bandpass-filtered images
(Alzate et al. 2021), the loops open and the eruption begins at
20:48 UT (panel (g)), with the sigmoid best seen at 21:48 UT.
The associated wave is distinctly seen on the solar disk
beginning at 20:55 UT and overtakes a large region at
approximately 21:30 UT. The wave appears to trigger the first
of many outflows originating from the active region that can be
seen at the limb below the equator (115° counterclockwise
from the north). This is the source region of CME2 described
below.
On 2020 November 29, CME2 erupted from the southeast

region indicated in Figures 3(c) and (d). The CME is first
visible in the LASCO C2 FOV at 13:25 UT, though there is a
preceding data gap of 36 minutes, equivalent to three LASCO
C2 frames. The presence of a shock in the WL images of
LASCO C2, COR1, and COR2 is straightforward. Observa-
tions from KCor on November 29 began at 17:49 UT, after
CME2 had left the LASCO C2 FOV. However, because this
CME appears large in LASCO C2, its following imprint is
visible in KCor (Figure 3(d)). A similar imprint is left behind
after CME2 exits the FOV of COR1 and COR2. Similar to
CME1, the source region from which CME2 originated (panels
(i)–(m) in Figure 4) is characterized by a complex system of
loops that begin expanding at 12:40 UT. The flare is best seen
in the 131Å channel (panel (j)). The eruption then follows at
12:50 UT, and plasma material outflows southward from the
active region (panel (l)). After the main eruption, material
continues to be expelled toward the south, and bright post-flare
loops form (panel (m)). In the extended FOV of SUVI, the full
extent of the loop system is visible out to ∼1.9 RS (panel (k)).
The outer set of loops begin to open at 12:53 UT. Inside the
loops is a radial structure that protrudes from the source region
and cuts through the center of the loops as indicated in
panel (k).
In COR1, restructuring of the streamer occurs over a period

of a few hours leading up to CME2, which is first seen at 13:00
UT. CME2 overtakes the FOV by 13:30 UT before the bubble
is fully evacuated by 13:50 UT. In COR2, CME2 is first seen at
13:24 UT. It expands quickly with an apparent radial velocity
of ∼1275 km s−1 and overtakes the FOV by 14:24 UT. Post-
CME outflows are visible until the end of the 29th. In EUVI
195Å images, the region of interest is highly active (panels
(n)–(r) in Figure 4). The wave associated with the main
eruption of November 26 in the northern region (CME1)
reached the source region of CME2 and triggered a series of
outflows up until the flare event that triggered the CME. Pre-
eruption events begin with a large outflow seen at 08:10 UT
and directed southward. The main eruption begins slowly at
12:50 UT (panel (o)), but quickly picks up speed and erupts at
13:05 UT with a post-eruption, loop-like twisting outflow
(panel (q)). Bright post-eruption loops begin to form (panel (r)).
In bandpass-filtered images (Alzate et al. 2021), outflows and
inflows are visible starting at 08:20 UT and appear to trigger
the large main eruption event, which begins at 12:25 UT. Panel
(p) shows an example of a later frame where the outer post-
eruption loops are indicated with arrows. The associated wave
expands and overtakes most of the east around 13:00 UT while
triggering small eruptions nearby.
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2.3. Multispacecraft Radio Observations

CMEs and solar flares are associated with intense radio
signals in a wide range of frequencies, in particular with type II
and III bursts. They are generated via the plasma emission
mechanism, when electron beams interact with the ambient

plasma triggering radiation at the plasma frequency fp (the
fundamental emission), or at its second harmonic 2fp (the
harmonic emission). As the electron beams propagate outward
from the Sun, radio emissions are generated at progressively

Figure 4. (a)–(h) Time series of EUV images showing the source region and evolution of CME1 as observed along the Sun–Earth line (a)–(d) and by STEREO-A/
SECCHI (e)–(h). (i)–(r) Time series of EUV images showing the source region and evolution of CME2 from the Sun–Earth line (i)–(m) and observed by STEREO-A/
SECCHI (n)–(r). An animation of the CME events is available in the online journal. The animation provides sequentially the SDO/AIA 171 Å images for CME1,
running from 20:00 to 23:58 UT on November 26, followed by the STEREO-A/SECCHI EUVI 195 Å images, running from to 17:33 on November 26 to 01:58 UT
on November 27. For CME2 the SDO/AIA 171 Å images run from 12:03 to 15:53 UT on November 29 followed by the STEREO-A/SECCHI EUVI 195 Å images
from 04:05 to 18:00 UT on November 29.

(An animation of this figure is available.)
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lower frequencies corresponding to a decreasing local plasma
density (Wild 1950; Ginzburg & Zhelezniakov 1958; Ergun
et al. 1998). Type II bursts are triggered by electron beams
accelerated at the shock fronts driven by fast moving CMEs,
while type III bursts are a consequence of impulsively
accelerated electrons associated with solar flares (Reiner et al.
1998; Gopalswamy et al. 2000; Krupar et al. 2016). Type II
bursts are intermittent with short periods of radio enhance-
ments, which are usually related to CME–CME and/or CME–
streamer interactions (e.g., Magdalenić et al. 2014).

CME2 was accompanied by type II and III bursts detected by
PSP/RFS, STEREO-A/Waves, and Wind/Waves (Bougeret
et al. 1995, 2008; Bale et al. 2016; Wilson et al. 2021) in the
period of November 29 12:30–17:00 UT (Figure 5). A complex
type III occurred around 12:55 UT, and it lasted until ∼16:00UT.
Langmuir waves were observed by STEREO-A between
15:10UT and 15:50UT, indicating that a flare-associated electron

beam intersects the STEREO-A spacecraft (Figure 5(c)). The
complex type III was followed by an intermittent type II burst
between 13:05 UT and 13:50 UT in a frequency range from
20 MHz down to 4 MHz (Figure 5). It corresponds to radial
distances of the CME2-driven shock wave between ∼1.8 RS

and ∼3.7 RS assuming the fundamental emission and the
electron density model of Sittler & Guhathakurta (1999). The
type II burst could have been generated either by interaction
of the CME2-driven shock wave with the base of CME1 legs,
or a nearby streamer. This event is the first well observed
type II burst by three spacecraft located at different
longitudes and latitudes.
We analyzed the frequency drift of the type II burst around

13:10 UT to estimate the kinematics of the CME2-driven shock
wave in the corona. Specifically, we identified peak fluxes
ranging between 7 and 13MHz for each spacecraft separately.
Next, we converted frequencies of the type II burst f to radial
distances r using the density model of Sittler & Guhathakurta
(1999). Using a linear fit we derived the speed of the CME2-
driven shock to be 1294 km s−1, 1356 km s−1, and 907 km s−1

for the PSP, STEREO-A, and Wind, respectively. While the
frequency drift results from the PSP and STEREO-A observa-
tions are comparable, the obtained speed for Wind is
significantly different. It can be explained by different radio
propagation effects as the signal suffers by refraction in the
density gradients and scattering by density inhomogeneities.
Krupar et al. (2019) showed that type II bursts are more likely
to have a source region situated closer to CME flanks than
CME leading edge regions. In the case of the PSP and
STEREO-A, CME2 propagates roughly between the two
spacecraft, while Wind is located nearly perpendicular. As
the type II burst is more likely to be generated near CME2
flanks, Wind observed the radio emission with smaller
propagation effects, when compared to the other two
spacecraft.
Assuming a constant speed for the CME2-driven shock, we

calculated the onset (r= 1 RS) and PSP arrival (r= 174 RS)
times (Figure 5). The obtained onset time for Wind (2020
November 29 12:52 UT) is consistent with observed ground-
based radio measurements. The same type II burst was detected
at 80MHz (∼1.17 RS) around 2020 November 29 12:54 UT
(Figure 4 of Kollhoff et al. 2021). Finally, the PSP arrival time
based on the Wind frequency drift (2020 December 1 at
01:39 UT) is close to the actual time of the CME1–CME2
interaction analyzed in this study (2020 December 1 at
02:20 UT; see Figure 8 below).
Moreover, the type II burst exhibited significant left-hand

circular (LHC) polarization, which has never been detected
before in this frequency range (Figure 5(b)). The PSP/RFS is
the first space-based radio receiver that allows us to investigate
polarization properties of incident radio waves up to 20MHz.
STEREO/Waves and Wind/Waves provide direction-finding
measurements only up to 2 and 1MHz, respectively. Pulupa
et al. (2020) analyzed several type III bursts with significant
LHC polarization observed by PSP/RFS in 2019. This strong
polarization is surprising, as solar radio emissions at frequen-
cies below 20 MHz rarely show signatures of circular
polarization (Cecconi 2019). When it is present, strong circular
polarization is often interpreted as evidence that the emission
occurs at the fundamental of the plasma frequency, and not the
harmonic. In the presence of a magnetic field, electromagnetic
waves can be generated in the O-mode and X-mode, which

Figure 5. Radio measurements of type II and type III bursts on November 29
from 12:30 UT to 17:00 UT. (a) Radio flux density I at PSP
(1 sfu = 10−22 W m−2 Hz−1). (b) Relative circular polarization V/I (positive
values indicate LHC polarization). (c), (d) Radio flux density I at STEREO-A
and Wind. Results of type II burst linear fit are shown in all panels. The
intensity threshold (I > 105 sfu) has been applied on (b) to suppress the
background. Included in each panel is the time of the Type II observation and
the estimated arrival time to the PSP.
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have opposite senses of circular polarization. At the funda-
mental, only O-mode emission can escape the source region
and reach the observer, while at the harmonic, both O-mode
and X-mode waves can escape. This implies that fundamental
emission should be more strongly polarized than harmonic. In
the case of type IIIs, this is well established with observational
results (Dulk & Suzuki 1980).

The handedness of radio burst emission can also be used to
probe the magnetic field conditions in the source region, and, in
this specific case, help determine the radio emission source
location. Later in this paper, Figure 10(c) will illustrate the
geometry of the ICME interaction, which will be described in
detail in Sections 3 and 4. This shows the two legs of ICME1, a
“north” leg extending toward the positive z and negative x
directions, and a “south” leg, which is close to the y-axis. From
the information in Table 3, we can determine that the polarity
of the central magnetic field is positive (outward from the Sun)
in the south leg of the ICME, and negative (toward the Sun) in
the north leg.

In this geometry, PSP measurements of radio emission from
the south leg correspond to radio waves that propagate parallel
to the central field, while waves from the north leg propagate
antiparallel to the field. This alignment determines the sense of
circular polarization (Thejappa et al. 2003), with LHC
polarization in the parallel (south leg) case, and right-hand
circular polarization in the antiparallel (north leg) case. The
LHC-dominated emission in Figure 5 therefore indicates that
the observed type II emission is predominantly generated in the
south leg of ICME1, as ICME2 passes through and interacts
with ICME1.

3. 3D Reconstruction of the CMEs/ICMEs

In this section we focus on the reconciliation in the 3D
reconstructions of the CME/ICME among the three perspectives of
IS, remote-sensing observations, and ENLIL numerical modeling.
This exercise is challenged by the lack of plasma in situ
observations and the limitation of the forward modeling techniques
to fully characterize the remote-sensing observations and the
propagation of the ICME in space. Thus, the 3D reconstruction of
the CMEs in the heliosphere is set out by the synchronization of the
remote-sensing reconstruction with the PSP and STEREO-A in situ
ICME observations. In this section we will first explore the 3D
reconstruction based on remote-sensing observations to later
reconcile with the propagation and in situ modeling.

3.1. 3D Forward Modeling Reconstruction of the CMEs

To determine the 3D kinematic and morphological properties
of the CMEs under study, we make use of the Graduated
Cylindrical Shell (GCS; Thernisien et al. 2009) forward model.
The model relies on the manual fitting of an ad hoc 3D
geometrical figure (the GCS) to the outline of the projected
white-light CME, as simultaneously viewed from coronagraphs
from different vantage points. For the case of the CMEs under
analysis, we used images from STEREO-A SECCHI/COR1
and COR2 together with those from SOHO/LASCO C2 and
C3. These pairs of nearly simultaneous images were fit to the
GCS figure at various points in time, so as to characterize the
evolution of their key 3D parameters. The fitting involves
careful iterative adjustment of the GCS shape, by setting
different values to the six parameters that define the 3D CME
morphology. This is performed until the best visual match is

simultaneously achieved in every pair of images exhibiting the
projected CME. The outcome of the process is a set of
parameters that describe the dimensions and location of the
CME at a specific time: latitude θ, longitude f, tilt γ, height h,
aspect ratio κ, and half angle α (see Thernisien et al. 2006, for
further description of the model parameters).
The GCS fits at three different times are shown as green

meshes superimposed on white-light images of CME1 (a) and
CME2 (b) in Figure 6. Time increases from top to bottom. The
left column in (a) and (b) shows the view from STEREO-A,
and the right column in (a) and (b) shows the view from
SOHO. The final parameters that define the 3D shape of the
CMEs, used as input for the ENLIL model runs, are
summarized in Table 2. Column (1) lists the CME number,
columns (2) through (6) list the GCS parameters, and columns
(7) through (11) list other parameters arising from the GCS
parameters, which are required as inputs for the ENLIL model
runs (see Section 3.2). Note that Table 2, besides listing
parameters corresponding to CME1 and CME2, also displays
those parameters deduced for CME 01 and CME 02. These
occurred prior to CME1 and CME2; thus they are important for
setting the prevailing solar wind conditions during the
propagation of the CMEs in this study (see next subsection).
The leading edge (LE) radial propagation speed (column 10) of
the CMEs has been estimated from the GCS fits at various
times, while the time when the LE is at 21.5 RS (column 11) is
deduced from it. Note that, although Figure 6 displays GCS fits
at three times, we have performed the fitting process for all
available nearly simultaneous image pairs showing the CMEs.
When comparing parameters obtained from the first analyzed

time with those a couple of hours later, a slight equatorward
and eastward deflection was evident for CME1. No changes in
tilt, aspect ratio, or half angle were noticeable. The resulting
height–time profile for CME1 was approximately linear,
yielding a speed of ∼580 km s−1.
For CME2, there was a slight equatorward and westward

deflection, with no apparent changes in tilt or aspect ratio, though
the half angle had to be increased to better match the expanding
CME. In fact, CME2 exhibited a behavior that departed from a
typical CME, with its southern portion expanding to a greater
extent and a leading edge flatter than that modeled by the GCS
shape. The latter is particularly noticeable in SOHO/LASCO
images within which the CME propagates close to the sky plane.
3D reconstruction of CME2, on the basis of the available white-
light views, was nontrivial. A process of reconciliation between
GCS fits, ENLIL simulations, and in situ reconstructions had to be
pursued to minimize uncertainties in the 3D parameters. Three
different GCS fits were tried, with varying results when used as
input for the ENLIL runs. The first and second options led to
nearly linear height–time profiles, with speeds surpassing 1900 km
s−1, yielding wrong arrival times in ENLIL with respect to the
in situ observations. The third option led to the best agreement
between ENLIL simulations and in situ reconstructions as well as
observations, and is therefore the one used for CME2 and shown
in the last row of Table 2. According to the third set of GCS
parameters, the CME2 LE initially exhibits a speed of ∼2000 km
s−1, but quickly decelerates to ∼1780 km s−1 by the time it
reaches the outer edge of the FOV. The three GCS options slightly
differ in the values of all parameters: the first option is similar to
the third one, but with a larger κ (0.47 versus 0.45) and a smaller α
(32° versus 37°). The second option involved a smaller κ of 0.40,
a tilt γ=−80° to be in accordance with the inclination of the
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post-eruptive loops, and a more eastward f of 270°. Under the
conditions of the second option, the value of f implied that CME2
did not reach STEREO-A. This exercise of trying different GCS fit
parameters is another example of how relatively small variations in
the parameters may have a great impact on the simulations at large
distances (e.g., Mays et al. 2015). Note the upper and lower limits
of the GCS parameters considered by these three options:
−19°< θ<−15°, 270°<f< 277°, −70°< γ< 80° (i.e., 30°
difference), 0.40<κ< 0.47, and 32°<α< 37°.

3.2. CME Propagation and Reconciliation with Remote-
sensing and In Situ Observations

In this section, we modeled the propagation of the CMEs
during the period from November 24 to December 6 to estimate
the evolution of CME1 and CME2 at the location of the PSP
using two complementary models, the ENLIL model and the
drag-based model (DBM; Vršnak et al. 2013).

The WSA-ENLIL+Cone model (Odstrcil et al. 2004) is
a global 3D magnetohydrodynamic (MHD) model17 that
characterizes the heliosphere outside 21.5 RS. ENLIL uses a

time-dependent sequence of daily updated magnetograms as a
background into which high-pressure structures without any
internal magnetic field are added to resemble CME-related
solar-wind disturbances. Thus, the ENLIL-modeled CME has
an artificially higher pressure to compensate for the lack of a
strong magnetic field. At the CME nose, the dynamic pressure
dominates, and the compression is strongest, so the ENLIL
+Cone model can often simulate the CME nose well, despite
the lack of an internal magnetic field for the CME driver. In
contrast, at the flank or edge of a CME, or in the case of
interacting CMEs, where the interaction of the CME magnetic
field with the background solar wind or with a third CME
cannot be ignored anymore, the lack of an internal magnetic
field would influence the simulation of the CME magnetic field.
In addition, the reliability of ensemble CME-arrival predictions
is strongly conditioned by the initial CME input parameters,
such as the width, direction, and speed (Mays et al. 2015;
Kay et al. 2020), but also by the errors that can appear in
the ambient-model parameters, and by the uncertainty of
the solar-wind background derived from coronal maps. To
improve the characterization of the heliosphere, multipoint
coronagraph observations are used to infer CME parameters,
using the GCS model, as described in Section 3.1. The inner
boundary condition is given by the WSA V5.2 model, using

Figure 6. GCS model reconstructions (green meshes) superimposed on (a) CME1, (b) CME2. The left column in (a) and (b) is the view from coronagraphs on board
STEREO-A and the right column is the view from SOHO/LASCO. Time increases from top to bottom. A pre-event image has been subtracted to all frames to
increase the contrast of the CMEs with respect to the background.

17 https://ccmc.gsfc.nasa.gov/models/modelinfo.php?model=ENLIL%20with
%20Cone%20Model
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inputs from the standard quick-reduce zero-point corrected
magnetograms from the Global Oscillations Network Group
(GONG; Harvey et al. 1996), available from the National Solar
Observatory website.18

The ENLIL simulation interval encompasses about two days
before the onset of CME1, to consider the preconditioning of
the heliosphere and the prior IP structures that might be present
in the heliosphere, and about 10 days after the CME1 onset to
follow the evolution of ICME1 and ICME2 in the IP medium.
Table 2 summarizes the CME parameters obtained from the
GCS reconstruction (columns 2–6 and 10) and the translation
to ENLIL input (remaining columns). Values resulting from the
GCS reconstruction for CME 01 and CME 02 (L. Balmaceda
2022, private communication) are also listed in Table 2, as they
are taken into account for the ENLIL simulations to set, as
mentioned above, more realistic solar wind conditions for
CME1 and CME2. We note that the CME LE speed is chosen
instead of the bulk speed (bright core, if present), as it often
better captures the global and strong impact of the high-
pressure structures. Regarding CME2, the final GCS recon-
struction parameters were chosen based on a better reconcilia-
tion with in situ data (see Section 3.1), as observed by the PSP
and STEREO-A (see Figure 7 described below). The ENLIL
simulation input parameters and results are available on the
Community Coordinated Modeling Center (CCMC) website.19

Figures 7(a), (b) show the comparison between the in situ
magnetic field data and overplotted (pink line) is the result of
the ENLIL simulation at the locations of the PSP (Figure 7(a))
and STEREO-A (Figure 7(b)). From the top, both plots include
the magnetic field strength, magnetic field latitudinal and
azimuthal angles, θB-RTN and fB-RTN, solar wind proton speed,
temperature and density. The one-minute-averaged magnetic
field observations are from the FIELDS instrument on board
the PSP (left) and from the Magnetic Field Experiment and
plasma experiment on board STEREO-A (right). At the
location of STEREO-A, Figure 7(b) shows that ENLIL follows
the general trend and mean magnitude of the observed
magnetic field strength (first panel), solar wind speed (fourth
panel), and temperature (fifth panel). The IP ICME2-driven
shock arrival, indicated by the vertical blue line, is simulated to
be a few hours late, but within the uncertainty of the model, as
the mean absolute arrival time prediction error is 10.4± 0.9 hr
(Wold et al. 2018). The changes in magnetic field polarity are
reasonably well simulated (third panel). In the case of the PSP,

Figure 7(a) shows that the ICME1-driven shock arrival is
simulated a few hours earlier, but again within the mean
uncertainty, and the simulated magnetic field strength is similar
in magnitude to the in situ observations. This is not the case for
the second structure observed by PSP, ICME2. ENLIL is
simulating the shock arrival within the given accuracy, but the
simulated magnetic field strength is much lower. The
interaction between ICME1 and ICME2 at the location of the
PSP could be behind this behavior and the lack of internal
magnetic field for the CME driver, as discussed above.
Figure 7(c) shows a selected time frame from the ENLIL
simulation, at the time of the ICME2-driven shock arrival at the
location of the PSP. The ecliptic plane view shows how the
shock driven by ICME2 might interact with the trailing edge of
ICME1 at the location of the PSP. The meridional plane view
presents the ICME1 and ICME2 interaction near the location of
the PSP. Under this simulation, the interaction is happening in
a period ranged between November 30∼ 12 UT, as seen on the
southern plane (based on the visual inspection of the
simulation), and November 30∼ 23 UT, as seen from the
ecliptic plane.
The second model used for the prediction of the IP CME travel

and its arrival at an arbitrary ecliptic-plane location is the DBM
(Vršnak et al. 2013). A tool for this model is available online.20

The DBM provides prediction of the IP CME travel and its
arrival at an arbitrary ecliptic-plane location. The model
describes the propagation of a magnetic structure based on
the CME initial properties and on the ambient solar wind,
predicting the arrival time of the MO and not of the CME-
driven shock. The DBM assumes that the magnetohydrodyna-
mical drag is the dominant force governing the ICME
propagation that typically occurs after 20 RS, so the CME
speed shown in Table 1 can be used as an initial parameter for
the model. However, the bulk speed has been considered as the
true speed of the CME to infer the ICME arrival to the different
spacecraft instead of the LE speed. The bulk speed represents the
variation in the OC1 distance in time (Figure 1 in Thernisien 2011),
so that it corresponds to the true speed of the flux-rope structure.
Then, the bulk CME speed is derived from the CME speed at the
LE (column 10 in Table 1) using the geometry of the
reconstructed CME: CME_bulk_speed=CME_LE_speed/(1+
k), where k represents the CME aspect ratio (Thernisien et al.
2006; Thernisien 2011). The DBM also uses two user-defined
parameters, the solar wind speed and the drag parameter (Γ), which
defines the velocity change rate. The average solar wind speed was
taken from the ENLIL simulation and the Γ parameter is 0.1 and

Table 2
CME Parameters from GCS for the ENLIL Model

CME Lat θ Lon f Tilt γ Ratio κ Half Angle α Rmaj Rmin Tilt2 LE Speed Time @ 21.5 RS

Event (deg) (deg) (deg) (L) (deg) (deg) (deg) (deg) (km s−1) (UT in 2020)
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11)

01 −23 −67 −21 0.20 15 27 12 −21 820 24–11 10:22
02 −10 −153 −12 0.40 30 54 24 −12 1141 24–11 16:20
1 8 −102 −60 0.25 12 26 14 −60 576 27–11 03:56
2 −15 −83 −70 0.45 37 64 27 −70 1780 29–11 15:15

Note. Column 1: CME number; CME 01 and CME 02 erupted prior to CME1 and CME2. Columns 2 through 6: GCS output parameters at the last analyzed time.
Column 7: Face-on CME half width, calculated by adding the half angle (6) to the edge-on CME half width (8). Column 8: Edge-on CME half width, calculated using
arcsin (ratio) (5). Column 9: Angle of the CME with the solar equator (CCW positive). Column 10: LE CME speed at 21.5 RS. Column 11: Time of CME arrival at
21.5 RS (ENLIL inner simulation boundary).

18 ftp://gong2.nso.edu/QR/zqs/
19 https://ccmc.gsfc.nasa.gov/database_SH/Laura_Rodriguez-Garcia_051121_
SH_1.php 20 https://swe.ssa.esa.int/graz-dbm-federated
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Figure 7. ENLIL simulation results. Top: In situ observations at the locations of the PSP (a) and STEREO-A (b), overplotted with the ENLIL results (pink line). Blue
vertical lines indicate the IP shock arrival, and red and green lines, respectively, mark the start and end of the MO. Bottom: Snapshot of the density contour plot from
the ENLIL simulation at the arrival of the ICME2-driven-shock at the location of the PSP. It shows three different views, the ecliptic plane (left), meridional plane
(center), and radial plane (right). The black contours track the ICMEs, as they are set as regions where the density ratio to the background is higher than a certain
threshold. The black and white dashed lines represent the IMF lines, and the white lines show the heliospheric current sheet, which divides regions with opposite
magnetic polarity, shown in blue (negative) or red (positive) on the outer edge of the simulation area.
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0.15 for CME1 and CME2, respectively (see more details for the Γ
tuning in Dumbović et al. 2019). Figure 8 shows the CME radial
distance and speed of CME1 (pink) and CME2 (brown) based on
DBM equations (Dumbović et al. 2021). We note that, as the CME
bulk distance and speed (dashed—dotted lines) are calculated
using the initial CME bulk speed in the DBM equations, the CME
trailing edge distance and speed (dashed lines) are calculated using
the initial CME trailing edge speed. This speed is also derived
from the geometry of the CME: CME_trailing_edge_speed=
CME_LE_speed∗(1-k)/(1+k). From Figure 8 we see that the
trailing edge of ICME1, indicated with the pink dashed line, is
crossing the bulk of ICME2 represented by the brown dashed—
dotted line. This means that the trailing edge of ICME1 is colliding
with ICME2 at ∼02:20 UT near the PSP location (0.81 au),
indicated by the horizontal gray dashed line. The time of the
interaction is highlighted on the figure and coincides with the
arrival of the ICME2 (second red vertical line). The bottom panel
in Figure 8 shows that the average speeds of ICME1 and ICME2
are 400 km s−1 and 800 km s−1, respectively. These values will be
the input speed for the in situ reconstruction in the next section.
The standard deviation for the CME arrival time and speed near
the PSP can be estimated if the probabilistic model for heliospheric
propagation drag-based ensemble model is used (Dumbović et al.
2018), which tool is also available online,21 under version 3.15 at
the time of writing. After running 30,000 DBM runs and using
uncertainties of 0.05 and 50 km s−1 for Γ and Vsw, respectively,
along with the calculated uncertainties of initial speeds and times
based on the sensitivity analysis of the GCS model (Table 2 in
Thernisien et al. 2009), the standard deviations for the CME arrival

times and impact speeds are 1.7 (1.1) hr and 11.7 (33.0) km s−1 for
CME1 (CME2), respectively.

3.3. Modeling Based on In Situ Observations and 3D
Reconstruction

For the reconstruction of the events based on in situ
observations, we have selected two versions of the same model
and reconstruction techniques. The goal is to compare which
model may reproduce better the magnetic field profile. The
elliptical–cylindrical (EC) model (Nieves-Chinchilla et al. 2018a)
is an upgraded version of the circular–cylindrical (CC) model
(Nieves-Chinchilla et al. 2016) that assumes axial symmetry, but
allows distortion in the flux-rope cross section that is consistent
with kinematic analysis of the CME evolution (Owens 2006;
Owens et al. 2006). The distortion or deformation of the CMEs in
the heliosphere is an open question that is not solved yet; we have
therefore performed a comparison of the two models. The impact
of the distortion assumption on the increase in the number of
parameters is also a topic of debate. This is, in part, something
addressed here: is the asymmetric magnetic field profile in the
ICME2 due to distortion, expansion, or both?
The model equations are,
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where R is the cross-sectional radius obtained from the
reconstruction. δ is the distortion, d tBy

0 is the central magnetic

Figure 8. CME radial distance (top) and speed (bottom) given by the DBM model. The magenta and brown lines correspond to CME1 and CME2, respectively. The
dashed–dotted and dashed lines represent the bulk core and the TE of the CME, respectively. The vertical lines indicate the shock (blue), and the start (red) and end
(green) of the MO observed in situ at the location of the PSP, located at 0.81 au, indicated by the horizontal gray dashed line. The yellow circle indicates the start time
of the interaction between ICME1 and ICME2 as derived from the model.

21 https://swe.ssa.esa.int/graz-dbem-federated
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field, C10 is the in situ ratio between the poloidal and axial
current density, d j j= +h sin cos ,2 2 2 1 2[ ] and H is the
chirality.

This model does not enforce any force-free condition for the
internal dynamics of the structure, but it provides information
about the internal Lorentz force distribution (C10) and the
central magnetic field can be evaluated (By

0). H is the flux-rope
chirality. The cross-section distortion is described with the δ
parameter, and the τ parameter provides information about the
internal twist distribution. This last parameter together with C10

determine the stability of the structure (see Florido-Llinas et al.
2020). According to the results of this analysis, we have
fixed τ= 1.1.

This reconstruction was first introduced by Hidalgo et al.
(2000), and more details can be found in Nieves-Chinchilla
et al. (2016, 2018a). The reconstruction technique enables
inference of the trajectory of the spacecraft while crossing the
structure. From this procedure, we can obtain the axis azimuth,
tilt, and rotation around the axis (f, θ, ξ), as well as the closest
approach to the axis (y0). For the reconstruction of the magnetic
obstacle of ICME2, we have considered the solar wind bulk
speed obtained from the DBM model in Section 3.2.

The reconstruction is initialized following the steps indicated
in Nieves-Chinchilla et al. (2016) for the CC model and using
the output parameters as the input parameters for the EC model.
Figure 9(a) compares the magnetic field magnitude and
components observed by the PSP and obtained from the output
fitting parameters included in Table 3 to visually evaluate the
goodness of fit. The top panel in the top figure is the magnetic
field strength, followed by the three RTN magnetic components
in separated layers, for the CC model in blue and for the EC
model in pink. Despite the fact that the first event does not

display significant signatures of distortion, the EC model
captures the trend of the magnetic field components, as
expected. In the case of ICME2, the obvious asymmetry in
the magnetic field strength cannot be captured by the CC
model, but the EC model follows better the magnetic field
strength as well as its components. Table 3 lists the output
parameters obtained from the reconstruction. From column H
to column y0/R, the table includes the direct parameters
obtained from the reconstruction technique using the CC and
EC model in both events. The angles are in the RTN coordinate
system. It is followed by the size of the cross section, R. The
cross-section radius is obtained from the reconstruction. Once
the trajectory of the spacecraft is inferred, knowing the duration
and assuming constant bulk velocity, this value can be
obtained. The last two columns include the goodness
parameters, χ2 and ρ (see Nieves-Chinchilla et al. 2018b, for
details), which are consistent with our visual inspection
analysis. In general, the EC model fits better the magnetic
field profile for both ICMEs.
In terms of the orientation and geometry of the reconstruc-

tion, we have plotted the 3D reconstruction based on in situ and
remote-sensing observations in Figure 10 to facilitate the
interpretation by comparing GCS with the EC model. The
figure displays the two reconstructions merged in the same
graphic with the remote-sensing reconstruction self-similarly
propagated to the PSP height. Figure 10(a) shows the combined
in situ reconstruction and the gray torus for the remote-sensing
reconstruction of CME1/ICME1 and shows good agreement
between the reconstructions. Figure 10(b) encloses the in situ
3D reconstruction in orange, and the 3D remote-sensing
reconstruction in cyan for ICME2. In contrast to the
reconstruction of ICME1, the ICME2 reconstruction does not
agree so well. Among possible causes of this discrepancy may

Figure 9. (a) Comparison of in situ fitting results from the CC model (blue) and EC model (pink) with PSP magnetic field observations spanning the two events. From
the top, the panels display the magnetic field strength and the three magnetic field RTN components, respectively.
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be underestimation of the bulk velocity, the fact that the model
is static, but mainly that the remote-sensing 3D reconstruction
does not reflect the actual 3D shape of the CME. Finally,
Figure 10 shows the remote-sensing (panel (c)) and in situ
(panel (d)) reconstructions for both ICME1 and ICME2 at the
time when ICME2 reaches the PSP location. We have
expanded the CMEs to this height based on the latest GCS
reconstruction and the speed listed from Table 3. It is possible
to see that, due to the interactions of both ICMEs at the PSP
location, in situ and remote-sensing observations are impacted.
This interaction leaves a more complex structure in the
measurements, which requires more complex modeling tools.

Finally, we evaluated the flux-rope kink stability that may
cause rotation of the flux ropes at the PSP heliocentric distance.
Based on Equation (12) in Florido-Llinas et al. (2020), and the
model Equations (1), the threshold to assume a stable structure
kink follows,
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where τ= 1.1 in our reconstructions. Figure 11 displays the
threshold between the stable and unstable regimes for the pair
of C10 and τ values for the CC model (see Florido-Llinas et al.
2020 for more details). For C10–τ values above the red line, the
structure remains kink-stable. For values below the red line, the
structure is kink-unstable and therefore carries out deviations
from the radial propagation, specifically rotations. The colored
dots over the dashed line are the obtained C10 values of the
reconstructions of both ICMEs, based on both CC and EC
models and included in Table 3. All C10 values fall within the
kink-stable range except the value for the ICME2 reconstruc-
tion using the EC model. This is a marginal value of
C10= 1.48, where the threshold for τ= 1.1 is C10= 1.53.
This result suggests that the CME1–CME2 interaction may be
driving a rotation in ICME2 and, therefore, a deviation from a
radial propagation.

4. ICME1–ICME2 Interaction and Collision

The analysis carried out and described in the previous
section demonstrates that the interaction between both CMEs is
in progress while the PSP crosses both structures. Although
ENLIL numerical modeling indicates that the collision started
on November 30 at 12:00 UT out of the ecliptic plane, the
DBM model indicated that the collision started on December 1
at 02:20 UT. In this section, we review and interpret the in situ
signatures according to the physical processes associated with

the interaction, and we also discuss an experiment to assess the
effect of the expansion on the ICME2 magnetic configuration.

4.1. In Situ Signatures of the Interaction

As of yet, there is not a significant amount of research related
to the interaction or collision of ICMEs in the inner heliosphere
based on remote-sensing observations (e.g., Lugaz et al. 2012;
Liu et al. 2014; Colaninno & Vourlidas 2015; Kilpua et al.
2019; Palmerio et al. 2019). Most of them are based on
numerical simulations (see Lugaz et al. 2017, for a review).
Again, this is in part due to the lack of observations of the
events that limit the investigations. Gopalswamy et al. (2001)
was one of the first studies that reported type II radio
observations of the interaction between CMEs and, simulta-
neously to the radio enhancement, a fast CME overtaking a
slow CME when viewed in coronagraph images. Since then,
type II radio observations have been regarded as one of the first
signatures of CME–CME interaction (see, e.g., Shanmugaraju
et al. 2014; Temmer et al. 2014; Mäkelä et al. 2016; Al-
Hamadani et al. 2017; Morosan et al. 2020) and have been used
as a tool to explore the relationship with solar energetic particle
acceleration and transport in the context of large-scale
interactions (e.g., Gopalswamy et al. 2002; Li et al. 2012;
Zhuang et al. 2020).
While there are many physical processes associated with the

interaction, such as particle acceleration or plasma heating, the
collision among the magnetic obstacles is the peak of such
encounter. In a simplistic view of two magnetized plasmoids
colliding, the dynamic of such a hit is basically determined by
the kinematic aspects and the internal magnetic structure (e.g.,
Schmidt & Cargill 2004; Lugaz et al. 2005; Xiong et al. 2006;
Shen et al. 2011, 2017; Niembro et al. 2019). Thus, the amount
of momentum in each structure (Δmv) plus the orientation and
chirality of the structures in the solar wind would determine the
consequences of the collision. Both CMEs will therefore
coexist and move together as they travel away from the Sun if
there is a low momentum transfer and magnetic configuration
such that magnetic reconnection is not allowed (elastic
collision). They will slowly merge together when such magnetic
configuration is in opposite direction and enabling reconnection.
A more dramatic scenario is when a fast and energetic
CME overtakes a slow CME (cannibalism; Gopalswamy
et al. 2001). The trailing part of the front CME would be
completely absorbed by the rear CME. Based on the following
evidence, we believe the scenario for the 2020 November event
is that of an elastic collision. This case could be described as a
perfect elastic collision where the result of the momentum

Table 3
Output Parameters from the in situ Reconstruction Technique

Event—mdl vsw Start Dur H C10 Bc τ δ f θ ξ y0/R R χ2 ρ

(km s−1) dDOY (hr) (nT) (°) (°) (°) (au)

ICME1 CC 400 335.13 13.32 L 4.70 47 1.1 1. 28 42 L 0.92 0.0893 0.43 0.38
EC L 5.90 36 1.1 0.64 61 66 52 0.88 0.249 0.40 0.52

ICME2 CC 800 336.10 8.88 + 1.78 47 1.1 1. 217 67 L 0.75 0.1095 0.32 0.33
EC + 1.48 32 1.1 0.58 13 76 11 0.38 0.1153 0.28 0.61

Note. The table includes information used for the reconstruction, the set of output parameters in RTN coordinate system, and the goodness of the fitting procedure.
From the left: the event, model, average bulk solar wind speed (vsw), start time (dDOY) in decimal DOY, duration (Dur) in hours, H, C10, central magnetic field (Bc), τ
and distortion (δ), axis azimuth (f), axis tilt (θ), rotation around the axis (ξ), closest distance to the axis relative to the flux rope radius, y0/R, cross-sectional radius (R),
and the goodness parameters χ2 and ρ.
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exchange may separate the two magnetized structures (Shen
et al. 2012).

The results of our analysis indicate that the PSP observed the
immediate instants around the collision of the two CMEs. In
our case, CME1 and CME2 are not a perfect magnetized ball,
but two 3D structures with the second CME driving a shock
wave. Here, CME2 is almost twice as fast as CME1 and, even
though the size is not well characterized by our in situ and
remote-sensing reconstructions, the chirality and orientation is
such that the magnetic field direction of the contact interface is
the same (i.e., west in RTN coordinates) and therefore is not

conducive to reconnection (see Figure 10). We conjecture that
the transfer of momentum started before the CME–CME
interaction, during the CME1–Shock2 interaction.
In terms of the changes in the magnetic structures, we have

identified two different features that would demonstrate the
kind of physical processes acting on ICME1 and ICME2.
ICME1 is overtaken by Shock2 that may have reached the
structure faster than ICME2 because the lower density in the
solar wind facilitates wave propagation (see Lario et al. 2021,
and references within). This interaction may accelerate the
leading structure and momentarily increase the distance from

Figure 10. (a) Comparative view of in situ (orange) and remote-sensing (gray) reconstructions of ICME1. (b) Comparative view of in situ (orange) and remote-sensing
(cyan) reconstructions of ICME2. Both (a) and (b) have remote-sensing reconstructions assuming self-similar expansion from the lower corona until they reached the
PSP (orange). (c) ICME1 on the left (gray) and ICME2 on the right (cyan). General view of the reconstructions of the interaction between ICME1 and ICME2 at the
PSP position. We have expanded the ICMEs to this height based on the latest GCS reconstruction and the inferred speed from Table 3. (d) General view of the
reconstruction of the interaction of the ICME1 (gray) and ICME2 (cyan) at the PSP position. Red and orange lines show the crossing trajectory of ICME1 and ICME2
with the PSP and STEREO-A, respectively.
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ICME2. Thus, this may explain the depleted magnetic field
strength in the sheath region between Shock2 and MO2. This
scenario would confirm that the PSP observed the instants
immediately preceding the collision between the magnetic
structures. The magnetic field component profile suggests that
Shock2 had already initiated the penetration inside ICME1 and
would eventually reach Shock1. This is one of the scenarios
described by Shen et al. (2011) of the 3D time-dependent,
numerical MHD simulations of the interactions of two ICMEs.
Plasma measurements taken by the PSP, albeit sporadic and
almost entirely missing after the passage of Shock2 (see
Figure 2), can help shed additional light on the complex
processes at interplay. First, the speed profile of MO1 (bottom-
most panel in Figure 2) does not show signatures of expansion
with the exception of a weakly decreasing trend during the first
third of the structure. This suggests that the approaching
Shock2 may have halted the expansion of ICME1 as it started
its penetration. Second, the region immediately following the
trailing edge of MO1 (i.e., the Shock2 upstream) sees an
increase in temperature with respect to the preceding period.
Although this may simply indicate that the PSP has left the core
of ICME1, plasma heating is a known effect of shock–CME
interactions in the solar wind (e.g., Vandas et al. 1997; Farrugia
& Berdichevsky 2004). Given the overall magnetic field profile
following the trend of MO1 mentioned in Section 2.1, it is
possible that the Shock2 upstream marks an interaction region
that is in the process of being disturbed by the passage of the
following ICME.

In the case of ICME2, there are two significant features, i.e.,
the drop at the front of the magnetic structure for ∼15 minutes
and the asymmetric profile in the magnetic field strength.
According to Feng & Wang (2013), the first of these signatures
can be associated with magnetic reconnection exhausts within
the interior of ICMEs (see, e.g., Xu et al. 2011). The ongoing
magnetic reconnection may cause heating in the internal

plasma of ICME2 and drive CME overexpansion (Odstrcil
2003; Schmidt & Cargill 2004; Chatterjee & Fan 2013; Lugaz
et al. 2013).
As stated in Lario et al. (2021), this event features significant

similarities with the Bastille Day event at Earth (see, e.g.,
Lepping et al. 2001; Smith et al. 2001) in both magnetic field
and energetic particle signatures. Thus, we have inspected the
available data and compared both cases. Magnetic field
strength and density depletion with an increase in the proton
temperature in the sheath region of the rear, faster ICME
supports the scenario described above. The solar wind bulk
velocity within the second magnetic structure indicates
significant expansion, with a value of ΔV∼ 180 km s−1. The
speed profile within the first ejecta, on the other hand, shows
weak signatures of expansion, suggesting that the following
shock had not yet started to profoundly affect its propagation.

4.2. ICME2 Overexpansion Assessment

Visual inspection of both structures indicates that, while the
magnetic field strength configuration of ICME1 does not
display signatures of distortion with a very flat and symmetric
magnetic field strength, ICME2 displays a very asymmetric
profile. As stated in Nieves-Chinchilla et al. (2018b), there are
three main causes for asymmetric profiles in ICMEs: distortion,
erosion, or expansion. In the case of distortion, the spacecraft
could enter the structure by the squeezed region but exit by the
elongated region. In the case of erosion, part of the magnetic
structure has been peeled away via magnetic reconnection with
the ambient solar wind (Dasso et al. 2005; Ruffenach et al.
2012). Finally, in the case of significant expansion, the aging
(decrease in the magnetic field strength during the spacecraft
transit; see Farrugia et al. 1993; Osherovich et al. 1993;
Démoulin et al. 2020, among others) should be taken into
account in the modeling but also the effect of expansion on the
spacecraft measurements and therefore on the reconstruction.
Here, one may think of an analogy with the Doppler effect, as
the expansion velocity positively contributes to the ICME bulk
velocity, it has an artificial effect of magnetic field strength
compression in the in situ observations. Conversely, when the
expansion velocity component is opposite to the structure bulk
velocity, the effect is of dilatation and decrease in the
measurements. As previously stated, the lack of plasma
observations prevents us from concluding which, among the
three causes, may be responsible and subsequently reconstruct
the structure. The implications for the reconstruction of the
structure will be discussed here.
In general, ICME expansion can be defined using the

difference in velocity between the ICME front and the rear. The
cases with overexpansion have expansion velocities above an
average of 25 km s−1 at 1 au (e.g., Owens et al. 2005;
Gopalswamy et al. 2015; Nieves-Chinchilla et al. 2018b).
Overexpansion, first observed by Gosling et al. (1994, 1998),
has been identified as one of the secondary effects on the
CME–CME collision (Schmidt & Cargill 2004; Lugaz et al.
2013). The cause of the increase in the internal plasma pressure
could be related to the energy released by magnetic reconnec-
tion processes (Murphy et al. 2011).
The in situ reconstruction based on a cylindrical geometry

with a circular and elliptical cross section seemed to be
insufficient to fully describe the magnetic configuration. Thus,
the experiment we describe here aims to evaluate, qualitatively
and quantitatively, the impact of expansion on the CME

Figure 11. Flux-rope kink stability based on the range of values of C10 and τ.
For C10–τ values above the red line, the structure remains stable. For values
below the red line, the structure is kink-unstable. The reconstructions included
in this paper are constrained to τ = 1.1 (vertical dashed line). The colored dots
over the dashed line are the values obtained from the reconstruction of both
ICMEs and based on both CC and EC models.
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magnetic configuration. Thus, assuming magnetic flux and
helicity conservation, the aging of the magnetic configuration
can be quantified as:
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Florido-Llinas et al. (2020) also demonstrated the effect of the
aging on model parameters as,
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Here L and ¢L are the nonexpanded and expanded lengths of
the flux rope axis. R and ¢R are nonexpanded and expanded
cross-section radii. For both quantities, the rates of change are
¢ = +R R V tR

sexp and ¢ = +L L V tL
sexp , where ts is the space-

craft transit time through the structure. The velocities of
expansion of the radius (VR

exp ) and flux-rope length (VL
exp ) are

generally assumed to be equal and constant when it is assumed
that there is a radial propagation and self-similar expansion of
the structure in the solar wind.

Assuming self-similar expansion ( ¢ = ¢L L R R ), the above
set of Equations (3) and (4) reduce to,
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Note that the model parameter C10 remains constant if the self-
similar condition is assumed.

To evaluate the impact of the expansion on the magnetic
field configuration, we have simulated the trajectory of the
spacecraft and reproduced the change in the magnetic field
configuration under different Vexp values. The reconstruction
technique also requires taking into account the effect of the
expansion on the spacecraft observations. The change in size of
the cross section ( ¢ = +R R v tsw ) at each instant the spacecraft
is within the flux rope is affected by the position of the
spacecraft at the entrance of the flux rope, which, in turn, is
affected by the expansion. Thus,
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Note that, as the Vexp value increases, the effect of aging of the
structure is also more significant and therefore a scale factor
( fB) on Bc should also be quantified. Figure 12 illustrates the
analysis in the case of the EC model. For each Vexp, we
identified a fB that minimizes the equation,
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where Bobs
2 denotes the magnetic field strength observations,

Bsim
2 denotes the simulated observations, and N is the number of

points included in the analysis. For each (V f, Bexp ) pair, we
identified the pair that minimizes Equation (8). Figure 12
illustrates this. Each colored line overplotted on the magnetic
field observations represents the pair V f, Bexp , which minimizes
Equation (8) for such Vexp. The red color line is the one that
better reproduces the magnetic field strength profile
(χ2= 0.201). Therefore, the results demonstrate that, for the
EC model, the velocity of expansion required to fully
reproduce the magnetic field strength is =V 125exp km s−1.
Additionally, the central magnetic field strength (Bc) included
in Table 3 should be multiplied by the factor fB= 1.35. The
resulting value is =B 43.2C

exp nT.
Similar exercises have been done with the CC model.

Figure 13 shows a comparative analysis of the effect of the
expansion on the magnetic field magnitude and components for
the CC model (Figure 13(a)) and EC model (Figure 13(b)). The
colored lines display the CC model (blue) and the EC model
(pink) with expansion, and the dashed lines represent the

Figure 12. Plot of ICME2 magnetic field strength with overplots of the
magnetic field strength based on different Vexp and fB obtained from the
spacecraft trajectory simulation crossing the flux rope.
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models without expansion. In the CC model case, the
expansion velocity needed to reproduce the magnetic field
strength profile is =V 375exp km s−1 with fB= 1.75. The
maximum expansion velocity found by Nieves-Chinchilla et al.
(2018b) in the ICMEs observed by the Wind spacecraft during
1994–2015 was 270 km s−1. Thus, this value is significantly
higher than the expected values for an expanding flux rope at
1 au. The expansion itself is not sufficient to describe the
ICME2 internal structure, and we can conclude that the
addition of expansion to a distorted geometry is needed.

5. Summary, Conclusions, and Final Remarks

The scarcity of multipoint and multiview observations of
CMEs in the heliosphere leads us to exploit each observation
opportunity and to challenge our current understanding of these
large-scale structures in the solar wind. We lack an under-
standing of the physical characteristics of the internal structure
of CMEs, how they are connected with the formation processes
or how the innate CME features connect with the matured
CME features in the heliosphere. The period of 2020
November 24–29 was a period of multipoint and multiview
opportunities that enabled us to address these questions in
relation to the CMEs observed. During this period, the PSP was
located at 104° west and at 0.81 au and STEREO-A at 65° west
as seen from Earth. Telescopes on board STEREO-A and
Earth-based observatories identified successive expulsions of
CMEs that drove the first widespread solar energetic particle
event of solar cycle 25. Four of these CMEs were in the PSP
direction, but just two of them impacted the spacecraft directly

and are the focus of this study. However, only the flank of the
second one skimmed STEREO-A.
In this paper, we have assembled observations, models, and

techniques in a campaign-event exercise to understand the
portion of the life cycles of the two ICMEs (ICME1 and
ICME2) up until they reach the PSP spacecraft from November
29 to December 1. The results of our analysis concluded that
the two CMEs were under an interaction process during their
passage by the PSP. This conclusion is driven by the analysis
of remote-sensing and in situ reconstructions, combined with
CME propagation modeling. Several iterations were carried out
to reconcile these three elements of analysis during which two
interaction times were identified based on the WSA-ENLIL
+Cone model and DBM model that concurred to within a
range of hours. Based on the in situ reconstruction, and
supported by the fact that the speed of ICME2 is almost twice
as much as that of ICME1, we have conjectured that the two
structures of different polarity and similar orientation would
result from an elastic collision. The result of this collision does
not appear to conduct any cannibalism but may result in a
momentum exchange with a separation of the two MOs.
The above conclusion is also supported by our interpretation

of the observations. In terms of the radio emission, this event
was widely observed by all heliospheric observatories and the
associated type II burst exhibited significant LHC polarization,
which has never been detected before in this frequency range.
The complex type III observations were followed by an
intermittent type II burst that suggested an interaction of the
CME2-driven shock with the base of the legs of CME1. We
also analyzed the frequency drift and in the case of Wind; this

Figure 13. Comparative analysis of the effect of expansion on the magnetic field configuration of ICME2. (a) Based on the CC model, and (b) based on the EC model.
Overplotted on the ICME2 magnetic field strength and components, the dashed colored lines depict the CC (blue) and EC (pink) model without expansion. The
overplotted colored lines illustrate the effect of the expansion on the magnetic field configuration of the magnitude and components.
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indicates that the PSP arrival time is also within the range
calculated by CME propagation models.

In terms of the magnetic field and plasma parameters
observed for ICME1, the analysis of the leading shock of
ICME1 (shock1) indicates that it is still in the early stages of
formation. The MO1 speed profile does not show signatures of
expansion, but a small jump at ∼07:30 on November 30
suggests that the approaching Shock2 may have halted the
expansion. In the interval around Shock2 and the preceding
area, there is an increase in plasma temperature but the
magnetic field configuration appears to follow the trend of the
MO1 magnetic field configuration. It also suggests that Shock2
is heating the plasma within the MO1 and perturbing the
magnetic field of MO1. In the case of ICME2, the depletion in
the sheath magnetic field may be due to the prior passage of
ICME1 as well as the separation between the two ICMEs.

In terms of the magnetic field observations of ICME2, the
internal structure also depicts signatures that may be associated
with an interaction. We have analyzed the declining magnetic
strength profile of MO2 and identified a clear signature of
magnetic reconnection exhaust that, if accompanied by the
plasma parameter, could confirm the early stages of an erosion
process at the front. However, the steeped decline in the
magnetic field strength profile cannot be explained by just the
erosion. Thus, based on previous studies, we may conjecture
that this profile represents overexpansion due to heat transfer
from the reconnection process or to the distortion. Thus, we
carried out an experiment to reproduce the asymmetry in the
magnetic field of ICME2. We demonstrated that the elliptical
cross-section distortion, or the expansion by themselves, are
not sufficient to reproduce such a profile. The method that
reproduces the closest approximation includes both the
distortion and the expansion. For this case, we estimated an
expansion of 125 km s−1, which is within the expected range of
values for an overexpanding structure. Finally, in this paper,
and for the first time, we have included an attempt to evaluate
the change in the expected propagation based on the analysis of
the internal properties of the CMEs. The marginal value of the
C10 parameter suggests that the MO2 may be in the range of
instability and therefore suffering a deviation from the radial
propagation. This is a very preliminary exercise that will
require more detailed analysis in the future.
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