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ABSTRACT

Context. Extreme Ultraviolet (EUV) waves, frequently produced by eruptions, propagate through the non-uniform magnetic field of

the solar corona_and interact with distant prominences. inducing their global oscillations. HowEVeiathelgencrationypiopagationyand

stood.

Aims. We aim to ion numerical

simulations. We cover a domain of horizontal extent of 1100 Mm while capturing details down to 130 km using automated grid

refinement.

Methods. We performed a 2.5D numerical experiment using the open-source MPT-AMRVAC 3.1 code, modeling an eruption as a 2.5D

catastrophe scenario augmented with a distant dipole magnetic field to form the flux rope prominence.

Results. Our findings reveal that the EFR becomes unstable and generates a quasicircular front. The primary front produces a slow

secondary front when crossing equipartition lines where the Alfvén speed is close to the sound speed. The resulting fast and slow

EUV waves show different behaviors, with the fast EUV wave slightly decelerating as it propagates through h
t. The fast EUV_wave interacts with the remote prominence, driving both transverse and

longitudinal oscillations. Additionally, magnetic reconnection at a null point below the prominence flux rope is triggered by the fast

EUV wave, affecting the flux rope magnetic field and the prominence oscillations.

Conclusions. Our study unifies important results of the dynamics of eruptive events and their interactions with distant prominences

including details of (oscillatory) reconnection and chaotic plasmoid dynamics. We demonstrate for the first time the full consequences

©ESO 2025

. Introduction

1
Solar prominences are cool, dense plasma clouds typically lo-
cated in magnetic dips high in the solar corona, where they
are supported against gravity by magnetic forces. These struc-
] tures are highly dynamic, one manifestation of this dynamism is
= prominence oscillations. Such oscillations are generally classi-
7 fied as small-amplitude (SAOs) or large-amplitude oscillations
(LAOs), based on their velocities, with a threshold of 10 km/s
(see reviews by [Oliver & Ballester| 2002}, [Arregui et al|2018).
- = Additionally, prominence oscillations are classified by the direc-
tion of plasma motion relative to the magnetic field as longitudi-
'>2 nal and transverse, respectively. Further details on the classifica-
tion and characteristics of these oscillations can be found in the

R latest update of the living review by [Arregui et al.| (2018).
Large-amplitude oscillations are expected to contain signifi-
cant energy due to the large mass and velocities associated with
prominences. Most observed LAO events have been linked to

energetic disturbances. Numerous studies have reported LAO
excitation in filaments induced by Moreton and Extreme Ultra-
violet (EUV) waves (Gilbert et al. [Asai et al|2012; [Liu
let all|[2013} [Shen et al.|[2014}; Xue et al.|[2014} [Takahashi et al.
2015} [Shen et al.[2017; Wang et al[2016;[Zhang

5697v1 [astro-ph.SR] 26 Jan 2025

50

of remote eruptions on prominence dynamics and clarify the damping mechanisms of prominence oscillations.

Key words. Sun: corona — Sun: filaments, prominences — Sun: oscillations — methods: numerical

has also been observed. For example, Gilbert et al. (2008) re-
ported an instance in which filament oscillations induced by a
Moreton wave exhibited mixed polarization modes. Recently,

studies by [Devi et al.| (2022), Zhang et al.| (2024b)), and |Zhang
reported EUV waves from eruption events excit-

ing prominence oscillations. However, the specific mechanisms
underlying the generation, propagation, and substantial energy
transfer from these disturbances to prominences, which trigger
LAOs, remain unclear.

Early evidence of such waves was reported by
(1960), who observed waves emanating from flares or

coronal mass ejections (CMEs) and propagating through the so-
lar atmosphere at velocities ranging from 500 — 1500 km/s. The
Moreton wave is widely recognized as a fast-mode wave prop-
agating through the chromosphere and low corona. The EUV
Imaging Telescope (EIT) aboard the Solar and Heliospheric Ob-
servatory (SOHO) detected another wave-like phenomenon in
the solar corona, named after the telescope as the EIT wave

(Moses et al|[I997; [Thompson et al|[1998). These EIT waves
propagate at speeds of 200 — 300 km/s and are typically as-

sociated with CMEs or eruptions (Biesecker et al|2002} [Chen
2006, 201T)). Initially, EIT waves were considered the coronal

et al.[2017; Mazumder et al.[2020). Simultaneous excitation of

different LAO polarizations (with the polarization identified by
the direction of plasma motions) from a single energetic event

counterparts of Moreton waves (Thompson et al/[1998], [Wang

2000). However, this interpretation was challenged by the ob-
served velocities of EIT waves, which are typically about three
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times lower than those of Moreton waves. Moreover, obser-
vations revealed that EIT fronts can become stationary, being
trapped in magnetic arcades, decelerating and eventually halting
near quasi-separatrix layers (QSL) (Delannée & Aulanier|1999;
DeVore & Antiochos|2000). Since fast-mode waves are expected
to propagate through QSLs, this behavior implies that EIT waves
have a distinct physical nature. Several theories have been pro-
posed to explain EIT waves, including the magnetic field line
stretching model (Chen et al.|2002, |2005)), the successive recon-
nection model (Attrill et al.|2007), the slow-mode wave model
(Wills-Davey et al.|2007), and the current shell model (Delannée
et al.[2008)).

The launch of the Solar Dynamics Observatory (SDO) with
its Atmospheric Imaging Assembly (AIA) marked a new era in
observing these phenomena. The EIT waves began to be pre-
dominantly referred to as EUV waves due to their detection in
the extreme ultraviolet range. Observations with SDO/AIA have
provided significant insights into these phenomena. However,
the uncertainty regarding the physical nature of EUV waves per-
sisted. On the one hand, [Liu et al.| (2010), |(Chen & Wu| (2011a)),
Chen & Wul (2011b), and [Zheng et al.| (2013)) identified both
fast EUV waves and non-wave-like slow EUV phenomena, sup-
porting the magnetic field stretching model. On the other hand,
many observations of the interactions of the EUV waves with
the different magnetic objects in the solar corona suggested the
fast magnetoacoustic wave nature of EUV phenomena. For in-
stance, |Olmedo et al. (2012} observed the interaction of an EUV
wave with a coronal hole, which resulted in refraction, reflec-
tion, and transmission. The EUV wave reflection from a coronal
hole was detected in many observations (see, e.g., [Long et al.
2008}; |Gopalswamy et al.[2009; Kienreich et al.[2013}Yang et al.
2013). Zhou et al.| (2024) reported the detection of magnetohy-
drodynamic wave lensing in the highly ionized and magnetized
coronal plasma, using observations from the SDO. In this obser-
vation, the quasi-periodic wavefronts generated by a flare con-
verge at a specific point after traversing a coronal hole, resem-
bling the lensing of electromagnetic waves from a source to a
focal point. This magnetohydrodynamic wave lensing has been
accurately reproduced in a numerical simulation. Intriguingly,
Chandra et al.|(2016) observed a fast EUV wave, creating a slow
EUV wave near a QSL. This slow EUV wave decelerates and
becomes stationary. These observations suggest that fast EUV
phenomena are likely fast magnetoacoustic waves, acting as the
coronal counterparts to Moreton waves. They are often initiated
by eruptions and propagate through the non-uniformly magne-
tized solar corona. The slow EUV phenomena are best explained
as slow magnetoacoustic waves or from the progressive stretch-
ing and opening of magnetic field lines during an eruption.

Numerous attempts have been made to model Moreton,
EUYV, and EIT waves using 2D and 3D numerical simulations.
Chen et al.| (2002} 2005)) performed simulations of erupting flux
ropes and studied the origins of Moreton and EIT waves. Their
results revealed a piston-like shock surrounding the flux rope,
with its skirt sweeping the solar surface at speeds exceeding
700 km/s. This shock skirt was identified as the coronal More-
ton wave. Additionally, they observed a slower wave-like phe-
nomenon propagating at approximately 200 km/s, which was at-
tributed to an EIT wave formed by the progressive stretching and
opening of magnetic field lines around the erupting flux rope. In
these simulations, an enhanced density region developed ahead
of the stretching field lines, forming the EIT wave, while dim-
mings appeared in the inner region behind it.

Using a 2.5D catastrophic scenario, Wang et al.| (2009) and
Wang et al.| (2015) identified a fast magnetoacoustic wave in-
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terpreted as a fast EUV wave, as well as slow magnetoacous-
tic wave fronts, echoes, and vortices, which were suggested to
correspond to slow EUV waves. Mei et al.| (2012)) showed that
stronger background fields and lower densities produce more en-
ergetic waves. An intriguing feature in their study was the detec-
tion of secondary echoes, where the interaction between echoes,
slow fronts, and vortices resembled earlier findings by Wang
et al.|(2009). Using a 3D model, [Mei et al.|(2020) confirmed the
presence of fast and slow shocks produced by eruption, echoes,
and vortices, noting the difficulty of slow shock front detection
in synthetic EUV images compared to fast shock fronts.

Similarly, data-driven simulations have been employed to re-
produce coronal wave dynamics (Cohen et al.[2009;|Downs et al.
2011} 12012, [2021)). Cohen et al.| (2009) simulated diffuse bright
fronts observed by STEREO/EUVI and distinguished between
wave-like and non-wave EUV phenomena. Downs et al.| (2011}
2012) detected a fast magnetoacoustic front in their experiments,
which became detached from the eruption, and a compression
front directly linked to the eruption itself.

Chen et al.| (2016)) explored the formation of stationary fronts
after a passage of the primary front through QSLs. They con-
cluded that fast-to-slow mode conversion at the QSL results in
a slow front that stops at the next separatrix, forming a station-
ary front. Downs et al.| (2021) further highlighted the potential
of studying fast EUV wave kinematics as a diagnostic tool for
probing the coronal medium.

From a theoretical perspective, the interaction of Moreton
and EUV waves with surrounding magnetic arcades, coronal
holes, and prominences has been extensively studied (see, e.g.,
Piantschitsch et al.|2017;|Afanasyev & Zhukov|2018}; Liakh et al.
2020; Zurbriggen et al.|[2021} [Liakh et al.|[2023} [Piantschitsch
et al.|[2023] [2024)). Liakh et al.| (2020) simulated wave trigger-
ing using an artificial perturbation to mimic an energetic distur-
bance, such as a distant flare, located at a certain distance from
the prominences. Building on this, [Liakh et al.| (2023 employed
a more advanced model to study the self-consistent triggering of
anearby prominence caused by the eruption. In this scenario, the
triggering mechanism was primarily due to the evolution of plas-
moids in the current sheet. Despite the important results obtained
from both observational and numerical studies, significant gaps
remain in our understanding of EUV wave formation, the propa-
gation in a non-uniformly magnetized coronal medium, and the
interaction of these perturbations with distant prominences. In
this paper, we comprehensively study all these aspects using a
2.5D numerical model.

This paper is organized as follows: In Section 2] we describe
the numerical setup of the experiment. In Section 3] we present
the main results, describing the different stages of the numerical
experiment, including the onset of the eruption, the propagation
of the front, its interaction with the prominence, and the response
of the prominence to the perturbation. Lastly, in Sections 4 and
[l we discuss and summarize the main findings.

2. Numerical setup

The numerical experiment is performed using the fully open-
source, adaptive-grid, parallelized Adaptive Mesh Refinement
Versatile Advection Code (MPI-AMRVAC 3.111_] (Porth et al.
2014; Xia et al.|2018; [Keppens et al.[2021]; Keppens et al.|[2023).
We use a Cartesian coordinate system, with the x- and y-axes
denoting the horizontal and vertical directions, respectively. The
numerical domain has a physical size of 1100 x 500 Mm and

! MPI-AMRVAC 3.1, available at http://amrvac.org.


http://amrvac.org
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Fig. 1: Initial density distribution and magnetic field lines in the entire numerical domain. Animation 1 shows the global evolution of the density,
temperature, vy = (v-B)/B and v, = v, — v B,/B during the entire simulation time. (An animation of this figure is available online.)
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Fig. 2: Alfvén and sound speed along the horizontal cut at y = 10 Mm
(top) and the vertical cut at x = 0 Mm (bottom).

consists of 132 x 60 grid cells at the base resolution. To achieve
higher resolution, where needed, we apply seven levels of AMR,
resolving structures down to the smallest grid cell size of 130.2
km. This resolution is comparable to that of previous 2.5D nu-
merical studies on wave-induced prominence dynamics
let al.|2020; [Zurbriggen et al.| 2021}, [Liakh et al.|2023). The
AMR employs a Lohner-type prescription (Lohner|1987), using
second-order gradient evaluations of both density and magnetic
field components. Additionally, the base resolution is enforced in
three specific regions near the top and side boundaries: x < =750
Mm, x > 50 Mm starting at ¢ = 5.7 minutes, and y > 300 Mm
throughout the entire numerical experiment.

The MPI-AMRVAC 3.1 code solves MHD equations that
include non-ideal, non-adiabatic, and various physical source
terms like the solar gravitational field. The MHD equations can
be found in textbooks (e.g.|Goedbloed et al J2019) and are equiv-
alent to Egs. (2-5) as presented in [Brughmans et al.| (2022)). For
the equation of state, we use the ideal gas law for a monoatomic
gas with a specific heat ratio y = 5/3. The mean molecular
mass is i ~ 0.6, since we assume fully-ionized plasma with the
Helium abundance ngy, = 0.1ng. The energy equation contains
terms of optically thin radiation, anisotropic thermal conduction,
and Ohmic heating due to a numerical magnetic resistivity. The
energy balance equation also includes a fixed background heat-
ing term in the form of exponential decay to compensate initially
for radiative losses.

The set of MHD equations is solved using the
Harten-Lax-van Leer flux scheme (HLL)

with the second-order symmetric Total Variation Di-

minishing (TVD) slope limiter [1974). The time
integration is performed using the Runge-Kutta three-step
method. To ensure the V- B = 0 condition, the parabolic

diffusion method is applied (Keppens et al||[2003] [2023). For

the thin radiative losses, we use the CoLGan-DM cooling curve

from [Colgan et al.| (2008), extended with a low-temperature
treatment using 12,000 points to resolve the temperature in an

interpolated table (for details see [Hermans & Keppens|[2021).
The optically thin radiative losses are added using the exact

integration scheme from [Townsend (2009).
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The initial atmosphere is a gravitationally stratified corona
assuming the constant temperature 79 = 1 MK and the gravi-
tational acceleration defined as g(y) = goR%/(Ro + y)*, where
go = 2.74 x 10*cm s72 is the gravitational acceleration at the
solar surface and R, = 696.1 Mm is the solar radius. The
pressure scale height then varies along the vertical direction as
H(y) = Hy(Ro +y)/Ro, where Hy ~ 50 Mm is the pressure scale
height at the bottom. The pressure, density and background heat-
ing have the following values at y = 0: pg 4, = 0.298 dyn cm™2,
Posor = 2% 1075 gem™, and Hy,(y) = pjA(To)e /"W =
3.972x107* ergs cm™ s~'. We include anisotropic thermal con-
duction V - (¢ - VT) along the magnetic field lines, using the
Spitzer conductivity xj = 8x 1077 T2 ergs cm~'s™'K~! (Spitzer
20006). In this experiment, «, is neglected due to its comparably
small value compared to k. In order to add the parabolic source
term of the anisotropic thermal conduction, we use the Runge-
Kutta Legendre super-time-stepping technique (RKL; Meyer
et al.[2014).

Figure([T|presents the magnetic configuration, which consists
of the 2.5D catastrophic magnetic field described by [Takahashi
et al.|(2017) and a dipolar magnetic field. The 2.5D catastrophic
magnetic field consists of a cylindrical current, an image cur-
rent beneath the lower boundary to produce an upward magnetic
force, and a background quadrupolar magnetic field producing
a balancing downward magnetic force and has various param-
eters setting the rope center and magnetic field strength. Then,
the eruption occurs when the parameter of the strength of the
quadrupolar field is M, < 27/8. We set M, = 0.8 X 27/8 in
our configuration in order to obtain an immediate eruption. The
eruptive flux rope (EFR) is centered at X = 0 and ¥ = 27 Mm,
with a radius of R = 27 Mm and the magnetic field strength
at the center, B = 36.6 G. The 2.5D catastrophe model is cho-
sen because it offers a straightforward and effective method for
producing eruptions within a 2.5D numerical setup. The dipo-
lar magnetic field is centered at X = —600 Mm (see Fig. [I).
The dipole is placed at the depth h; = 20 Mm and provides the
magnetic field strength at the bottom of the numerical domain at
x = —600 Mm, setto B =18.9 G.

Since the global configuration consists of the superposition
of the 2.5D catastrophe and an ordinary dipolar field, the global
magnetic field structure includes a null point at a height of 220
Mm. Being located very high in the corona, this region is not
a subject of this study. Of greater significance is the region be-
tween x = —500 Mm and x = —100 Mm, at heights below 100
Mm, where the magnetic field cancels out. This can be consid-
ered representative of the quiet Sun corona. This setup, there-
fore, provides an opportunity to study the propagation of coronal
waves through a highly non-uniformly magnetized corona. Fig-
ure [2] shows the Alfvén and sound speeds along the horizontal
direction at y = 10 Mm and the vertical direction at x = 0 Mm.
Along the horizontal direction, the Alfvén speed decreases from
1855kms~! to 387kms~! at x = —100 Mm (top panel of Fig.
[2). Further away from the eruption, the Alfvén speed becomes
lower than the sound speed, ¢; = 150km s~!. Around x = —500
Mm, the Alfvén speed increases again due to the presence of the
dipolar magnetic field, reaching 629kms™" at x = —600 Mm,
y = 10 Mm. The bottom panel of Fig. 2] shows a more gradual
reduction of the Alfvén speed along the vertical direction as the
background quadrupolar magnetic field strength drops.

We use zero-gradient boundary conditions for all the vari-
ables at the left and right boundaries. This ensures that waves
and shock fronts can pass through with minimal reflections, as
we use approximate Riemann solver-based discretizations. At

Article number, page 4 of 17

the bottom, the density and pressure are fixed according to their
initial values. The magnetic field is set according to second-order
zero-gradient extrapolation. The region of the added dipole field
will first be subjected to controlled field deformations, gener-
ating a flux rope with an embedded prominence inside. This
field deformation happens through spatiotemporally prescribed
velocities enforced in the local ghost cell regions at the bot-
tom boundary. The velocities at the bottom ensure the converg-
ing and shearing motions (V, and V), while antisymmetry is
applied for V,. The converging flow V. profile is defined fol-
lowing Eq. 5 in [Liakh et al.| (2020) assuming the center of the
profile at x, = —600 Mm, size parameters of the converging
region is W = 20, o = 21.6 Mm. The shearing velocity is de-
fined as V, = —V,. The temporal evolution of these imposed
bottom boundary flows is defined by Eqs. 15-17 in Jenkins &
Keppens| (2021)) but with a smooth profile in time for the deac-
tivation stage. The activation and deactivation times are chosen
at 0 and 25 minutes, respectively. After the formation of the flux
rope, a zero-velocity boundary condition is applied.At the top
boundary, the density, pressure, and velocity components are set
to match the corresponding values from the last computational
cell within the physical domain. The magnetic field components
are assigned values from the last cell of the physical domain but
with the reverse sign.

In this study, the prominence is formed by artificially loading
plasma into the flux rope dips using a source term in the continu-
ity equation, following the approach adopted in previous studies
(e.g., |[Liakh et al.[[2020} 2021} [2023). The prominence, with a
size of 4 x 4 Mm and a density of p ~ 10712 g cm™3, is loaded at
x = =600, y = 10 Mm during the time from 25 to 26.7 minutes.
This method was chosen over a more realistic model of promi-
nence formation (e.g., levitation-condensation) due to the time
constraint associated with the perturbations from the eruption
reaching the prominence region.

3. Results

The numerical experiment presented in this paper involves a
large coronal region permeated by a complex magnetic structure.
Animation 1 associated with Fig.[I|shows that within this region,
several important processes occur, including a large-scale erup-
tive event with an associated extended current sheet underneath,
the fragmentation of this current sheet into plasmoids, the prop-
agation of perturbations over large distances, and the interaction
of these perturbations with a remote prominence. Studying these
regions individually helps to understand the global evolution.

3.1. Eruption evolution

The EFR becomes unstable immediately since we chose the
catastrophe parameters accordingly. In the top row of Fig.[3] the
EFR has already risen, and the front has formed in response to
the initial force imbalance. The front is not perfectly circular
due to variations in physical conditions, such as density, mag-
netic field, and consequently, the Alfvén and sound speeds in
the vertical and horizontal directions (Fig. [2). We will explore
this aspect in Section [3.2] The top row also shows the magnetic
reconnection beginning below the EFR. As a result, the recon-
nection outflow interacts with the EFR, appearing as propagating
density and temperature perturbation in the lower part of the flux
rope. In Animation 2, this perturbation moves along the circular
field lines (also visible in the middle row of Fig.[3).

The middle row of Fig. [3] shows that the EFR has reached
a height of 200 Mm at 12.9 minutes. By this time, the front has
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Fig. 3: Density, temperature, vy, and v, distributions during various stages of the eruption: onset (top row), the appearance of the secondary front
and fragmentation of the current sheet (middle row), and multiple plasmoid formation in the current sheet (bottom row). Animation 2 shows the
temporal evolution up to 57.2 minutes. (An animation of this figure is available online.)
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Fig. 4: Time-distance diagrams of density (left) and temperature (right) along the vertical cut at x = 0 Mm. The black line indicates the instanta-
neous center of the EFR.

propagated away from the considered region. Two other fronts  vations and is referred to as the dimming region (see, e. g. [Attrill
remain seen in the longitudinal and transverse velocity distri- [et al2009; Dissauer et al.[20184; [Vanninathan et al2018; Dis-|
butions around the region from x = —250 to x = —200 Mm. [sauer et al.[2018b} 2019} [Veronig et al 2019} Ronca et al.|2024).
These two fronts are remnants of the evolution of the main front. The current sheet below the EFR elongates and starts frag-
We will study these fronts in more detail in Section 3.2 In the menting soon after the initiation of the experiment (4.7 minutes).
same row, we observe a region of decreased density and temper-  The lower panel of Fig. [3] shows the moment where multiple
ature, which separates the eruption bubble from the surrounding  plasmoids form in the current sheet. These plasmoids show in-
corona. Due to its low density, this region appears dark in obser- creased density and temperature compared to the surrounding
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Fig. 5: Temporal evolution of plasmoids and their physical properties. Panel (a): plasmoid trajectories within the current sheet. Panel (b)-(d):

temperature, density, and the vertical velocity v,, corresponding to the instantaneous plasmoid positions. The same color scheme identifies the

plasmoids across panels.

corona. The transverse velocity reveals multiple fronts associ-
ated with the motions of the plasmoids. The accompanying Ani-
mation 2 shows that plasmoid formation continues until the final
stage of the experiment. As the EFR deviates from the strictly
vertical direction after 30 minutes due to the asymmetry of the
magnetic field, the current sheet also inclines to the left.

To understand the temporal evolution of the EFR, primary
front, and current sheet along the vertical direction, we obtained
time-distance diagrams of the density and temperature at x = 0
Mm (Fig. f). Based on the slope of the black line, the initial
velocity of the EFR is approximately 394 kms~'. The initial ac-
celeration of the EFR is due to the non-equilibrium caused by
an excess of Lorentz force. After this stage, the EFR deceler-
ates and rises at a lower speed of 202kms~!. The density per-
turbations, caused by the reconnection outflow interacting with
the EFR, propagate along the circular field lines on both sides
of the EFR. When they meet, they produce a plasma compres-
sion evident at the upper part of the EFR at y = 170 Mm from
t = 7.5minutes. As the experiment begins, the primary front
rapidly moves away from the eruption. A dimming region be-
tween the front and the upper part of the EFR can be observed
in the temperature time-distance diagram and slightly less pro-
nounced in the density. As mentioned before, beneath the EFR,
a current sheet forms, eventually breaking into plasmoids. From
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the location of the reconnection point in the time-distance dia-
grams, we note that fewer plasmoids emerge below the reconnec-
tion point than above. Those that emerge below the reconnection
point merge with the post-reconnection loops underneath, while
the ones above merge with the EFR.

To define and track the location of the plasmoids over time,
we use a criterion based on the horizontal and vertical compo-
nents of the magnetic field, namely where B, and B, simulta-
neously change sign. The plasmoid trajectories are depicted in
panel (a) of Fig.[5] The other panels show temperature, density,
and the vertical velocity, v,. The colors represent the temporal
evolution, allowing us to identify the plasmoids simultaneously
present in the current sheet and their corresponding character-
istics. The first plasmoid, marked with red color, forms in the
current sheet at 4.7 minutes and moves downward. The max-
imum velocity is around 300kms~!, and the temperature ex-
ceeds 4 MK. From time ¢ = 6minutes, the plasmoid forma-
tion becomes more frequent. A chain of plasmoids is formed
between 6 and 8 minutes (orange and yellow colors). They move
upward, reaching very high velocities ~ 1000kms~!. These
plasmoids have an initial temperature above 4 MK but then are
slightly cooling down. They have a relatively low density around
1075 g ecm™3, which also slightly decreases as they move up-
ward. Between 8 and 14 minutes, the plasmoids denoted by the
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light green color are formed both below and above the reconnec-
tion point. Those of them moving downward have velocity ex-
ceeding 500 km s~! and contain very hot (12 MK) and relatively
dense (3.2 x 1075 g cm™?) plasma compared to the surrounding
corona. A second bunch of hot and dense plasmoids with char-
acteristics 10 MK and 2.5 x 10715 g cm™ happens in the time
interval 17.5 — 25 minutes (from dark-blue to pink colors).
Overall, the plasmoids in our numerical experiment appear
to contain and transport upward and downward hot and dense
plasma having substantial velocities. Most of the plasmoids form
above the reconnection point and propagate upward following
the EFR. These plasmoids accelerate significantly in the current
sheet before merging with the flux rope. The downward-moving
plasmoids contain denser and hotter plasma in most cases.

3.2. Wave propagation

The EFR generates various perturbations propagating through
the coronal medium permeated by a complex magnetic field.
This section studies the types of perturbations produced and as-
pects of their evolution. To enhance comparability with observa-
tions of such events, we also use synthetic SDO/AIA images.

The velocity divergence reflects plasma compression, allow-
ing us to detect the fronts produced by the EFR. In Fig. [f]
the red and blue lines allow us to indicate where plasma-g is
close to unity and where the sound speed is nearly equal to the
Alfvén speed. These are critical transitions in the background
environment where plasma changes from magnetically- to gas-
dominated. In this experiment, the perturbations are generated in
a magnetically-dominated region of the EFR, where 8 << 1, and
then propagate into an area of weak magnetic field where gas
pressure starts to exceed magnetic pressure (5 > 1). As the front
crosses these critical lines, non-linear effects, such as mode con-
version, may occur (see, e.g.,/Chen et al.|2016). This is important
for our study, as we aim to understand the potential of coronal
waves to probe the magnetic field of the coronal medium. Ad-
ditionally, a portion of the energy of the primary front can be
converted into secondary fronts, thereby weakening the initial
perturbation.

Figure [6fa) shows the onset of the eruption, with the EFR
center reaching a height of approximately 50 Mm. At 1.4 min,
the primary front extends horizontally to about x = —80 Mm, and
its upper edge reaches y = 150 Mm. Figure[6[a) also reveals the
presence of another front lagging from the primary front, with
its lateral extent reaching x = —40 Mm, although it is less pro-
nounced. Both fronts are indicated by arrows in the panel. Panel
(b) depicts the moment when the primary front impacts the bot-
tom boundary where the zero-velocity condition is applied, pro-
ducing an echo. The echo is evident well before the front reaches
the equipartition lines. Panels (c) and (d) show the further evo-
lution of the primary front as it passes the § = 1 and v4 = cs
lines, revealing the formation of a secondary front. According
to |Chen et al.| (2016)), a fast-to-slow mode conversion can occur
as a front moves from a magnetically-dominated plasma to one
where gas pressure prevails. To study this further, we analyze
the time-averaged magnetic and acoustic wave fluxes defined by
Bray & Loughhead) (1974) as:

Fac = p1v1, ey
B; X (v1 X By)
Fmag = % P ()

where By is the initial magnetic field, and p; = p — po and
B, = B — By are perturbations of the pressure and magnetic field

with respect to their initial values. In regions where the Alfvén
speed exceeds the sound speed, the magnetic flux can detect
a combination of the Alfvén and fast magnetoacoustic modes.
The acoustic flux detects the slow magnetoacoustic mode. We
selected an averaging time of 20 minutes, during which the pri-
mary front propagates through the region of interest shown in
Fig. [/l and the secondary front has already formed. Averaging
the fluxes over multiple wave periods (approximately 5 minutes
each) allows us to capture the energy transfer dynamics and cu-
mulative effects.

As shown in the top panel of Fig.[7| the magnetic flux is pre-
dominantly concentrated along the path of the flux rope and the
upward propagation of the main front. In this same region, the
acoustic flux is mainly distributed around a height of 150 Mm.
This distribution may be due to the rising EFR, which contains
plasma with significantly higher pressure than the surround-
ing environment. Notably, the bottom panel reveals another en-
hancement in the acoustic flux around the current location of the
equipartition lines (indicated by the red and blue solid lines).
All described above makes us conclude the secondary front ob-
served in Fig. [3]is the slow magnetoacoustic wave formed when
the primary front crosses the equipartition lines.

On the contrary, in the regions where the sound speed ex-
ceeds Alfvén speed, the acoustic flux indicates the propagation
of the fast magnetoacoustic wave. The bottom panel of Fig.
shows the lateral propagation of the fast magnetoacoustic wave
beyond the positions of the red and blue solid lines.

To improve comparability with real observations, we gener-
ated synthesized images using MPI-AMRVAC as described by
Xia et al.| (2014) in three AIA channels to cover different tem-
perature ranges: 304 A (primarily capturing temperatures around
0.08 MK), 193 A (1.5 MK), 131 A (primary temperature re-
sponse: 10 MK and secondary: 0.4 MK). The eruption is seen
in 131 A channel mostly due to the flows and compressions pro-
duced by the interaction of the reconnection outflow with EFR.
From Fig.[3] we know that the temperature of this flowing plasma
inside the EFR varies in the range 0.6 — 4.0 MK. Therefore, the
plasma inside the EFR becomes visible due to the secondary
peak of the 131 A channel. In the 131 A channel, we can also
observe post-reconnection loops and plasmoids with high tem-
peratures of 10 MK.

The primary front appears bright in the 193 A channel in
Fig. 8] indicating the plasma temperature of around 1.5 MK. A
secondary front is also identifiable at around x = —200 Mm,
corresponding to the front in Figs. 3] [6] and [7} Additionally,
multiple fainter fronts are produced by plasmoids in the region
between x = —200 and —100 Mm. In the corresponding An-
imation 3, these fronts become less visible and are difficult to
identify at distances around 400 Mm from the reconnection site.
They, therefore, cannot affect the distant prominence. Animation
3 also shows the formation of the dimming region and bright
compression region surrounding the EFR, most clearly seen at
t = 4.3 minutes.

Finally, the 304 A channel corresponds to lower tempera-
tures around 0.08 MK. From Fig. [§] and the corresponding An-
imation 3, this channel also shows details such as the compres-
sions inside the EFR, post-reconnection loops, and the primary
and secondary fronts.

To analyze wave propagation in the vertical and horizon-
tal directions, we obtained time-distance diagrams in the 193
A channel: a vertical diagram at x = 0 and a horizontal dia-
gram at y = 10 Mm, corresponding to the height of the promi-
nence center set by the mass loading process explained in Sec-
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Fig. 7: Magnetic (top) and acoustic (bottom) fluxes on the left side of
the reconnection site averaged over the first 20 minutes of the simula-
tion. The grey lines denote the magnetic field lines at 20 minutes. Red
and blue contours denote 8 ~ 1 and vy = ¢y at ¢ = 20 minutes.

tion [2] The left panel shows the vertical cut, highlighting sim-
ilar features discussed in Fig. @] In this time-distance diagram,
the front produced by the eruption is identifiable. Estimating
the slope velocities shows that the main front has an initial
speed exceeding 1000 kms~! but decelerates to 606kms™! as
the magnetic field strength decreases. The grey line indicates
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the fast magnetoacoustic wave propagation at the local phase
speed vy = 4 /vf‘ + ¢2. The two slopes coincide, indicating that

the front propagates upward as an ordinary fast magnetoacoustic
wave.

The right panel illustrates wave propagation in the horizontal
direction. The initial speed of the front exceeds 1000 km s~! but
due to the rapid decrease in the magnetic field, the front quickly
decelerates to 250 kms~!. The grey line again shows the slope
given by the local phase speed of the fast magnetoacoustic wave.
Initially, the slopes coincide up to time 5 minutes. However, at a
distance of 150 Mm, the front deviates from the grey line. This
analysis suggests that the primary front initially propagates later-
ally as an ordinary fast magnetoacoustic wave and later becomes
a shock wave.

At a distance of 600 Mm, the prominence region is lo-
cated. The primary front reaches the prominence at approxi-
mately 30 minutes. As a result of the front interacting with the
prominence region, a reflected front with a speed of 167 kms™!
is seen. Again, we compare the propagation of this reflected
front to the fast magnetoacoustic mode and find an agreement.
Additionally, a transmitted front forms with a slope velocity of
v = 83kms™!, significantly slower than the primary front. We
compare this front with the slow magnetoacoustic wave propa-
gating at local sound speed in the region where 5 << 1. Initially,
the slopes coincide, but later, this transmitted front slows down,
appearing almost like a horizontal line and indicating a station-
ary front.

To this end, we have also analyzed the magnetic and acoustic
fluxes, similar to Fig.[7] but centered around the prominence re-
gion and time-averaged throughout 20 — 40 minutes. In order to
compute the fluxes using Eqs. [T} 2] the initial values of the pres-
sure and magnetic field are assumed to be at 20 minutes. The top
panel of Fig. [I0] shows a bright region, indicating an increase
in magnetic flux, which indicates propagation of fast magnetoa-
coustic and Alfvén waves in the magnetically-dominated region
at the area of the prominence magnetic field. The bottom panel
shows a bright front localized along the loops overlying the flux
rope prominence region. This front is discussed previously re-
garding the right panel of Fig.[] In the magnetically dominated
region, the acoustic flux indicates the propagation of the slow
magnetoacoustic wave. Everything described above leads us to
conclude that this front is formed by the fast-to-slow mode con-
version. It propagates along the loops, finally creating a station-
ary front.
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3.3. Prominence evolution

We have examined the evolution of the eruption, the resulting
perturbations, and their propagation throughout the numerical
domain. Another aim of this study is to understand how these
eruption-driven perturbations interact with a distant prominence.
In this section, we study the flux rope formation, the loading and
evolution of the prominence mass within the flux rope, and the
dynamic response of the prominence to the passing front. For
this purpose, we analyze key parameters such as temperature,
density, transverse and longitudinal velocities. Additionally, we
study the appearance of the flux rope and prominence in syn-
thetic images of 131, 193, and 304 A channels.

Figure[IT]and the corresponding Animation 4 depict the evo-
lution around x = —600 Mm, from the formation of the flux rope
and prominence to their late-stage evolution after passing of the
primary front. The first row of Fig. [TT|shows the moment when
the flux rope is fully formed. At the center of the flux rope, there
is a region of slightly higher density and lower temperature com-

pared to its surroundings. This plasma originates from the lower
corona and is lifted during the flux rope formation process. The
prominence plasma, artificially loaded into the flux rope, appears
as a dense and cold plasma block. The longitudinal velocity in-
dicates that the prominence plasma begins to be compressed to-
ward the center of the magnetic dips. The second row of Fig.[TT]
shows that the prominence has a narrower shape and larger den-
sity due to compression. Additionally, the formation of a ‘tail” at
the top part of the prominence is seen. This tail extends along the
circular field lines toward the flux rope center. The density distri-
bution shows that lifted plasma remains mainly close to the flux
rope center. The longitudinal velocity suggests plasma continues
flowing towards the main prominence body along the magnetic
field. At this stage, the front from the eruption reaches the flux
rope region, as shown by the transverse velocity and also indi-
cated by the arrow in the last panel of the second row in Fig.[IT]
The interaction of the wave with the prominence is evident in
Animation 4, associated with Fig. E] and Animation 1, associ-
ated with Fig.[I] From Animation 1, the bottom part of the front
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Fig. 10: Magnetic (top) and acoustic (bottom) fluxes around the promi-
nence region, averaged over time 20 —40 minutes of the simulation. The
grey lines depict the magnetic field lines at # = 40 minutes. Red and blue
contours denote 8 ~ 1 and vy = ¢y at t = 40 minutes (solid line).

becomes oblique. This happens because the density decreases
more rapidly than the magnetic field along the vertical direction
between x = —500 and —100 Mm. This causes an increase in the
Alfvén speed with height, leading to the inclination of the front.

From Animation 4, the flux rope and prominence are dis-
placed to the left and down during the primary front propaga-
tion. As a result, the prominence starts to move around the cen-
ter of the magnetic dips. Additionally, when the flux rope is
pushed down, we can see a gradual disappearance of the post-
reconnection loops below the flux rope. Figure[I2] shows the de-
tails of the evolution of the current density and the magnetic field
in the null point region. In order to follow the evolution of the
same magnetic field lines each time moment, we start the inte-
gration at the bottom, where the zero-velocity condition is ap-
plied. Panel (a) shows the small vertical current sheet below the
prominence just before the arrival of the primary front. When
the front pushes the flux rope down, the current density of the
vertical sheet starts to decrease (Fig. |'1;1'b). Panel (c) shows the
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moment the vertical current sheet entirely disappears. Finally,
in panel (d), the formation of the horizontal current sheet is
seen as the current density increases. The magnetic field lines of
the post-reconnection loops reconnect at the horizontal current
sheet and form the overlying magnetic field lines, which move
gradually away from the reconnection region. The correspond-
ing Animation 5 shows more details of the evolution of the null
point, particularly that all the post-reconnection loops denoted
in Fig. [TZh are reformed by reconnecting with the field lines of
the flux rope. McLaughlin & Hood| (2004) highlighted the crit-
ical role of null points in the dissipation of fast magnetoacous-
tic waves, attributing this to increased Ohmic heating resulting
from enhanced currents. Subsequent studies revealed that non-
linear waves can deform null points, causing them to collapse
into current sheets. This process leads to a sequence of horizon-
tal and vertical current sheet formations, the process commonly
referred to as oscillatory reconnection (McLaughlin et al. 2009,
2012). Oscillatory reconnection can be interpreted as damped
harmonic oscillations. The results of our experiment resemble
this behavior, as we observe rapidly attenuated oscillatory re-
connection.

The third and fourth rows of Fig. [TT] show the prominence
evolution towards the end of the numerical experiment. The
fourth row shows that prominence motions are almost entirely
attenuated. The lifted plasma contained in the center of the flux
rope is seen in a tiny region in the third row and entirely merges
with the main prominence body in the fourth row. Another tail
forms at the prominence bottom, and the longitudinal velocity
shows that there is still plasma flowing towards the main promi-
nence body from the edges of the flux rope.

Figure[T3|quantifies the evolution of the total mass inside the
flux rope after it is entirely formed (25 minutes). We define the
instantaneous center of the flux rope as the maximum of the cur-
rent density and identify the flux rope region with a local ellip-
soid. Thus, every time moment, the center of this local ellipsoid
dynamically evolves along the vertical direction at x = —600
Mm. The axes of the ellipsoid, which defines the shape of the
magnetic field lines, are fixed to be 24.1 and 14.3 Mm in the ver-
tical and horizontal directions, respectively. Then, we integrate
the plasma density contained inside the flux rope, distinguishing
between the coronal and the prominence plasma using thresh-
old, periy = 1071* g cm™3, respectively. Figure 13|shows the total
mass of the coronal plasma is 4.6 X 10> gcm™' at 25 minutes.
The prominence plasma is gradually loaded during 1.67 minutes,
marked by the two vertical grey lines. As this loaded plasma oc-
cupies the region initially filled with the coronal plasma, the total
amount of coronal plasma shows a decrease. After the promi-
nence is fully loaded, its total mass slowly increases, reaching
8% 10 g cm™ at the final stage of the experiment. Assuming that
the length of the prominence in the third direction can be as long
as 100 Mm, the total prominence mass is ~ 1014 g, similar to that
obtained in the recent 3D prominence simulation (Donné & Kep-
pens||2024). Simultaneously, the coronal plasma decreases until
reaching value 2 x 10 g cm™!. The variation of the total masses
reflects the accretion of the coronal plasma contained inside the
flux rope towards the artificially loaded prominence. From this
figure, we can see that the accretion rate is 3.7 g cm™ s~! and
2.1 gem™! s7! before and after passing of the primary front.
From this analysis, we do not see a strong influence of the pri-
mary front on the accretion rate inside the flux rope.

Fig. [14] and the associated Animation 6 show the brighten-
ing in all channels within the flux rope core, where the lifted
plasma is localized. The flux rope formation leads to the deple-
tion of the overlying loops. Therefore, the magnetic loops sur-
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Fig. 11: Density, temperature, v;, and v, distributions during various stages of the experiment, focusing especially on the deformed dipolar
region that hosts the prominence: prominence mass loading (first row), the wave interaction with the prominence (second row), prominence
oscillations and mass accretion (third and fourth rows). The black arrow denotes the primary front. Animation 4 shows the temporal evolution up

to 57.2 minutes. (An animation of this figure is available online.)

rounding the flux rope appear dark in all channels. The cold,
prominence plasma loaded inside the flux rope appears dark,
as the prominence plasma is optically thick in these channels.
The prominence edges appear bright, reflecting the relatively
hot and tenuous prominence-corona transition region (PCTR).
The PCTR consists of plasma with temperatures spanning the
range between prominence and coronal values, which explains
its brightening in the 131, 193, and 304 A channels. Accord-
ing to our chosen cooling curve, these temperatures correspond
to the peak of the radiative cooling curve (see Fig. 1 in
lmans & Keppens| (2021)). Given the relatively high density in
the PCTR, this region is influenced by the significant radiative
cooling, governed by the p>A(T) term. This cooling inevitably
leads to a decrease in gas pressure within the PCTR, and to re-
store gas pressure balance, dense plasma contained within the
flux rope begins to accrete onto the PCTR. Therefore, after the

initial brightening inside the flux rope, visible in all channels,
this brightening gradually fades, reflecting the plasma accretion
onto the main prominence body. Depleting the flux rope leads to
the forming of the dark coronal cavity in all AIA channels. The
cavity grows as more plasma accretes on the main prominence
body, and this process continues until the end of the numerical
experiment.

Between 28 and 50 minutes, the passing of the EUV front
is seen in the 193 A channel (the white arrow in Fig. ). As
the front passes, it interacts with the dark cavity and overlying
loops. Notably, the primary front leaves behind a bright trans-
mitted front that stops in the dark overlying loops. As previously
discussed, this front forms due to fast-to-slow mode conversion.
After the front passing, the prominence oscillates, a motion vis-
ible primarily due to the brightness of the PCTR. After a few
minutes, these oscillations are attenuated. Additionally, the EUV
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(An animation of this figure is available.)
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of the primary front.

front triggers magnetic reconnection discussed earlier, causing
the bright post-reconnection loops to gradually disappear across
all channels.

To investigate the interaction between the EUV front and the
prominence, we generate time-distance diagrams for the 193 and
304 A channels along the horizontal direction at y = 10 Mm
(Fig. [T3) and the vertical direction at x = —600 Mm (Fig. [16).
Fig. [15] captures the flux rope formation during 0 — 25 minutes,
showing the top part of the flux rope crossing y = 10 Mm, fol-
lowed by the bright central region of the compressed and lifted
plasma, and finally, the bottom part of the flux rope (i.e., the
magnetic dips). Shortly after this, the mass-loading process be-
gins and lasts about 1.67 minutes. The loaded plasma appears
dark in both channels except for the PCTR. After the promi-
nence is loaded, it undergoes a cycle of compression and rar-
efaction, which is disrupted by the arrival of the EUV front at
around 30 minutes (see left panels in Fig. [I3). Upon impact of
the primary front, the prominence is displaced at around 3 — 4
Mm, and the oscillations are initiated. As plasma accretes onto
the main prominence body, the region between 592 and 608 Mm
becomes dark in both channels.

Article number, page 12 of 17

Figure [16] shows the evolution along the vertical cut. In the
left panels, the primary EUV front passes the prominence region
at 30 minutes. The right panels show zoomed views capturing
the formation and rise of the flux rope. The brightening occurs
due to plasma collected during flux rope formation. Later, this
plasma is lifted by the flux rope, reaching heights of 10-20 Mm
by ¢ = 25 minutes. The prominence mass is loaded at 25 minutes
and leads to a slight descent of the flux rope. The front arrives at
30 minutes, pushing the flux rope downward and initiating mo-
tions in the vertical direction. These motions attenuate entirely
by time 45 minutes. The right panels also show bright plasma
accreting onto the prominence plasma. This leads to the forma-
tion of the dark cavity above y = 12 — 15 Mm. The vertical size
of the prominence increases significantly as a result of the mass
accretion.

From the analysis described above, we conclude that the
front from the eruption induces prominence plasma motion by
displacing it to the left and simultaneously pushing it down-
ward. To analyze local plasma motion, we could examine ad-
vection along magnetic field lines, similar to previous studies
(see, e.g., ILiakh et al.|[2020). However, this method is not ap-
plicable when the magnetic field evolves significantly, as in this
study. Therefore, we analyze longitudinal and transverse veloc-
ities interpolated along the trajectories of fluid elements, as per-
formed in |Liakh et al. (2023). We selected 20 fluid elements
at x = —600 Mm and y = 7.8 — 10.8 Mm at t = 29.6 min-
utes, just after the prominence loading but before the perturb-
ing front. The results of this analysis are shown in Fig. The
top panel shows the evolution of the longitudinal velocity. When
the oscillations are established, their amplitudes vary with height
4.2 — 14.0kms™~'. We estimated the periods of these oscillations
using the Lomb-Scargle periodogram. The period of these oscil-
lations decreases with height, ranging from 15.1 to 12.4 minutes.
Consequently, the top and bottom motions become unsynchro-
nized by ¢ = 50 minutes. We computed the time-averaged radii
of curvature of the magnetic field lines for each fluid element,
R, = 3.5 — 4.5 Mm, in order to obtain the pendulum period,
P pendutum = 2m /R /g defined by [Luna & Karpen|(2012), where
g is the solar gravitational acceleration. The pendulum period
also decreases with height from 13.4 to 11.9 minutes. We also
estimate the attenuation time using the fitting of the longitudinal
velocity with the damped sinusoid function. The attenuation time
slightly decreases with height, ranging between 20 —40 minutes.
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right panels show a zoomed view around the prominence region.

The transverse velocity shows a more significant response
to the front perturbation. When the flux rope is pushed down-
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Fig. 17: Temporal evolution of v, (top) and v, (bottom) obtained by
tracking 20 fluid elements. The right vertical axis shows the initial
height of the corresponding fluid element. The color bar corresponds
to the initial density at the positions of the fluid elements.

ward, the initial transverse velocity is around 12.6 — 14.2kms~!.
These oscillations show more global character, having a con-
stant period of 3.6 — 3.7 minutes minutes at all heights. To in-
terpret the period, we used the formula from [Hyder| (1966) for
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transverse oscillations in the case of a simple harmonic oscil-
lator, where magnetic tension acts as the main restoring force:

P= zg’ﬁ 7o,y = 3.3 minutes, where (k) = 8 Mm, (B) = 13.4

G, and (Pax) = 9 X 1071 gcm™ are averaged prominence
height, magnetic field strength, and maximum density, respec-
tively, over the time interval of 30 — 60 minutes. These oscilla-
tions are almost entirely attenuated at 40 minutes, and the atten-
uation time is estimated to be around 4 minutes.

4. Discussion

In this paper, we performed a 2.5D numerical experiment us-
ing the MPI-AMRVAC 3.1 code to investigate the interaction be-
tween eruptive events and remote prominences. The model in-
corporates a 2.5D catastrophe magnetic field to generate the
eruption and a dipole field to form the flux rope. This mag-
netic configuration allowed us to study the dynamics of an ener-
getic eruption, the resulting perturbations, and the propagation of
these disturbances through the non-uniformly magnetized solar
corona. Exploring how coronal waves produced by an eruption
interact with a distant flux rope prominence, we extend on our
previous studies [Liakh et al.| (2020} [2023)). Our main findings
can be summarized as follows:

— The EFR becomes unstable immediately after the experiment
begins, generating a quasicircular front. The EFR reaches ap-
proximately 100 Mm in height when the dimming region of
reduced density and temperature separating the eruption bub-
ble and surrounding corona becomes seen. Below the EFR,
the current sheet forms, which eventually breaks into plas-
moids. The plasmoids form both above and below the re-
connection null point, transporting hot, dense plasma to the
EFR and post-reconnection loops at significant velocities ex-
ceeding 1000 km s~!. The downward-moving plasmoids con-
tained extremely hot plasma inside, exceeding 12 MK.

— The EFR generates a front that propagates into the coro-
nal medium, moving through regions with varying plasma-
B conditions. Fast-to-slow mode conversion arises as this
wave crosses the equipartition line, forming a secondary
front. Synthesized SDO/AIA observations reveal that a fast
EUV wave propagates in the vertical direction, initially
reaching speeds above 1000 kms~! and then decelerating to
600km s~! due to the decreasing magnetic field strength with
height. The slope of the primary front coincides with the
one given by the propagation of the ordinary fast magne-
toacoustic wave. This front propagates horizontally, initially
reaching speeds above 1000kms~! but then decelerating to
250kms~!. The front initially propagates as an ordinary fast
magnetoacoustic wave but then transitions to a shock wave.
A slow secondary EUV front emerges due to fast-to-slow
mode conversion. Analysis of magnetic and acoustic fluxes
shows evidence of the fast magnetoacoustic wave converting
into the slow wave as it traverses the 8 =~ 1 line. When the
primary front reaches the prominence region, crossing from
the high to low S region, it produces the reflected and trans-
mitted EUV fronts.

— Once the flux rope is formed, we loaded the prominence
plasma in the region of the magnetic dips. When the promi-
nence is loaded, it is affected by the compression toward the
center of the magnetic dips, becoming a denser and narrower
structure. Converging flows are observed toward the tail at
the prominence top. Over time, these flows become evident
throughout the rest of the prominence body. This process de-
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pletes the flux rope, accreting plasma onto the prominence
body.

— The wave interacts with the flux rope prominence, pushing it
down and triggering magnetic reconnection between the flux
rope and post-reconnection loops, causing the partial disap-
pearance of these loops. Additionally, the wave inclines the
flux rope prominence to the left, producing plasma motions
along the magnetic field. The fluid elements analysis shows
that the prominence oscillates both along the magnetic field
and in the transverse directions. These two types of oscil-
lations have different characteristic periods and attenuation
times, indicating distinct restoring and attenuation mecha-
nisms.

For the eruptive event, we used the setup from |Takahashi
et al.| (2017), a 2.5D catastrophe scenario based on the force im-
balance of the initial magnetic field. Despite the relative sim-
plicity of this eruptive scenario, it successfully reproduces key
features, including the shock front, dimming region, compres-
sion surrounding the dimming region, the current sheet beneath
the EFR, plasmoids, and post-reconnection loops. Compared to
/hao & Keppens| (2022), we increased the strength of the cylin-
drical current by increasing its radius and obtained a more in-
tense front.

Perturbations below the EFR are initiated by the reconnec-
tion outflow interaction with the EFR. [Takahashi et al.| (2017)
showed in similar configurations that dense, upward-moving
flows create a high-density envelope inside the EFR. We find
that this perturbation propagates along the lateral sides of the
EFR and converges, forming a region of high-density plasma that
highlights the EFR leading edge.

Ahead of the rising flux rope, the primary front is estab-
lished. This front forms as a response to the initial force im-
balance, generating the perturbation in density and temperature
distributions. This approach to producing coronal waves has
been used in multiple numerical studies (e.g.,[Wang et al.|2009;
Mei et al.|[2020). The front becomes quasicircular due to the
anisotropic environment. Variations in magnetic field strength
and plasma density along different directions influence how the
perturbation propagates, probing the surrounding coronal envi-
ronment (Liu et al.|2019; [Downs et al.|[2021]).

A feature observed during the eruption is the formation of
a dimming region characterized by reduced density and temper-
ature, separating the expanding eruption from the surrounding
corona. The decrease in plasma density and temperature within
this region results in its dark appearance in synthetic and ob-
servational EUV images, as also reported by e.g., |Attrill et al.
(2009)),|Vanninathan et al.|(2018]), and [Veronig et al.|(2019)), who
identified similar dimming signatures associated with CMEs. In
our synthetic images, the dimming region is surrounded by the
compression layer, which is the most evident in the 193 A chan-
nel, similar to the synthetic images shown in Downs et al.[(2011).

As the EFR rises, an elongated current sheet forms below.
It breaks into plasmoids early in the experiment. By detect-
ing and tracking the plasmoids inside the current sheet, we ob-
tained their properties. Our numerical experiment suggests that
the upward-propagating plasmoids are accelerated up to sub-
stantial velocities, exceeding 1000 km s~!. At the same time, the
downward-moving plasmoids have extremely high-temperature
values, around 12 MK, appearing bright in 131 A synthetic im-
ages. Observations gave us estimates for the properties of plasma
blobs, which are possible evidence of these plasmoids. Similarly,
high velocities of plasma blobs have been detected by Liu/(2013)
in 131A channel. More recently, plasma properties in these blobs
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have been estimated by |Lu et al.| (2022). The densities and ve-
locities agree with our findings. Additionally, moderate plasma
blob densities and temperatures have also been reported by [Hou
et al.|(2024). Similarly, plasmoids with comparable properties
were observed in our experiment. In contrast to the study by
Zhao & Keppens|(2022), we do not have plasmoids of chromo-
spheric temperatures and densities, which originated from lifted
and compressed chromospheric matter in the current sheet be-
fore it broke into plasmoids. The reason is that we do not include
the lower atmosphere in our initial atmosphere, but this can be
addressed in future studies.

In our numerical experiment, the eruption produced fast and
slow fronts, which can be detected in the V - v distribution. Simi-
larly, as in|Mei et al.| (2020), the fast front is evident, propagating
far from the eruption, and the slow front is faint and hardly ob-
served in synthetic images. Multiple fronts propagate away from
the eruption and are associated with fast-moving plasmoids in
the current sheet. The perturbations produced in this case are
important for driving small-amplitude oscillations of nearby so-
lar prominences, as we have shown in our recent study (Liakh
et al.|2023). However, in the present case, these waves are fully
attenuated before they can reach our distant prominence.

We studied the propagation of the primary front in the verti-
cal directions. The speed of the vertical propagation of the per-
turbation very well agrees with the propagation of the fast mag-
netoacoustic wave, which decelerates propagating to a higher
corona due to a decrease in the magnetic field strength. The
synthetic 193 A images show the fast EUV wave, which is an
ordinary fast magnetoacoustic wave. The synthetic images also
show the dark dimming region and bright compression layer due
to the reconfiguration of the background coronal magnetic field
due to the EFR rise. This agrees with results obtained in previ-
ous numerical studies (Chen et al.|2002, 2005} |Cohen et al.|2009;
Downs et al.[2011)).

Studying the propagation of the fast front along the hori-
zontal direction is of particular interest. This mimics the be-
havior of a CME-induced perturbation traveling across the so-
lar disk and interacting with local non-uniformities in the mag-
netic field and plasma density. In our numerical experiment, the
magnetic field configuration consists of three regions: the erup-
tion, a smooth transition to the quiet Sun corona, and a transition
to the prominence magnetic field. Our analysis reveals that ini-
tially, the fast front propagates as an ordinary fast magnetoacous-
tic wave. When it reaches the equipartition layer, it produces the
secondary front. Further analyzing the properties of this front,
we concluded that this is a slow magnetoacoustic wave similar
to what has been obtained by |Chen et al.| (2016)). The formation
of the secondary front has been confirmed in observations in the
region of significantly reduced magnetic field strength (Chandra
et al.|2016). When the primary fast front moves even further into
the region of the weak magnetic field, it becomes a fast magne-
toacoustic shock wave since the local phase speed is significantly
reduced. The EUV wave as a weakly shocked fast magnetoa-
coustic wave has also been confirmed in observations (Veronig
et al.|2010; Takahashi et al.|2015}; Long et al.|2015; [Wang et al.
2020).

The primary front reaches the prominence region, producing
a reflected front. The reflected fronts have been observed in the
context of the interaction of EUV waves with different objects in
the solar corona, such as coronal holes, loops systems, filaments
(see, e.g., Long et al.|[2008}; |Gopalswamy et al.[2009; |Li et al.
2012; |[Shen & Liu/2012; |Olmedo et al.|[2012; [Kienreich et al.
2013;/Shen et al.|2013|Yan et al.|2013; |Wang et al.|2020; |Chan-
dra et al.|2024). The primary front produces a slower transmit-

ted front that propagates along the magnetic loops, decelerating
there. The magnetic and acoustic fluxes analysis shows this is an
ordinary slow magnetoacoustic wave. Moreover, the initial prop-
agation speed agrees well with the sound speed. The most likely
explanation is that we obtained this slow magnetoacoustic wave
due to another fast-to-slow mode conversion. Our results agree
with previous 3D simulations of the fast magnetoacoustic wave
propagation from the gas-dominated region in the lower solar
atmosphere to the magnetically-dominated atmosphere (Felipe
et al. 2010). The conversion between fast and slow magnetoa-
coustic waves happens qualitatively in 3D, similar to what we
see in two dimensions. The fast magnetoacoustic mode is trans-
formed where cg = vy. After the transformation, a slow acoustic
mode propagates along the field lines in the magnetically domi-
nated region. The fast magnetic mode is reflected.

As mentioned before, the wave arrives at the prominence
region with an oblique front due to the increase of the Alfvén
speed with height. Our experiment shows that the front pushes
the prominence down and to the left. This triggers prominence
dynamics in the vertical direction and around the centers of the
magnetic dips. In previous works (Liakh et al.|2020] [2023)), we
obtained similar results using an artificial perturbation that cre-
ated an energetic wave, triggering simultaneously longitudinal
and transverse oscillations. Observations also show the simul-
taneous driving of these different types of oscillations (Gilbert
et al.|2008)).

Analysis of the longitudinal and transverse velocities con-
firms that both oscillatory modes are excited. The transverse os-
cillations have a large initial amplitude that exceeds 14kms™!, a
constant period at different heights, and a very short damping
time. The longitudinal oscillations have smaller initial ampli-
tudes, periods that vary with height, and longer damping times.
This means these two oscillations have different restoring forces
and damping mechanisms. The constant period with height of
the transverse oscillations suggests that this is a global normal
mode, studied in many previous works (Terradas et al.|[2013}
Adrover-Gonzalez & Terradas|2020; [Liakh et al.[[2020, 2023).
As concluded in the earlier works, the main restoring force is the
magnetic tension. The variation of the period of longitudinal os-
cillations with height can be explained by the pendulum model
(Luna & Karpenl2012)). In this model, the main restoring force
of the longitudinal oscillations is the gravity projected along the
magnetic field and the period defined only by the radius of the
curvature of the corresponding field line. In the 2.5D flux rope,
the radius of the curvature decreases with height, decreasing the
corresponding period. This period difference can lead to the so-
called zig-zag shape of the prominence (Luna et al.|2016). This
is evident in the prominence evolution.

Significantly different damping times for these two types
of oscillations suggest different mechanisms involved. For the
transverse oscillations, wave leakage has primarily been consid-
ered as a damping mechanism (Zhang et al.|[2019; |Liakh et al.
2020, [2021). In our experiment, mass accretion, particularly the
accumulation of material at the top of the prominence, may also
play a role in damping. As the total plasma mass increases, the
average momentum decreases, which can further dampen the os-
cillations. Notably, the effect of mass accretion on the damping
of transverse oscillations has not been thoroughly studied either
analytically or numerically.

Another possible explanation for the significant attenuation
of the tranverse oscillations can be associated with the magnetic
reconnection triggered by the arrival of the primary front. This
front pushes the flux rope downward, compressing its field lines
against those of the post-reconnection loops, inducing reconnec-
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tion. This prevents the flux rope from returning to its original
equilibrium height after the perturbation, causing it to remain
lower. The current sheet shows an interesting evolution over this
time. Initially, the vertical current sheet disappears, and the hor-
izontal is formed instead due to the flux rope pushed down by
the primary front. Over time, the current sheet realigns verti-
cally again. Whether this process resembles oscillatory recon-
nection in the corona, as described by [Karampelas et al.| (2022)),
and whether it contributes to such significant attenuation remains
an open question that is worth further investigation.

For the attenuation of the longitudinal oscillations, several
mechanisms can play an important role, such as non-adiabatic
effects (Zhang et al.[2019; [Fan/[2020), the energy transfer across
the field lines (Liakh et al.|2021)), mass accretion (Ruderman &
Lunal[2016)), numerical dissipation (Liakh et al.|2020, [2021)), or
wave leakage (Zhang et al.|2019)). In our experiment, we can ob-
serve the accretion of the plasma on the main prominence body.
We estimated the damping time of the longitudinal oscillations
using 7p = 1.72 - m(t = 0)/rir = 78.5 minutes, where m(t = 0)
is the total prominence mass before perturbation, and 7 is the
mass accretion rate (see Eq. 64 in Ruderman & Lunal (2016)).
This damping time greatly exceeds the one we got for these os-
cillations 20 — 40 minutes. Considering all the abovementioned
factors, the damping mechanism can not be explained only by
plasma accretion. However, this damping mechanism is impor-
tant in addition to non-adiabatic effects, energy transfer, wave
leakage, and numerical dissipation.

Multiple recent observations confirm that triggering of
prominence oscillations by EUV waves can originate from erup-
tions (Devi et al.[[2022}; |[Zhang et al.||2024alb). For instance,
Zhang et al| (2024a) observed one EUV wave with speed
835km s~' and another one decelerating from 788 to 603 km s~
These waves induced prominence transverse oscillations that
lasted only for a couple of periods and were the most evident
in the 304 A channel. The authors defined the main oscillatory
characteristics period and damping time, 18 — 27 minutes, and
33 — 108 minutes, respectively. Devi et al.| (2022) has also stud-
ied the EUV wave propagating with the speed 271 kms~!, which
is very similar to the speed of the fast EUV wave in our ex-
periment. The authors could detect the moment of interaction
and pushing action of the EUV front on the prominence. After
this interaction, the distant prominence showed transverse os-
cillations with periods in the range of 14 — 22 minutes. Finally,
Zhang et al.| (2024b)) investigated the transverse oscillations in
the prominence and filament induced by the EUV wave and ob-
tained periods of 29.5 — 31.1 minutes, damping times of 44 and
21 minutes. Thus, our numerical experiment shows similar char-
acteristics of the EUV waves and the induced prominences oscil-
lations. We observed a slightly shorter period for the transverse
oscillations compared to observations. This discrepancy is asso-
ciated with the significantly smaller size of the simulated promi-
nence relative to the observed ones. According to our analysis,
the prominence size is a key parameter influencing the period
of transverse oscillations. Therefore, incorporating larger promi-
nences in our simulations would help reduce this difference.

5. Conclusions

In this study, we have investigated the interaction between erup-
tions and distant prominences through a 2.5D numerical exper-
iment. Overall, this study provides a comprehensive view of
the dynamics of coronal waves and prominence oscillations. We
conclude that the fast EUV front produced by the eruption is
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a fast magnetoacoustic wave that evolves in the strongly non-
uniform solar corona. This evolution leads to the formation of
a secondary EUV front that can be interpreted as a slow mag-
netoacoustic wave. Additionally, when the fast EUV wave en-
counters the flux rope prominence, it produces the reflected and
transmitted EUV fronts. Additionally, our numerical experiment
and the corresponding synthetic images confirmed the formation
of the dimming region and compression layer. Interaction be-
tween EUV waves and the remote prominence is evident, and
it manifests in the prominence oscillations and triggering of the
magnetic reconnection at the null point below the flux rope of
the prominence. The amplitudes, periods, and damping times of
these oscillations are in good agreement with previous numer-
ical studies and observational results. However, our large-scale
simulation is the first to combine these many facets in a single
simulation that resolves details in all important regions, like the
current sheet, near the null, or at the prominence location.

Our results show the importance of studying the interaction
between eruptive waves and prominences. Future work could ex-
plore how different magnetic field configurations allow delayed
eruptions or multiple fronts, such as in/Hu et al.|(2024)). We could
also allow a more realistic scenario of prominence formation,
such as by levitation-condensation or evaporation-condensation,
bringing in the chromospheric layers. Additionally, understand-
ing the effects of mass accretion on prominence oscillations re-
quires further investigation, which will be more evident in the
case of the evaporation-condensation scenario. Using a delayed
eruption setup allows sufficient time for the prominence to form,
being located closer to the eruption region. This approach is par-
ticularly important for 3D simulations, as it enables a reduction
in the size of the numerical domain, significantly lowering com-
putational costs. While a large domain was feasible in our 2.5D
simulations due to AMR, such an approach is computationally
impractical in 3D. The extension of this experiment to 3D is cru-
cial because it allows us to study different orientations of the flux
rope prominence structure with respect to the perturbing front.
Furthermore, the anchoring of the flux rope of the prominence
provides an additional magnetic tension force that can signifi-
cantly affect the triggering and properties of the transverse oscil-
lations.
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