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ABSTRACT

Context. Several energetic disturbances have been identified as triggers of the large-amplitude oscillations (LAOs) in prominences.
Observations show that Moreton or EIT waves excite prominence oscillations of the longitudinal, transverse, or mixed polarities.
However, the mechanisms for the LAOs excitation by these waves are not well understood.
Aims. In this study, we aim to investigate mechanisms for LAOs triggering by self-consistent perturbation produced by an eruption
and by energetic waves caused by a distant energy source.
Methods. We perform time-dependent numerical simulations in 2.5D and 2D setups using magnetohydrodynamic (MHD) code MAN-
CHA3D, involving a flux rope and dipped arcade magnetic configurations with an artificially loaded prominence mass in the mag-
netic dips. Two types of disturbances are applied to excite prominence oscillations. The first type involves perturbations produced
self-consistently by an eruption, while the second type of perturbation is associated with the waves caused by an artificial energy
release.
Results. In the simulation with the eruption, we obtain that this eruption by itself does not produce LAOs in the prominence located in
its vicinity. Its only effect is in inclining the magnetic configuration of the prominence. While the erupting flux rope rises, an elongated
current sheet forms behind it. This current sheet becomes unstable and breaks into plasmoids. The downward-moving plasmoids
cause perturbations in the velocity field by merging with the post-reconnection loops. This velocity perturbation propagates in the
surroundings and enters the flux rope, causing the disturbance of the prominence mass. The analysis of the oscillatory motions of the
prominence plasma reveals the excitation of small-amplitude oscillations (SAOs), which are a mixture of longitudinal and vertical
oscillations with short and long periods. In the simulation with a distant artificial perturbation, a fast-mode shock wave is produced,
and it gradually reaches two flux rope prominences at different distances. This shock wave excites vertical LAOs, and longitudinal
SAOs with similar amplitudes, periods, and damping times in both prominences. Finally, in the experiment with the external triggering
of LAOs of solar prominences by an artificial perturbation in a dipped arcade prominence model, we find that, although the vector
normal to the front of a fast-mode shock wave is parallel to the spine of the dipped arcade well before the contact, this wave does not
excite longitudinal LAOs. When the wave front approaches the prominence, it pushes the dense plasma down, establishing vertical
LAOs, and motions due to compression and rarefaction along the magnetic field.
Conclusions. The external triggering of prominence oscillations is a complex process that excites LAOs or SAOs of the longitudinal
or transverse polarizations or a mix of both types. It is not an easy task to produce LAOs in prominences because the triggering event
should have a sufficient amount of energy. The orientation of the prominence axis with respect to the driving event may play a crucial
role in triggering a certain type of LAOs.
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1. Introduction

Solar prominences are cool and dense plasma clouds located of-
ten inside the magnetic dips high in the solar corona and sup-
ported against gravity by the magnetic force. They are highly
dynamic structures. One of the manifestations of their dynamics
is prominence oscillations, classified as small-amplitude (SAOs)
and large-amplitude oscillations (LAOs) according to their ve-
locity with a threshold 10 km s−1 (see reviews by Oliver &
Ballester 2002; Arregui et al. 2018). Prominence oscillations can
also be classified according to the direction of plasma motions
with respect to the magnetic field. Longitudinal prominence os-
cillations mean periodic motion along the magnetic field. On the
contrary, oscillations with velocity directed perpendicular to the
magnetic field are called transverse oscillations. More informa-

tion on the classification and properties of the different types of
oscillations can be found in the last update of the living review
by Arregui et al. (2018).

LAOs should have a huge amount of energy due to the com-
bination of a large mass and large velocities involved. It is in-
triguing how perturbations can transport, and prominence can
accumulate such an amount of energy. Most of the LAOs events
have been associated with energetic disturbances. One piece
of the earliest evidence of such kind of a disturbance was by
Moreton & Ramsey (1960), who discovered the existence of
waves emanating from flares or coronal mass ejections (CME)
and propagating in the solar atmosphere with huge velocities of
500− 1500 km s−1. More recently, the Extreme ultraviolet Imag-
ing Telescope (EIT) aboard the Solar and Heliospheric Observa-
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tory (SOHO) discovered another wave-like phenomenon in the
solar corona, now called EIT wave, according to the name of the
instrument, or EUV wave. (Moses et al. 1997; Thompson et al.
1998). These EIT waves propagate at speeds of 200−300 km s−1

and are usually associated with CMEs or eruptions (Biesecker
et al. 2002; Chen 2006, 2011). The Moreton wave is widely
accepted as a fast-mode wave that propagates in the chromo-
sphere and the low corona. Initially, EIT waves were explained
as a coronal counterpart of the corresponding Moreton waves
(Thompson et al. 1998; Wang 2000). However, this interpreta-
tion contradicted the observed velocities of these waves. EIT
waves usually have approximately three times smaller velocities
than the Moreton waves. More importantly, it has been found
in observations that the EIT fronts can be stationary, implying
that the fronts can be trapped in the magnetic arcades slowing
down there, and finally stopping close to quasi-separatrix layers
(QSL; Delannée & Aulanier 1999; DeVore & Antiochos 2000).
Since the fast-mode is expected to propagate through separatrix,
this behavior suggests that EIT waves have a different physical
nature. Different explanations have been proposed for the EIT
waves, such as the magnetic field line stretching model (Chen
et al. 2002, 2005), successive reconnection model (Attrill et al.
2007), the slow-mode wave model (Wills-Davey et al. 2007),
and the current shell model (Delannée et al. 2008). Chen et al.
(2002, 2005) performed a numerical study of an erupting flux
rope and discussed a possible origin of the Moreton and EIT
waves. Their numerical experiments showed a piston-like shock
straddling the flux rope, whose skirt sweeps the solar surface
and propagates with a velocity of more than 700 km s−1. It was
suggested that the skirt of the shock wave corresponds to the
coronal Moreton wave. Another wave-like phenomenon, propa-
gating with a smaller velocity of around 200 km s−1, was found
in these simulations. The authors associated this phenomenon
with an EIT wave formed by successive stretching and open-
ing of the field lines covering the erupting flux rope. The region
of the enhanced density was observed in front of the stretching
field lines, forming this wave, while its inner region behind the
EIT wave coincides with dimmings. Observations confirmed that
the EUV wave has two components associated with a fast-mode
wave and a non-wave phenomenon (Chen & Wu 2011). Follow-
ing a recent classification by Chen et al. (2016), the fast-mode
EUV wave is the coronal Moreton wave, whereas the slow non-
wave phenomenon is the so-called EIT “wave”.

The evidence for the LAOs excitation in filaments by More-
ton and EIT waves has been shown in many observations (Eto
et al. 2002; Okamoto et al. 2004; Gilbert et al. 2008; Asai et al.
2012; Liu et al. 2013; Shen et al. 2014a; Xue et al. 2014; Taka-
hashi et al. 2015; Shen et al. 2017). Simultaneous excitation of
the different LAO polarizations by the same waves from ener-
getic events has been observed. Gilbert et al. (2008) described
an event in which the filament oscillations excited by the More-
ton wave had a mixed behavior, showing different polarizations.
More recent observations of the LAOs excitation in filaments
by Moreton and EIT waves have been reported by Pant et al.
(2016), Wang et al. (2016), Zhang et al. (2017), and Mazumder
et al. (2020).

An interesting example of LAOs excitation was reported by
Shen et al. (2014b). A shock wave, associated with a powerful
flare, excited the transverse oscillations in the filament and the
prominence and the longitudinal oscillations in another filament.
The authors proposed that, depending on the direction between
the arrival of the wave and the filament spine, the shock wave
could excite longitudinal or transverse oscillations. If the vector
normal to the wave front is transverse with respect to the fil-

ament spine at the moment of the wave arrival, oscillations of
horizontal or vertical polarization can be excited. Longitudinal
oscillations can be triggered when the vector normal to the front
points in the direction parallel to the filament spine. However,
as shown by observations by Shen et al. (2014a), this explana-
tion seems insufficient since some filaments remain unperturbed,
despite being located at a close distance from a flare, while the
same perturbation triggered a chain of solar filaments. While the
energetic coronal waves excite predominantly vertical oscilla-
tion, the excitation of longitudinal oscillations is often related
to the magnetic activity in the filament vicinity, such as mag-
netic reconnection resulting in jets (Luna et al. 2014; Zhang et al.
2017), flare activity (Jing et al. 2003, 2006; Vršnak et al. 2007;
Li & Zhang 2012; Zhang et al. 2020), filament eruptions (Isobe
& Tripathi 2006; Isobe et al. 2007).

From the theoretical point of view, propagation and interac-
tion of Moreton and EIT waves with the surrounding magnetic
arcades, coronal holes, and current-like prominences were stud-
ied in many works (see, e.g., Chen et al. 2002, 2005; Vršnak et al.
2016; Chen et al. 2016; Piantschitsch et al. 2017; Afanasyev &
Zhukov 2018; Mei et al. 2020; Zurbriggen et al. 2021). Chen
et al. (2016) studied the interaction between a fast-mode wave
and an isolated magnetic flux system by means of numerical
simulations. The authors showed that when the wave impacts
the magnetic structure and reaches the region of plasma-β close
to unity, part of the fast-mode wave is converted to the slow-
mode wave. This slow wave stays trapped inside the magnetic
loops, forming a non-propagating front detected in observations
and called stationary EUV front (Chandra et al. 2016). Although
these numerical simulations gave essential information about the
waves associated with the energetic events, many aspects of the
interaction of these waves with the close and distant prominence
mass and excitation of LAOs remain unclear.

In this paper, we study the possibility of triggering LAOs by
external perturbations in three different numerical experiments.
In numerical experiments, we distinguish two ways of produc-
ing the energy perturbations: self-consistently and artificially.
We call self-consistent simulations when the energetic event that
produces the perturbation is also simulated in the experiment.
On the other hand, we call artificial perturbations when it is
imposed in the experiment. Recently, Luna & Moreno-Insertis
(2021) conducted a numerical experiment of an energy release
process in a magnetic structure, resulting in excitation of the
large-amplitude longitudinal oscillations (LALOs). This is an
example of a self-consistent experiment. In contrast, Liakh et al.
(2020) employed the triggering by an artificial perturbation in
order to mimic a real energetic disturbance, such as a distant
flare, placed at some region of the numerical domain. Here we
first study the scenario where a nearby flux rope eruption causes
external perturbation. After that, we show the experiment where
an energetic wave is produced artificially and impacts two flux
rope prominences or one prominence hosted by the dipped ar-
cade magnetic field.

This paper is organized as follows: in Sect. 2, we describe the
experiments where the external perturbation is self-consistent
and caused by an eruption of a nearby flux rope. After that, in
Sect. 3, we show the experiment where an energetic wave is pro-
duced artificially and impacts two flux rope prominences placed
at different distances from the perturbation location. In Sect. 4,
we describe the interaction of a distant artificial disturbance with
a dipped arcade magnetic field and the prominence located in the
magnetic dips. In Sect. 5, we summarize the main findings.
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2. Self-consistent perturbation associated with an
erupting flux rope

In this experiment, we study the triggering of the prominence os-
cillations by the neighboring eruption by means of 2.5D numer-
ical simulations using the magnetohydrodynamic (MHD) code
MANCHA3D (Khomenko & Collados 2006; Felipe et al. 2010;
Khomenko & Collados 2012). The eruption in this numerical
setup is based on the standard solar flare model, whose main
ingredients are the flux rope and magnetic reconnection under-
neath it (see, e.g. Martens & Kuin 1989).

2.1. Numerical model

The numerical domain consists of 2400 × 3200 grid points, cor-
responding to the physical size of 576 Mm × 768 Mm (a spatial
resolution of 0.24 Mm). We use a Cartesian coordinate system
with z- and x-axes corresponding to vertical and horizontal di-
rections, respectively. Part of the numerical domain is shown in
Fig. 1, where the vertical extension is shown up to z = 290 Mm
instead of the 768 Mm of the entire domain. The flux rope host-
ing the prominence (FR1) will be formed at x = −96 Mm, and
the erupting flux rope (FR2) will be formed at x = 0 Mm.

The initial atmosphere is an isothermal corona with a temper-
ature of T = 1.5 MK, gravitationally stratified along the vertical
direction with a density at the bottom of the numerical domain
of ρ = 2.12 × 10−12 kg m−3. The non-adiabatic effects, such as
thermal conduction and optically thin radiation, have not been
incorporated into the simulations. However, we include Newto-
nian cooling during the FR1 formation stage to avoid excessive
heating inside it and keep plasma-β lower than unity. A more
detailed description of the use of Newtonian cooling during the
formation of the prominence hosting flux rope can be found in
Liakh et al. (2020). The corresponding cooling term in the en-
ergy equation is defined later.

The initial atmosphere is permeated by a force-free magnetic
field represented by a periodic sheared arcade. The magnetic
field components are defined as follows 1,

Bx = −
2LB0

πHb
cos

πx
2L

exp
(
−

z
Hb

)
, (1)

By = −

√
1 −

(
2L
πHb

)2

B0 cos
πx
2L

exp
(
−

z
Hb

)
, (2)

Bz = B0 sin
πx
2L

exp
(
−

z
Hb

)
, (3)

where L = 48 Mm is half of the lateral extension of each arcade,
Hb = 118 Mm is the magnetic scale height, and B0 = 10 G is the
magnetic field strength at the bottom. The shear angle is defined
as the angle formed by the field vector with the xz-plane as

tan θ =
By
Bx

=

√(
πHb

2L

)2

− 1 . (4)

Using the previous parameters, we obtain the shear angle θ =
75 ◦, indicating that the field is quite aligned with the y-axis. The
initial magnetic field is shown in Fig. 1 in a 2D projection. We
note that several identical magnetic arcades are nested in the nu-
merical domain. As we use the periodic system, we increase the
horizontal extension of the domain in order to reduce the pertur-
bation coming from the side boundaries.
1 Correcting on typos in Eqs. 1-3 of Liakh et al. (2020)

We use the van Ballegooijen & Martens (1989) mechanism
to form flux ropes from the sheared arcades with the footpoints
motions. For FR1, the horizontal velocity imposed at the base
in the direction towards the PIL (see green arrows in Fig. 2) is
given by

Vx(x, t) = −V0(t) sin
[
2π(x − xc)

W

]
exp

[
−

(x − xc)2

2σ2

]
, (5)

where W = 576.0 Mm defines the horizontal extension of the
domain, xc = −96 Mm is the central position of the function
centered at the corresponding PIL, and σ = 13.6 Mm is the half-
width of the converging region. We additionally set the Vy and
Vz velocity components to zero at the bottom of the domain. The
activation and deactivation of the convergence are controlled by
a function V0(t) defined as

V0(t) = Vconv

{
0.5

[
erf

(
t − 2λ − t1

λ

)
+ 1

]
−0.5

[
erf

(
t − 2λ − t2

λ

)
+ 1

]}
, (6)

where Vconv = 12 km s−1 is the maximum converging velocity.
The flux rope is formed during the time defined by the param-
eters t1 = 100 seconds and t2 = 4000 seconds. The parameter
λ = 150 seconds is responsible for the smoothness during the ac-
tivation and deactivation of the converging process. As explained
in Kaneko & Yokoyama (2015), the temperature increases inside
the flux rope due to the magnetic reconnection. This leads to an
increase in the gas pressure and, consequently, of the plasma-β.
In order to avoid this heating of the plasma inside FR1, we use
Newton’s cooling law given by

QR = −cvρ0
T − T0

τR
, (7)

where T and T0 are the temperature at any time and the initial
temperature, respectively, ρ0 is the initial density, τR is the ra-
diative relaxation time equal to 3 seconds everywhere in the do-
main, and cv is the specific heat at constant volume. We use ra-
diative cooling only during the formation of the FR1 up to the
time t = 4000 seconds. This heat loss term allows us to keep the
temperature of the system always close to the initial temperature,
i.e., 1.5 MK, everywhere in the domain.

Different stages of the formation are shown in Fig. 2. Panel
2a shows the initial field of the magnetic arcade. Panel 2b shows
how the foot points of the field lines move towards x = −96 Mm
following Eq. (5). When the field lines approach each other, they
reconnect, forming a twisted flux rope. As we continue the con-
verging process, the flux rope slowly rises to the higher positions
(Figs. 2c and d). In order to prevent the eruption of the FR1, we
stopped the convergence at t = 66.7 min, when the center of
the flux rope is located at the height of 39 Mm (see Fig. 2d). The
magnetic field strength in the dipped region ranges between 7−9
G. Figures 2b-d show that the rising flux rope has a slightly in-
creased density inside the dipped region which implies that the
flux rope lifts some plasma from the lower atmosphere. In recent
2.5D numerical studies, Jenkins & Keppens (2021) and Brugh-
mans et al. (2022) showed in more detail the process of promi-
nence formation in the levitation-condensation models. Unlike
our case, their model included background heating and thermal
conduction, which, in addition to radiative losses, allowed ther-
mal instability to develop. As the instability develops, the promi-
nence is formed in situ by condensing the lifted plasma inside the
flux rope. In our adiabatic experiment, when the magnetic rope is
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Fig. 1: Density distribution and magnetic field configuration in the initial atmosphere in the lower part of the numerical domain. The blue arrows
mark the positions where the flux ropes will be formed after the boundary driving process.

Fig. 2: Evolution of the density and the magnetic field lines during FR1 formation. The yellow lines denote the density isocontours. The green
arrows show the velocity field. Note that field lines in the different panels are not the same field lines carrying the same plasma. They are drawn to
reflect the topological structure of the magnetic field at a given time.

formed, it also lifts a small amount of plasma from the bottom of
the domain. However, it does not condense, and we produce the
prominence loading by an artificial mechanism described below.

As mentioned before, in this experiment, the eruption of a
second flux rope, FR2, is the main trigger of the oscillations. As
we aim to produce an energetic eruption, we included the shear-
ing motions in addition to the converging ones. This increases
the shear angle and, consequently, the axial component of the
magnetic field By. The converging velocity, Vx at the bottom of
the domain is defined by Eq. (5) with W = 576 Mm, xc = 0 Mm,
central position located at the corresponding PIL, σ = 13.6 Mm,
while Vy = −Vx. The vertical Vz velocity component remains
zero at the bottom of the domain. Temporal evolution is defined
by Eq. (6) with the following parameters: Vmax is either the max-
imum converging velocity Vconv = 4 km s−1, or maximum shear-
ing velocity, Vshear = 18 km s−1. The rest of the parameters are
t3 = 4000 seconds, t4 = 10000 seconds, and λ = 150 seconds.
The FR2 is formed in the absence of radiative losses. Figure
3 shows the formation process of the FR2 after the formation
of the FR1. It can be noted that the evolution slightly differs

from the evolution of the FR1. Since we use the shearing mo-
tions together with the converging ones, the shear angle of the
magnetic structure increases. Figure 3b shows that the FR2 has
more elliptical magnetic field lines in the 2D projection than in
the case of the FR1, related to the increase of the axial magnetic
field. In contrast to FR1, FR2 does not have a large amount of
dense plasma in the bottom helical part. Since the FR2 forma-
tion is dominated by the shearing motions, it seems that, in this
case, the forming flux rope collects and lifts less plasma. From
Fig. 3d, we can see the onset of the flux rope eruption at around
t = 158 minutes. The velocity field shows a large upward mo-
tion in the flux rope associated with its rise. We used symmet-
ric (for Vx,Vy, Bz, p, ρ,T, eint, e) or antisymmetric (for Vz, Bx, By)
boundary conditions at the top boundary. The system is assumed
to be periodic at the side boundaries. At the bottom, the magnetic
field evolves according to the velocity field during the flux ropes
formation process. Later on, the line-tied conditions are applied
using zero velocities. The rest of the variables are assumed to be
symmetric at the bottom boundary.
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Fig. 3: Evolution of the density and the magnetic field lines during the FR2 formation due to the converging and shearing motions at the base. The
yellow lines denote the density isocontours. The green arrows show the velocity field. Note that field lines in the different panels are not the same
field lines carrying the same plasma. They are drawn to reflect the topological structure of the magnetic field at a given time.

After the formation of FR1, we load a prominence in the dips
of the flux rope, adding a source term in the continuity equation
as explained in Liakh et al. (2020, 2021). The source term is
defined as:

S ρ =
χρ0

tload
exp

(
−

(x − xp)4

σ4
x

−
(z − zp)4

σ4
z

)
. (8)

The parameters ρ0 and χ are the background density and the den-
sity contrast, respectively. The mass is loaded during the time
t3 = 4000 seconds and t4 = 4100 seconds and the time parameter
tload = t4 − t3 = 100 seconds is associated with the loading rate.
The spatial parameters xp = −96 Mm, zp = 25.4 Mm, are coor-
dinates of the center of the distribution, and σx = 3.6 Mm, σz =
4.8 Mm are related to the half-size of the mass distribution re-
gion. In all the numerical experiments considered in this paper,
we used a reduced value of the density contrast, χ = 30, with
respect to the previous numerical studies by Zhou et al. (2018),
Adrover-González & Terradas (2020), and Liakh et al. (2020,
2021) who used values between 50 and 200. In the case of the
flux rope configurations, we choose a lower density contrast in
order to avoid problems in the prominence support and to avoid
a strong dropping down of the flux ropes as in Hillier & van Bal-
legooijen (2013). Using a lower density contrast in the dipped
arcade configuration, we expect a smoother mass loading and
less perturbation of the magnetic field by this loading process.
Thereby, a shorter relaxation time can be applied to remove those
velocities compared to Adrover-González & Terradas (2020).
Figures 4a-c show that during the mass loading process, the flux
rope center drops by a few Mm to find a new equilibrium posi-
tion. The magnetic configuration accommodates the heavy mass
against the gravity in the dipped region. After mass loading,
the system evolves for 16.7 minutes, freely settling in a quasi-
equilibrium (Fig. 4d) with small vertical oscillations.

2.2. Evolution of the eruption and of the prominence

When we stop the shearing and converging motions around x =
0 Mm at t = 166.7 minutes, FR2 has already reached the critical
height where its loss of equilibrium and eruption are unavoid-
able. Therefore, FR2 continues moving upwards even when we
deactivate the velocities at the foot points. Figure 5 shows the
rising flux rope. From the velocity field shown by the green lines
in the left panel of Fig. 5, we find that the flux rope strongly
accelerates during its rise. At the time of 186.7 minutes, the ve-
locity of the eruption is around 300 km s−1. The density contrast

shows that the flux rope carries inside the denser plasma com-
pared to the surrounding. We note a reduced density region, the
so-called dimming region (Moses et al. 1997; Thompson et al.
1998) above the flux rope at height from z = 400 to 450 Mm.
Slightly above the dimming region (z > 550 Mm), we can see an
enhanced density area formed as the flux rope rises by pushing
the plasma above it. By comparing this behavior with other nu-
merical works, we know that this region of the enhanced density
is associated with the propagation of an EIT front (see, e.g., Chen
et al. 2002). The white lines show that a vertical current sheet is
formed below the flux rope. The current sheet is fragmented, and
one plasmoid is seen (Fig. 5a). This plasmoid is a mini flux rope
and has an increased density contrast. We can compare our study
with the work by Zhao et al. (2017, 2019), who studied the prop-
erties of the standard solar flare model using non-adiabatic 2.5D
numerical simulations. Zhao et al. (2017, 2019) have shown that
the plasmoid formation leads to a decrease in the density of the
current sheet, suggesting that the plasmoids transport dense ma-
terial upwards and downwards along the current sheet. In our ex-
periment, we observe an identical behavior with plasmoids mov-
ing in both directions in the current sheet resulting in a decrease
in the density along this current. Upward-traveling plasmoids
merge with the magnetic rope (Figs. 5c and d). Figure 5 also
shows that under the current layer, there is an arcade of magnetic
loops. These structures are formed due to magnetic reconnec-
tion and are usually called post-reconnection loops. Downward-
traveling plasmoids ultimately collide with this arcade (Figs. 5a
and b).

Figures 6a-d show the evolution of the velocity component
along the magnetic field, v‖, defined as

v‖ =
(v · B)
|B|

, (9)

in a region that includes both the erupting and prominence-
hosting flux ropes. The time sequence is taken during the onset
of the eruption. Figure 6a shows when the center of the flux rope
reached approximately 100 Mm height. The eruption produces
velocity disturbances around it. Above the FR2, we see the di-
verging flow, implying the rarefaction of the plasma (Fig. 5, right
panel). Right below the FR2, the situation is the opposite. In-
stead of diverging flow, strong converging motions can be noted
around the z-axis. The diverging flow above and the converging
flow below the FR2 lead to the counterclockwise flow at the left
side of the flux rope (see purple arrows in Fig. 6a). When the
FR2 reaches higher positions, the influence of the flows around
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Fig. 4: Evolution of the density and the magnetic field lines during and after the mass loading process. The yellow lines denote the density
isocontours. In panel d, the sequence of the red-blue diamonds shows the positions of the fluid elements used for the analysis of motions. Note
that field lines in the different panels are not the same field lines carrying the same plasma. They are drawn to reflect the topological structure of
the magnetic field at a given time.

Fig. 5: Snapshot of the density contrast and the magnetic field lines during the eruption of the FR2 (left panel) and the current density distribution
(color) and magnetic field lines (white lines) underneath erupting FR2 (right panel). The green arrows denote the velocity field. The red box in the
left panel delimits the region shown in the right panels.

it decreases (Figs. 6b-d). However, a converging flow remains
directed to the current sheet (Fig. 6). Comparing the position of
the dashed and solid lines in Figs. 6a-d, we note that the FR1
gradually becomes more inclined toward the current sheet due to
the influence of the converging flow.

Figures 6e-h show the transverse velocity, v⊥, defined as

v⊥ =

(
v − v‖

B
B

)
· êz , (10)

where êz is the unit-vector along the z-axis, during the propa-
gation of the eruption. The very red region corresponds to the
largest velocity of the upward propagation of the FR2. We do
not detect any coronal Moreton or EIT wave propagating toward
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Fig. 6: Evolution of v‖ (top panel) and v⊥ (bottom panel) in a region around the FR1 during the FR2 eruption (saturated). The purple arrows denote
the velocity field. The green lines show the density isocontours. The dashed and solid black lines denote the vertical axis of the flux rope defined
by the criterion Bz = 0 at time 166.7 minutes and time shown in the corresponding panels, respectively.

the FR1. We consider several possibilities for why these waves
are not produced in our simulations. The first one is that in our
experiment, the typical value of the magnetic field strength is 10
G, implying that the magnetic energy can be insufficient to pro-
duce an intense wave. Another reason can be associated with the
height at which this wave front develops. This height depends
on the height of the loss of equilibrium of the flux rope. For
instance, Zhao & Keppens (2022) obtained the wave front form-
ing very low in the atmosphere (below 50 Mm). Forming such a
small-scale front was possible in their case because the config-
uration was initially in non-equilibrium. In our experiment, the
loss of the equilibrium happens very high in the atmosphere due
to the large magnetic scale height HB = 118 Mm, and, conse-
quently, the fast-mode wave front develops at larger distances
from the region z < 140 Mm shown in Fig. 1, and, consequently,
does not affect the FR1 and prominence. Finally, the fast-mode
wave front never becomes a shock front in the horizontal direc-
tion, unlike in the vertical direction. The reason is that the mag-
netic field remains strong in the low corona, even further away
from the reconnection site. This means that an ordinary fast mag-
netoacoustic wave does not become a shock. Unlike our case,
Zhao & Keppens (2022) used a quadrupolar magnetic field struc-
ture in which strength decreases away from the eruption site. As
a consequence, the fast-mode wave becomes a dome-like shock
wave. The EIT wave-like phenomenon neither appears in Fig.
6. As we see from the left panel of Fig. 5, the density enhance-
ment associated with the EIT front also appears much higher in
the corona (z > 500 Mm). Therefore EIT front cannot affect the
neighboring flux-rope prominence at height ∼ 20 Mm.

The right panels of Fig. 5 represent a closer look at the cur-
rent sheet during the flux rope rise. Figures 5a-d show that more
field lines are reconnected during the process, and the region
of the post-reconnection loops expands at both sides of the PIL

while the current sheet elongates and becomes fragmented due
to the appearance of the plasmoids after 180 minutes. One of
the early-formed plasmoids forms at the height of 60 − 70 Mm
and starts to propagate downwards toward the loops (Figs. 5a
and b). The velocity field shows that the plasmoid approaches
the post-reconnection loops at the bottom having a large ve-
locity. Plasmoid-loops confluence also causes large velocities
around the interaction region (see green arrows). In this way, the
plasmoids can produce additional disturbances affecting the sur-
roundings, including the nearby flux rope prominence. At later
times Figs. 5c and d show the propagation of the plasmoids in
the direction to the erupting flux rope. According to Zhao &
Keppens (2022), upward-propagating plasmoids feed a bottom
helical part of the flux rope with a dense plasma, leading to
the formation of the prominence threads under thermal instabil-
ity during the flux rope rising phase. In our adiabatic case, this
merging simply increases density inside FR2. Later, the plas-
moids are chaotically formed in the current sheet and propagate
both upwards and downwards.

We aim to understand the perturbations created by the plas-
moids and whether those disturbances are able to propagate
across the magnetic field, reaching distant regions such as FR1.
Figure 7a shows a recently formed plasmoid that starts to move
downwards. When it approaches the loops at the bottom, it cre-
ates a perturbation seen in Fig. 7b. In order to follow the wave
front created by this perturbation, we added velocity isocontours
(see the blue lines). We can observe this in Figs. 7a and b that
the left part of the wave front moves toward the FR1 and the
prominence. Figure 7c shows that the disturbance front enters
the region of the FR1, and, at t = 192.3 minutes, it reaches the
prominence mass (Fig. 7d). Another plasmoid located higher in
the current sheet is shown in Figs. 7b-d. This plasmoid propa-
gates upwards, and its motion does not seem to affect the FR1.
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Fig. 7: Evolution of v⊥ in a region around the FR1 during the plasmoids formation in the current sheet of the FR2 (saturated). The plasmoid is
seen in panel a, at height 50− 70 Mm, in the elongated current sheet. The purple arrows denote the velocity field. The green lines show the density
isocontours. The blue lines denote v⊥ isocontours.

According to Fig. 7, only plasmoids moving downwards are
able to produce perturbations in the prominence. Therefore, it is
interesting to have a closer look at the dynamics of the plasmoids
with descending motions. At the center of the plasmoid, there is
a null-point of the magnetic field. Thus, we define a criterion to
detect these points by finding the sign change of Bx along the
X = 0 Mm axis. This way, we measure the Z−coordinate of the
null points, their vertical velocities, vz, and the sound speed at
the exact location. The results are shown in Fig. 8. The left panel
shows the height of the null points as a function of time. We can
see that the first null points that appear in the current sheet at low
heights move downwards. However, at later times, the majority
of them move upwards. Karpen et al. (2012) obtained a simi-
lar result from their 2.5D simulations, i.e., downward-moving
plasmoids dominating the first minutes of fragmentation of the
current sheet, and the situation is opposite later. From Fig. 8(left
panel), we see that the downward-moving plasmoids are formed
approximately below the height of 140 Mm. The downward ve-
locity, vz, and ratio, vz/cS , for those plasmoids are displayed
at the central and right panels of Fig. 8 respectively. The plas-
moids form and rapidly reach a speed of several hundred km s−1.
For instance, the plasmoid around t = 200 minutes has a veloc-
ity around 400 km s−1 when reaching the top part of the post-
reconnection loops. The velocities acquired by the plasmoids
can be supersonic. Therefore, these plasmoids form shocks when
merging with the post-reconnection loops.

The converging flow toward the current sheet continuously
affects the FR1 (green and purple arrows in Figs. 5 and 6).
This disturbance pulls FR1 up and to the right. At the time of
241.7 minutes, FR1 becomes unstable and starts to rise in the di-
rection to the current sheet. Figs. 9a-d, show the evolution of the
longitudinal velocity. One can observe converging flow below
the flux rope and diverging flow above it. Such a behavior re-
sembles the onset of the eruption of the FR2, although due to the
inclination of the FR1, the diverging region is not so symmetric
with respect to the flux rope axis. Later on, the FR1 continues
moving upwards and to the right. Figure 9d shows that the cur-
rent sheet starts to form below FR1. During the time interval
shown in this figure, FR1 is greatly accelerated upwards, and its
center reaches ∼ 80 Mm. Since the FR1 hosts heavy prominence
plasma, an enhanced gravity force acts downward. Moreover,
this prominence-hosting flux rope was formed solely by con-
verging motions, not significantly affecting the axial component
of the magnetic field. Consequently, the magnetic pressure force,
considered the main driving force of the eruption, can be insuf-

ficient compared with the downward magnetic tension force of
the surrounding arcades. Altogether, such force imbalance leads
to a failed eruption of the FR1. The FR1 reaches a maximum
height of around 160 Mm and then falls back to the bottom of
the numerical domain.

2.3. Prominence oscillations

We are interested in studying the plasma oscillatory dynamics in
the different prominence regions and the longitudinal and trans-
verse directions with respect to the magnetic field. It is conve-
nient to use two approaches. The first one is to trace the mag-
netic field lines and compute the rest of the magnitudes along
these field lines. The second approach is to advect the velocity
field following a set of fluid elements, hereinafter referred to as
corks. The first approach is used when studying the plasma mo-
tions in a quasi-static magnetic field, which implies slow tempo-
ral evolution. This method will be used for the analysis in Sects.
3.2 and 4. As shown before, FR1 is significantly influenced by
the dynamics of FR2. These dynamics create significant changes
in its magnetic field structure as inclination or eruption of FR1.
We, therefore, use the second approach computing the magni-
tudes along the traces of the particles. The initial positions of
the corresponding corks are shown in Fig. 4d. The plasma ele-
ments have the initial coordinates from (x, z) = (−96, 16.8) to
(−96, 26.8) Mm. We start to follow the fluid elements when FR2
erupts at t = 166.7 minutes.

In Fig. 10, we note a small variation of both velocity com-
ponents, not exceeding 5 km s−1 in the denser part of the promi-
nence during the first phase up to 185 minutes. These variations
of the longitudinal and transverse velocity occur due to the in-
clination of FR1. A first significant velocity peak appears at
t = 185 minutes (left panels of Fig. 10), coinciding in time with
the arrival of the perturbation caused by the first plasmoid in
the current sheet. After that, multiple peaks can be seen in the
signals denoted by the blue arrows. Remarkably, the plasmoids
produce stronger disturbances of prominence compared to the
actual eruption of the FR2. The induced oscillations, however,
are SAOs rather than LAOs. Their typical velocity amplitude is
around 5 km s−1. The longitudinal velocity, v‖, combines differ-
ent oscillatory modes. Furthermore, the long-period oscillations
seem to be not coherent with height. The periodogram obtained
for v‖ using the Lomb-Scargle algorithm (Lomb 1976; Carbonell
& Ballester 1991) for the time-interval 185-237 minutes, is dis-
played at the upper right panel. The longitudinal oscillations are
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Fig. 8: Temporal evolution of the detected null-points. Panels from left to right: height vs. time of nulls during the current sheet fragmentation; vz
of the plasmoids formed below Z = 140 Mm; downward velocity to the local sound speed ratio for plasmoids formed below Z = 140 Mm. The
red lines denote the plasmoids which merge with post-reconnection loops.

Fig. 9: Evolution of v‖ during the eruption of the FR1 (saturated). The purple arrows denote the velocity field. The green lines show the density
isocontours.

dominated by long-period mode with periods ranging between
18.0 − 23.3 minutes. This period tends to decrease with height.
We further discuss the long-period longitudinal oscillations in
Sect. 3.2. The periodogram also shows peaks corresponding to
the two short-period modes in the range of 4.4− 4.6 minutes and
6.2 − 6.4 minutes.

Vertical SAOs in v⊥ are present at every field line (bottom left
panel of Fig. 10). Their dynamics are complex, with a combina-
tion of periodicities reflected in the corresponding periodogram
(right panel). Vertical oscillations are more synchronized with
height than longitudinal oscillations. Starting from 200 minutes,
the average velocity of all the fluid elements increases gradu-
ally. This velocity increase is associated with the slow rise phase
of the FR1 (Fig. 9) when due to the effect of the converging
flow around FR2, FR1 loses equilibrium and erupts. The peri-
odogram shows that the dominant period has values in the range
of 17.5 − 18.7 minutes for the different field lines. Other peaks
in the periodogram correspond to the short-period oscillations.
In the densest prominence region, we distinguish two main pe-
riodicities 3.7 − 4.5 minutes and 1.3 − 2.3 minutes. The short-
period vertical oscillations are further discussed in Sect. 3.2. The
right panels of Fig. 10 show that some oscillatory modes are
present in both longitudinal and transverse velocity variations.
For instance, long period, ∼ 20, and short period, ∼ 4, peaks
are present in both periodograms, suggesting the longitudinal to
transverse modes coupling.

3. External perturbation in association with two
distant flux rope prominences

The numerical experiment in this section is motivated by the
interesting observation by Shen et al. (2014a). They reported
oscillations in different filaments excited sequentially by a per-
turbation produced in a distant flare. Therefore, we aim to un-
derstand how a single perturbation propagates in the magnetic
environment reaching two filaments at different distances from
the source of the energetic disturbance. Additionally, we aim to
study how different polarizations of oscillations are excited by
this perturbation in each prominence.

The initial configuration is the same as shown in Fig. 1, but
now we form two flux ropes at x = 0 and x = 96 Mm (Fig. 11).
These ropes are formed with converging motions at their respec-
tive base. The converging velocities are defined by Eq. (5). The
flux ropes are formed up to time 4000 seconds, and the promi-
nences are loaded and relaxed up to time t = 5000 seconds. In-
stead of producing an eruptive event to perturb the prominences,
we used a source term in the energy equation, similar to Liakh
et al. (2020). The reason has been the difficulty of producing en-
ergetic enough perturbations in Sec. 2. We mimic the effect of
a flare or energetic burst by placing a source term in the energy
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Fig. 10: Temporal evolution of the velocity field in the prominence region. Left panels: v‖ (top) and v⊥ (bottom) of the fluid elements shown with
red-blue diamonds in Fig. 4d after the eruption of FR2. The blue arrows denote the time arrival of the perturbation from the confluence of the
plasmoids denoted with the red lines in Fig. 8. Right panels: the periodograms of the v‖ (top) and v⊥ (bottom) in time-interval 166.7-233 minutes.
The color bar denotes the density of the fluid elements. The left vertical axis indicates the velocity amplitude scale. The right vertical axis denotes
the initial vertical positions of the fluid elements.

Fig. 11: Density distribution at the central part of the numerical domain
immediately before applying the external disturbance. The white lines
show the magnetic field lines. The position of the external disturbance
is also shown at the bottom left.

equation defined as

S e =
α

tpert
exp

(
−

(x − xpert)2

σ2
x

−
(z − zpert)2

σ2
z

)
, (11)

where the parameter α = 2 J m−3, and the rest of parame-
ters tpert = 50 seconds, xpert = −151.2 Mm, zpert = 12 Mm,

σx = σz = 12 Mm correspond to the half-size and the x- and
z-coordinates of the center of the perturbation, respectively. The
positions of the prominence-hosting flux ropes and the location
of the perturbation are shown in Fig. 11. The numerical domain
extends from x = −288 to x = 288 Mm. The artificial pertur-
bation approach allows us to choose the perturbation position at
significant distances from the flux ropes to mimic a distant flare
(see Fig. 11). Alongside, the source of the disturbance is located
far enough from the boundaries. As we use a periodic system, the
undesirable perturbation appears on the other side of the domain
when the perturbation reaches the left boundary. Thus, by choos-
ing the current position, the disturbance is located at the optimal
position with respect to the flux ropes and the left boundary.

3.1. Propagation of the perturbation

The propagation of the non-linear disturbance in the arcade sys-
tem and through the flux ropes is very complex. In order to iden-
tify the different waves propagating in the medium, we use a de-
composition proposed by Cally (2017), Khomenko et al. (2018),
and Khomenko & Cally (2019), and it is based on the construc-
tion of the following quantities:

flong = ê‖ · ∇(v · ê‖) , (12)
ffast = ∇ · (v − ê‖v‖) , (13)

where, ê‖ = B/B is a unit-vector directed along the magnetic
field, v‖ is the longitudinal velocity defined by Eq. (9). Since

Article number, page 10 of 18



Liakh, Luna & Khomenko: Numerical simulations of LAOs

we consider low-β plasma, the decomposition allows us to dis-
tinguish the slow and fast mode waves due to anisotropy in the
propagation directions.

Figure 12 show flong scaled to
√
ρ0cs (left column) and ffast

scaled to
√
ρ0vA (right column), where ρ0, cs, and vA are the

density, the sound and Alfvén speed of the initial atmosphere.
Figure 12a shows the initiation of the disturbance. The source
in the energy equation causes the disturbance that propagates
in all directions (purple arrows). Figures 12b-d show the prop-
agation of the slow-mode wave. After the initiation, the wave
front starts to move along the vertical magnetic field. In Fig.
12b, the wave front reaches approximately the height of 60 Mm.
In Figs. 12c and d, we observe the corresponding wave front as
a very thin structure at the height of 160 Mm and 210 Mm, re-
spectively. The comparison between these panels allows us to
estimate the propagation speed of this front, which comes to be
around 575 km s−1. This value significantly exceeds the value of
the local sound speed of 180 km s−1. Therefore, this disturbance
is significantly supersonic, and we can observe the formation of
the shock front in Figs. 12c and d.

Figures 12e and f show the initial propagation of the fast-
mode wave from the perturbation region. We can observe how
the wave front moves across the magnetic field of the nearby ar-
cades in 12f. Figure 12g shows when the fast-mode wave passes
the flux rope at x = 0 Mm. This closer flux rope appears to be
pushed down and slightly inclined to the right by the front. The
front affects the magnetic field considerably. Due to its propa-
gation, the vertical magnetic field lines at x = −48 Mm and the
magnetic arcades around the flux rope at x = 0 Mm are strongly
deformed. At the same time, we do not observe any signifi-
cant displacement of the prominences mass. Therefore, the wave
front does not appear to move the prominence mass directly.
However, it significantly affects the hosting magnetic field. Con-
sidering that the plasma is mostly frozen in the magnetic field,
we can expect the prominence motions as the secondary effect
of the perturbation. Recently Liakh et al. (2020) showed that the
perturbation of the magnetic field of the flux rope could lead to
the displacement and following excitation of the oscillations of
the prominence plasma in the transverse and longitudinal direc-
tions with respect to the magnetic field. Moreover, Liakh et al.
(2021) found that the energy and momentum exchange between
the field lines can amplify the oscillations in some field lines with
the simultaneous attenuation of the oscillations in others. Simi-
larly, in our current experiment, the magnetic flux ropes are first
affected by the wave front. Then, the magnetic field gradually
transfers the energy to plasma, and oscillations are induced.

In Fig. 12h, one can observe that the front reaches the sec-
ond flux rope at x = 96 Mm. The wave front produces a dis-
turbance that pushes down and inclines this flux rope, similar
to the first one. Comparing Figs. 12g and h, we see that the
wave front reaches the closer and farther flux ropes at t = 87
and 89 minutes, respectively. This time delay corresponds to the
finite velocity of the perturbing wave front. From this delay, we
obtained the velocity of the wave front propagation to be as large
as ∼ 800 km s−1. From Figs. 12f-h, we conclude that the fast-
mode shock wave causes the main perturbation to the flux ropes
in this experiment. The properties of oscillations in the closer
and further flux ropes and the excitation of different modes of
LAOs by the same front are discussed in Sect. 3.2.

3.2. Prominence oscillations

Since the prominences magnetic field remains relatively stable
in this experiment, we analyze the quantities defined by Eqs.

(12) and (13) at the center of mass of the selected field lines.
For this analysis, we used some 20 field lines that belong to
each flux rope. First, we compute the corresponding variables
in the grid points of the domain. Second, we express these pro-
jected variables in the coordinates of the field lines obtained from
the integration. Additionally, we interpolate the density along
the same field lines. From the interpolation, we obtain the ar-
rays for the flong

√
ρ0cS and ffast

√
ρ0vA and density as functions

of time and position along the field lines. Finally, we compute
flong
√
ρ0cS and ffast

√
ρ0vA at the center-of-mass of each selected

field line. First, we study the motions associated with promi-
nence at x = 0 Mm. Figure 13 (left panels) shows the tempo-
ral evolution of the wave field as a function of the height of
the magnetic dip, while the periodograms for the time interval
83-167 minutes for these velocities are given at the right-hand
side panels. The perturbation reaches the prominence located at
x = 0 Mm at t ∼ 87 minutes. The arrival of the perturbation
results in the signal disturbance seen for both flong

√
ρ0cS and

ffast
√
ρ0vA.

The top left panel shows some variation of flong
√
ρ0cS be-

fore the shock wave arrival. These motions are produced as a
response to the prominence mass loading to the flux rope. In the
central prominence region, these oscillations demonstrate damp-
ing behavior. At t = 87 minutes, the wave perturbation disrupts
the pre-existing pattern of motions. After the action of the per-
turbation, flong

√
ρ0cS shows an amplification in the time interval

87 − 105 minutes. After this initial increase, the wave front sig-
nificantly affects the magnetic field of the flux ropes, inclining
and deforming it. As the plasma is mostly frozen in the magnetic
field, the prominence mass follows the motions of the magnetic
field. This way, the magnetic field transfers the perturbation to
the prominence. That is why there is a delay between the action
of the main disturbance and the start of the longitudinal oscil-
lations. We applied the same analysis at the center of mass of
the selected field lines to v‖ and found that the former perturba-
tion produces oscillations with an amplitude that does not exceed
5 km s−1, implying the triggering of SAOs.

The periodogram of flong
√
ρ0cS (top right panel of Fig. 13)

demonstrates that the period changes from 16.0 minutes at the
top to 20.6 minutes at the bottom of the prominence. The period
of the longitudinal oscillations in this experiment and its varia-
tion with height resembles the one from the previous experiment
shown in Fig. 10. The reason for that can be using the same flux
rope prominence model in both numerical experiments. Assum-
ing the pendulum model (Luna & Karpen 2012) suggests that
the main restoring force for the longitudinal oscillations is the
gravity projected along the magnetic field, and the period de-
pends only on the radius of curvature of the magnetic field lines.
Since we use identical prominence magnetic field structures, we
obtain similar periods in both cases. To confirm that suggestion,
we compute the time-average value of the radius of curvature,
Rc, of the selected field lines. Then, using the following formu-
lae

P = 2π
√

Rc/g , (14)

where g is the solar gravitational acceleration, we obtained peri-
ods 16.4−19.9 minutes in the densest prominence region. These
theoretical periods agree with those we obtained in both numeri-
cal experiments. In a flux rope, the radius of curvature decreases
from the edges to the center, explaining why in our experiments,
the period of longitudinal oscillation decreases with increasing
height (See Figs. 10 and 13).

Another peak in the periodogram corresponds to periods
11 − 12 minutes. This periodicity is less relevant for the cen-
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Fig. 12: Temporal evolution of the wave field after initiating the perturbation (saturated). Left panels: flong
√
ρ0cs; right panels: ffast

√
ρ0vA. The

black lines denote the magnetic field lines. The green lines show the density isocontrours. The purple arrows show the velocity field.

tral prominence region. Its power increases for the plasma that
belongs to the corona and prominence-corona transition region.
These oscillations can be related to the pressure-driven mode. As
shown by Luna et al. (2012) and Liakh et al. (2021) in the region
with reduced density contrast and shallow lines, the gas pressure
force dominates over the gravity force.

The bottom panels of Fig. 13 show the analysis of ffast
√
ρ0vA

in the same prominence. When the wave front approaches the
prominence (t = 87 minutes), it causes the perturbation of
ffast
√
ρ0vA in all the lines. Owing to this perturbation, oscilla-

tions are established. The motions at all the field lines are simi-
lar with no significant shift, as in the case of flong

√
ρ0cS . These

vertical oscillations show significant attenuation in the time in-
terval 87 − 100 minutes. In the next minutes, we again see the
signature of these oscillations. These wave trains appear sev-
eral more times in the signal. Zhang et al. (2019) and Liakh
et al. (2020) obtained similar wave trains. We concluded that
these wave trains were caused by non-linear oscillatory behavior
and mode coupling. Additionally, we analyze v⊥ at the center of
mass of the magnetic field lines in the experiment described in
this paper and find that the perturbation shown in the bottom left

panel of Fig. 13 corresponds to the velocity amplitude around
10 km s−1, implying triggering of LAOs.

The periodogram on the bottom right panel of Fig. 13 shows
that the dominant peak for ffast

√
ρ0vA is located at the periodicity

around 1.1 − 1.7 minutes. In the previous experiment with erup-
tion, yet another period of 2 minutes was prominent in the peri-
odogram (Sect 2.3). Following Nakariakov & Verwichte (2005),
we assume these oscillations are standing kink modes in the
prominence threads. Then, we compute the period using an ex-
pression:

P =
L
B0

√
2µ0ρ0(1 + ρp/ρ0) , (15)

where L is the length, B0 is the magnetic field strength prior
to the perturbation, and ρp is the prominence density of the
corresponding thread. This expression also includes the back-
ground coronal density ρ0. We obtained the period in the 0.9 −
2.0 minutes, which agrees with the periods obtained in the nu-
merical experiments. Therefore, the short-period vertical oscilla-
tions are defined by the properties of the corresponding threads,
such as the length of the thread, the magnetic field strength in
the corresponding field lines, and the density contrast.
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Fig. 13: Temporal evolution of the wave field. Left panels: flong
√
ρ0cs (top); ffast

√
ρ0vA (bottom) at the center of mass at the selected field lines of

the flux rope at x = 0 Mm. Right panels: the periodograms of the flong
√
ρ0cs (top) and ffast

√
ρ0vA (bottom) in time-interval 83-167 minutes. The

color bar denotes the maximum initial density at each field line. The left vertical axis indicates the velocity amplitude scale. The right vertical axis
denotes the vertical location of the dips of the selected magnetic field lines.
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Fig. 14: Temporal evolution of flong
√
ρ0cs (top) and ffast

√
ρ0vA (bottom)

at the center of mass of the prominences at x = 0 Mm and x = 96 Mm.

The second important peak in the periodogram is the one
around 16.2 − 19.0 minutes. This peak is caused by the pen-
dulum longitudinal oscillations due to mode coupling. Finally,
the third important peak in the densest prominence region is at
∼ 5 minutes. This periodicity resembles another periodicity at
4.4−4.6 minutes in the eruption experiment ( bottom right panel
of Fig. 10). We try associating this mode with the simple har-
monic oscillator model with the magnetic tension as the main
restoring force (Hyder 1966). The authors computed the mag-
netic field strength from the period of the global vertical oscil-
lations. In our case, we compute the average value of the mag-
netic field strength and density in the prominence, 〈B0〉 = 7.7
G and 〈ρp〉 = 1.87 × 10−11kg m−3 and prominence height scale,
h0 = 12.72 Mm. Then, using the expression

P =
2πh0

〈B0〉

√
π〈ρp〉 , (16)

we obtain the period of the global vertical oscillations
4.2 minutes, which can be related to 4-minutes oscillations ob-
tained in the periodograms.

We compare oscillations at the center of mass of both promi-
nences in Fig. 14. We obtain a larger amplitude for the trans-
verse motions (bottom panel) than for the longitudinal motions
(top panel) for both flux ropes. The bottom panel shows that the
perturbation affects the farther flux rope slightly later, which is
related to the finite speed of the perturbing wave. The amplitude
of ffast

√
ρ0vA seems slightly larger for the closer flux rope, show-

ing that the perturbing wave slightly loses energy when reaching

Article number, page 13 of 18



A&A proofs: manuscript no. ms

a farther flux rope. We also find that both prominences have simi-
lar periods of longitudinal and transverse motions. For the longi-
tudinal oscillations, we obtain a period of ∼ 20 minutes, and the
vertical oscillations have a short period of ∼ 2 minutes. This ex-
periment confirms the excitation of a similar kind of oscillation
at the flux rope prominences located at different distances from
a distant perturbation. We obtained nearly the same interaction
of the energetic wave with the prominences located at the dis-
tances, 151.2 Mm and 247.2 Mm. Therefore, our experiment can
explain the triggering of the LAOs in the chain of the filaments in
the observations by Shen et al. (2014a). However, it remains un-
clear how several filaments located close to the flare regions did
not show any response in the former observational event. Such
behavior can be associated with the different mutual placement
of the filaments with respect to the arriving wave front. Study-
ing the triggering of prominence motions in the 3D configuration
may shed light on this aspect. This can be addressed to the future
study.

4. External perturbation in association with distant
dipped arcade prominence

The third experiment is motivated by the study of Shen et al.
(2014b). The authors suggested that the longitudinal oscillations
of the prominence located in the dipped sheared arcade could be
excited by a shock wave when the propagation direction is par-
allel to the filament spine. This shock wave is a coronal counter-
part of the Moreton wave, a fast magnetoacoustic shock wave. In
contrast with the impact of the jet, the perturbation is not associ-
ated with plasma flows. Luna & Moreno-Insertis (2021) studied
the excitation of LALOs in the dipped arcade when the source of
the perturbation was an energetic jet with a magnetic connection
with the main prominence field. The authors found that the LA-
LOs are excited by the direct influence of the mass flow injected
by the jet. In this study, we aim to investigate the possibility of
triggering LALOs when the source of the perturbation is located
far enough and is not magnetically connected to the prominence
magnetic field.

Fig. 15: Density distribution and magnetic field lines at the central part
of the computational domain after the mass loading. The dashed lines
denote the initial magnetic field before the mass loading. The position
of the external disturbance is also shown at the bottom left.

The numerical 2D setup, shown in Fig. 15, is similar to our
previous study Liakh et al. (2021). The numerical domain con-
sists of a box of 384 × 240 Mm in size (spatial resolution 240
km). The initial magnetic field is potential and consists of a su-

perposition of two arcades forming a dipped part at its center

Bx(x, z)/B0 = cos k1x e−k1(z−z0) − cos k2x e−k2(z−z0) , (17)

Bz(x, z)/B0 = − sin k1x e−k1(z−z0) + sin k2x e−k2(z−z0), (18)

where we have considered the parameters z0 = −2 Mm, B0 = 10
G, k1 = π/D and k2 = 3k1 where D = 191.4 Mm is the spatial
periodicity of the magnetic structure along the x-direction. The
magnetic field strength varies between 3 and 4 G from the bot-
tom to the top of the dipped region. Similarly to our previous
work, the initial atmosphere is a stratified plasma in hydrostatic
equilibrium, including the upper chromosphere, transition region
(TR), and corona. The corresponding temperature profile is writ-
ten as

T (z) = T0 +
1
2

(Tc − T0)
[
1 + tanh

(
z − zc

Wz

)]
. (19)

We choose Tc = 106 K, T0 = 104 K, Wz = 0.7 Mm, and
zc = 4.8 Mm. This profile provides the temperature ranging from
Tch = 104 K at the base of the chromosphere to Tc = 106 K in
the corona. As the plasma is stratified in the vertical direction,
the density changes from ρ = 9 × 10−9 kg m−3 in the chromo-
sphere to ρ = 1.98 × 10−12 kg m−3 at the base of the corona at
the height zc = 4.8 Mm. In contrast to the two previous exper-
iments, the initial atmosphere in this numerical setup includes
lower layers of the solar atmosphere, i.e., the chromosphere and
TR. On the one hand, this helps to satisfy the line-tying condi-
tion of the magnetic field. On the other hand, this allows us to
reproduce a more realistic propagation of the shock wave in the
different layers of the solar atmosphere, implying the inclination
of the wavefront due to the variation of the local phase speed
with height (Uchida 1968; Liu et al. 2012, 2013).

We impose the periodic condition at the side boundaries and
the current-free condition for the magnetic field and zero veloc-
ities as in Terradas et al. (2013), together with the symmetric
condition for the temperature and pressure and fixed density at
the bottom. At the top boundary, we use the symmetric boundary
condition for all the variables except for Bx, which is antisym-
metric.

We load the prominence mass at the dipped region of the
magnetic field by increasing the density using a source term in
the continuity equation (Eq. (8)) defined by a Gaussian distribu-
tion centered at (x, z) = (0, 30) Mm. The mass loading starts at
t = 0 seconds and ends at t = 100 seconds. The prominence den-
sity is set to 30 times larger than in corona, and the prominence
dimensions are 7 and 10 Mm in horizontal and vertical direc-
tions. During the first 16.7 minutes, we let the magnetic configu-
ration with prominence evolve, reaching an equilibrium state. In
Fig. 15, the solid lines show the magnetic field after the relax-
ation process, and the dashed lines illustrate the initial magnetic
field. As we can see, the magnetic field is slightly deformed with
respect to the initial configuration due to the heavy mass.

The external perturbation is produced by the source term in
the energy equation, similar to the previous section, with α =
2 J m−3, tpert = 50 seconds, xpert = −105.6 Mm, zpert = 12 Mm
and σx = σz = 12 Mm. The approximate position of the pertur-
bation is shown by the blue star in Fig. 15. This position is not
magnetically connected to the prominence to mimic the effect of
a distant flare.

Since we are in the low-β regime, the anisotropy in the prop-
agation of the fast and slow modes allows us to distinguish both
fronts by simply using the temporal evolution of v‖ and v⊥ in-
stead of the less intuitive magnitudes given by Eqs. 12-13. Fig.
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Fig. 16: Evolution of v‖ (left panel) and v⊥ (right panel) during the wave propagation (saturated). The black lines denote the magnetic field. The
green lines show the density isocontours. The blue lines show the v⊥ isocountours. The purple arrows denote the velocity field.

Fig. 17: Evolution v⊥ during the wave propagation (saturated). The orange lines denote the isocontours of the phase speed vph =

√
v2

A + c2
S . The

green lines show the density isocontours. The purple arrows denote the velocity field.

16 shows the time evolution of the longitudinal (left panels) and
transverse (right panels) velocities. Figs. 16a and e represent the

time when the perturbation is applied. The perturbation starts
propagating mainly vertically but also in the horizontal direc-
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Fig. 18: Temporal evolution of the velocity field in the prominence region. Left panels: v‖ (top) and v⊥ (bottom) at the center of mass at the
selected field lines of the dipped arcade. Right panels: the periodograms of the v‖ (top) and v⊥ (bottom) in time-interval 22-127 minutes. The color
bar denotes the maximum initial density at each field line. The left vertical axis indicates the velocity amplitude scale. The right vertical axis
denotes the vertical location of the dips of the selected magnetic field lines.

tion (purple arrows). As time advances, the fast wave, v⊥, moves
ahead of the slow mode, v‖. The magnetic field lines are strongly
deformed on the passage of the fast wave front. In panel b, we see
no relevant v‖ moving toward prominence. In contrast, in panel f,
some v⊥ is directed to the cold mass. The v⊥ isocountours (blue
lines) reflects the orientation of the fast wave front. In panel c, we
see that the slow mode has indeed avoided the prominence, while
in panel g, part of the fast front has reached it. The velocity iso-
countours in panels f and g show that although the incident wave
is along the prominence spine from the global view, the wave
front is not strictly oriented along the spine in the moment of in-
teraction. Moreover, when the perturbation reaches prominence,
the wave front appears oblique. This detail can play an important
role in the type of induced oscillations. According to the density
isocontours, the prominence body is slightly deformed due to
wave propagation. In panels d and h, it can be seen that both
disturbances move toward the other end of the system, moving
mainly through the overlying arcade.

Figure 17 gives a closer look at the fast wave front and their
interaction with the prominence. After the initiation of the per-
turbation, the front propagates in an environment with an im-
portant variation of the phase speed of the fast magnetoacoustic
mode. Fig. 17a shows the perturbation right after the energy re-
lease. Note that the phase speed is computed with unperturbed
values. The perturbation moves in a medium with decreasing
phase speed with height. As it moves away and through the mag-
netic structure, the front becomes vertical, and the velocity field
(purple arrows) turns into vertical, pointing downwards (Figs.

17b-d). In panels c and d, the bottom part of the front reaches the
region where the phase speed is in the range of 300− 400 km s−1

while the upper part is still in the region with the characteris-
tic speed 400 − 500 km s−1. In this way, the lower front moves
slower in contrast to the upper part, and the inclination of the
front change, becoming more vertical. Panel d shows the mo-
ment when the front interacts with the prominence. The pertur-
bation is directed mainly downwards, thus, the prominence is
pushed downwards, and the oscillations are initiated.

We analyze both longitudinal and transverse motions at dif-
ferent field lines as in Liakh et al. (2021). We consider a set of
field lines. These lines have the initial position located at the
bottom boundary. Then, we integrate the field line each time mo-
ment. As the integration is from positions with zero velocity, any
field line follows the plasma motion, simplifying the study of the
oscillations. For every line, we compute the density-averaged v‖
and v⊥. The results of the analysis of v‖ are shown at the top pan-
els of Fig. 18. As discussed above, the disturbance acts mostly as
a downward perturbation. From the top left panel, we see that the
velocity amplitude of the longitudinal component is very small.
We can only detect oscillations with a small amplitude below
2 km s−1, thus, no LALOs in this prominence are excited.

The left bottom panel of Fig. 18 shows the density-averaged
v⊥. As the field is horizontal in the central part of the prominence,
this movement corresponds to a vertical oscillation. We see that
before the arrival of the disturbance, there were already verti-
cal oscillations. These are associated with the mass loading pro-
cess and are difficult to eliminate because they have a very long
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damping time. When the disturbance arrives at t = 21.7 minutes,
it can be clearly distinguished that the induced oscillations have
a larger amplitude than the pre-existing motions. These oscil-
lations are synchronized at the different field lines, as seen in
the panel. The bottom right panel of Fig. 18 shows their pe-
riodograms. The dominant period at all the lines is approxi-
mately equal to 9 minutes. The vertical period remains constant
with height, indicating a global normal mode. As the promi-
nence shows the global vertical motions, it is relevant to com-
pare the 9-minutes period with the period given by the Hyder
(1966) model using Eq. (16). Using averaged values of the mag-
netic field strength 〈B0〉 = 4 G, averaged prominence density
〈ρp〉 = 1.99 × 10−11kg m−3, and its scale height h0 = 13.2 Mm;
we obtain a period of P = 8.6 minutes in agreement with the
value obtained in the experiment.

5. Summary and conclusions

In this paper, we study the mechanisms of the triggering of LAOs
in prominences by external disturbances. We explore three sce-
narios representing situations that have already been observed.
This study is based on time-dependent 2.5D and 2D numerical
simulations performed with the MHD code MANCHA3D.

In the first experiment, we investigated the excitation of
oscillations in the flux rope prominence by the eruption of
the nearby flux rope. Eruptive events are considered the main
sources of the Moreton and EIT waves production (Biesecker
et al. 2002; Chen 2006, 2011). These waves can propagate over
large distances in the solar atmosphere and are proposed to be re-
sponsible for the excitation of LAOs (see, e.g., Shen et al. 2017;
Devi et al. 2022). However, in our experiment, we observe that
the eruption itself does not excite LAOs in prominence nor find
clear evidence for a Moreton wave reaching prominence. Per-
haps, in our configuration, the conditions for a Moreton wave
to form are not fulfilled. The background magnetic field is too
strong at the bottom, and the wave is refracted toward the high
corona. Additionally, the prominence is very close to the recon-
nection site and hence is significantly influenced by the recon-
nection inflow. However, the configuration used in this exper-
iment is still applicable for the study of the case where two
active-region prominences are located nearby. A strong pertur-
bation appears at the front of the erupting flux rope in the form
of density enhancement followed by dimming, moving laterally
and upwards. In principle, such a front can be identified as an
EIT wave (Chen et al. 2002). However, in our case, this EIT front
is mainly located above the prominence and, therefore, cannot
affect it. In order to improve this erupting model in the context
of the triggering efficiency, a stronger magnetic field is needed,
and a flux rope erupting lower in the corona as, for instance, in
the catastrophic scenario Chen et al. (2002) and Zhao & Keppens
(2022).

An elongated current sheet is formed behind the erupting
flux rope during the eruption. The reconnection inflows towards
the current sheet also affect the prominence magnetic field pro-
ducing an inclination of the structure. In addition, the current
sheet becomes unstable, and plasmoids start to form in it. After
these plasmoids are formed, they move downwards to the post-
reconnection loops or upwards following the erupting flux rope.
Our experiment shows that the latter ones do not significantly af-
fect the nearby filament. In contrast, the plasmoids propagating
downward reach the small post-reconnection loops. The interac-
tion of the plasmoids with these loops produces the perturbation
of the velocity field. This velocity perturbation propagates in the
surroundings and enters into the flux rope, causing the distur-

bance of the prominence mass. The analysis of the oscillatory
motions of the prominence plasma in the flux rope shows that
only SAOs are excited due to the nearby eruption and the plas-
moid instability. The motions have a complex character show-
ing a mixture of longitudinal and vertical oscillations with short
and long periods. It has been known from the numerical exper-
iments that tearing instability can develop in the current sheet.
As a result, the plasmoids can be formed. The activity of the
plasmoids is also considered a candidate for generating quasi-
periodic propagating fast-mode magnetoacoustic waves (QPFs).
In this scenario, the disturbances are generated by the precipita-
tion of the plasmoids at the foot points (Yokoyama 1998; Yang
et al. 2015; Bárta et al. 2008). In our work, these disturbances are
responsible for the excitation of the SAOs in the nearby promi-
nence.

In the second experiment, we partially reproduce the sce-
nario described in Shen et al. (2014a). We study the effect of
the same energetic disturbance on two different filaments at dif-
ferent distances from the source of the perturbation. The analysis
reveals a fast-mode wave front propagates across both magnetic
flux ropes. However, as we found in Liakh et al. (2020), the first
front does not trigger the oscillation. It is the displacement and
deformation of the magnetic environment of the rope that pro-
duces the mass displacements from its equilibrium and then its
oscillations. The study of oscillatory modes shows transverse os-
cillations with similar dominant periods in both flux ropes. The
periods of the transverse oscillations in the threads agree with
the model of the standing kink mode Nakariakov & Verwichte
(2005). Additionally, we obtained longitudinal SAOs with simi-
lar oscillatory properties in both flux ropes. In both prominences,
the period of the longitudinal oscillations changes with height
due to the different curvature of the magnetic field lines in good
agreement with the pendulum model (Luna & Karpen 2012).
Similarly to our previous study Liakh et al. (2020), the induced
longitudinal oscillations have a smaller amplitude than the verti-
cal oscillations. It is very interesting that in this experiment, the
perturbation produces similar oscillations in both prominences
regardless of their distance from the source. This indicates that
similar energy is deposited in both structures. This would show
why these perturbations can produce LAOs even in filaments far
away from the flare. However, it is necessary to explore more
numerical cases, including three-dimensional scenarios.

Finally, in the third case, we have studied the external trig-
gering of longitudinal LAOs in a dipped arcade model. Shen
et al. (2014b) suggested that a shock can excite LALOs when
the shock propagates along the filament spine. Our numerical
experiment shows that a distant perturbation, not magnetically
connected with prominence, can reach prominence and strongly
affect the magnetic field of the arcades. When the wave front
reaches prominence, it strongly pushes down the dipped region
with the prominence mass inside. This way, the global vertical
oscillations are established. The analysis reveals that these mo-
tions have a large amplitude that exceeds 10 km s−1. The vertical
period remains constant with height suggesting a global normal
mode. This period is in agreement with the model of the har-
monic oscillator with magnetic tension as a main restoring force
(Hyder 1966). Additionally, the prominence evolution shows ev-
idence of the motions along the magnetic field due to compres-
sion and rarefaction. Notably, we do not observe the excitation
of LALOs from the analysis of motions. Only transverse LAOs
and motions due to compression and rarefaction are excited in
this numerical experiment.

This experiment shows the difficulty of directly exciting LA-
LOs by external perturbations when propagating along their
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spine. This does not rule out that they can be excited but perhaps
indirectly, as seen in the case of flux ropes (Liakh et al. 2020).
In that situation, the shock disturbs the magnetic structure that
eventually moves the prominence. However, three-dimensional
simulations of magnetic ropes are needed to understand this pro-
cess, and this will be left for future research.

From all the experiments described above, we conclude that
investigating the triggering mechanism of LAOs is crucial for
understanding the physical nature of prominences and the prop-
agation and interaction of energetic waves with different mag-
netic configurations. We have studied the triggering of LAOs
by an eruptive event and by the artificial energy release on the
flux rope and dipped magnetic arcade configurations. We con-
clude that the external triggering of prominence oscillations is a
complex process that excites longitudinal, transverse, or a mix
of both types of motions with small or large amplitudes.

In the future, the external triggering mechanism should be
investigated in 3D models. This would allow us to investigate in
more detail which polarizations are excited when the perturba-
tion comes from a different direction with respect to the axis of
the prominence spine. The numerical model of the interaction
of the erupting flux rope with prominence should be improved
by increasing the distance between both objects or reducing the
size of the shock front from the eruption. The role of plasmoids
in triggering the LAOs due to nearby eruptions should be further
investigated.
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