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ABSTRACT

Context. A highly important aspect of solar activity is the coupling between eruptions and the surrounding coronal magnetic field
topology, which determines the trajectory and morphology of the event. Pseudostreamers (PSs) are coronal magnetic structures formed
by arcs of twin loops capped by magnetic field lines from coronal holes of the same polarity that meet at a central spine. They contain
a single magnetic null point in the spine, just above the closed field lines, which potentially influences the evolution of nearby flux
ropes (FRs).
Aims. Because of the impact of magnetic FR eruptions on space weather, we aim to improve current understanding on the deflection
of CMEs. To understand the net effect of the PS on FR eruptions is first necessary to study diverse and isolated FR-PS scenarios,
which are not influenced by other magnetic structures.
Methods. We performed numerical simulations in which a FR structure is in the vicinity of a PS magnetic configuration. The combined
magnetic field of the PS and the FR results in the formation of two magnetic null points. We evolve this scenario by numerically solving
the magnetohydrodynamic equations in 2.5D. The simulations consider a fully ionised compressible ideal plasma in the presence of
a gravitational field and a stratified atmosphere.
Results. We find that the dynamic behaviour of the FR can be categorised into three different classes based on the FR trajectories and
whether it is eruptive or confined. Our analysis indicates that the magnetic null points are decisive in the direction and intensity of the
FR deflection and their hierarchy depends on the topological arrangement of the scenario. Moreover, the PS lobe acts as a magnetic
cage enclosing the FR. We report that the total unsigned magnetic flux of the cage is a key parameter defining whether the FR is
ejected or not.

Key words. Sun: coronal mass ejections (CMEs) – Magnetohydrodynamics (MHD) – Methods: numerical

1. Introduction

Magnetic flux ropes (FRs) are thought to be the central struc-
tures of solar eruptions, including prominence/filament erup-
tions, flares, and coronal mass ejections (CMEs). The physical
process connecting these phenomena is the eruption of the mag-
netic flux rope system (Zhang et al. 2001; van Driel-Gesztelyi
and Green 2015; Green et al. 2018; Jiang et al. 2018; Yang
et al. 2018; Filippov 2019). Knowing whether the FR will erupt
or not is, naturally, fundamental to predicting a CME event.
Gronkiewicz et al. (2016) pointed out several mechanisms that
can decelerate and confine eruptions in the corona. The first one
is the action of gravity, which prevents the eruption when the
energy of the FR is not enough to escape the gravitational poten-
tial of the Sun (Filippov 2021). Even if the FR has the energy to
escape gravity, the eruption would be confined if the overlying
arcade field, whose lines form a magnetic cage, is too strong or
do not quickly decay with height (Török and Kliem 2005; Wang
and Zhang 2007; Chen et al. 2013; Amari et al. 2018; Baum-
gartner et al. 2018; Jing et al. 2018). Recently, Li et al. (2020,
2021, 2022) proved that there exists a negative correlation be-
tween the flare eruptivity (i.e. if it has an associated CME) and
the total unsigned magnetic flux of the active region producing

the flare, which describes the strength of the background field
confinement.

Once the eruption occurs, it is essential to understand the
path that a CME will follow in order to predict its geoeffective-
ness. This requires knowledge of any non-radial propagation of
the CME, for which deflections in the trajectory must be studied.
It is widely known that the magnetic structures in the vicinity of
FRs are capable of deflecting them both in latitude and longitude.
While coronal holes (e.g., Cremades et al. 2006; Gopalswamy
et al. 2009; Sahade et al. 2020, 2021) and active regions (e.g.,
Kay et al. 2015; Möstl et al. 2015; Wang et al. 2015) deflect FRs
against their location, heliospheric current sheets (e.g., Liewer
et al. 2015; Wang et al. 2020), helmet-streamers (e.g., Zuccarello
et al. 2012; Yang et al. 2018) and pseudostreamers (PSs) (e.g., Bi
et al. 2013; Wang 2015; Cécere et al. 2020; Wang et al. 2020) at-
tract FRs to their low magnetic energy regions. Combined effects
of the several structures at different heights can be seen in, for
example, Sieyra et al. (2020). In previous studies (Sahade et al.
2020, 2021), we found that the presence of a coronal hole nearby
the eruptive region forms a magnetic null point that attracts the
FR. The null point can be located between the FR and CH (case
of anti-aligned polarities) or at the other side of the FR (case of
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aligned polarities). The first scenario produces an initial deflec-
tion towards the CH and a second deflection against its position.
On the other hand, the aligned polarities cases lead to a single
deflection in which the FR moves away from the CH. All the fi-
nal paths are opposite to the location of the coronal hole by the
“channelling” of the magnetic field lines, i.e., the FR is guided
to follow the least resistance path. Möstl et al. (2015) and Wang
et al. (2015) studied an event on 2014 January 7 whose deflec-
tion seems to be caused by the magnetic pressure gradient from
a nearby active region and whose final path is also channelled
by the configuration of the magnetic field lines to the least re-
sistance direction. Shen et al. (2011) concluded that the trajec-
tory in the early stages is influenced by the background magnetic
energy gradients, inducing the CME to propagate towards the
region with the lowest magnetic energy density. Similar results
were found by Sieyra et al. (2020) where most of the analysed
CMEs eruptions were aligned with the direction of the magnetic
energy decrease. It also showed that most of the deflection oc-
curs at heights lower than 2.4 R�, suggesting that it is of utmost
importance to study the trajectory in the early stage.

Streamers are characterised by containing a region of null
magnetic energy, therefore they can act as a potential well at-
tracting CMEs towards them (Kay et al. 2013). In particular, the
PS contains a single magnetic null point above the closed field
lines. These closed field lines that overlie two (or an even num-
ber of) polarity inversion lines, are covered by open field lines of
the same polarity, without a current sheet, forming the spine of
the pseudostreamer (Rachmeler et al. 2014). Observational stud-
ies have suggested that there is a null point hierarchy: the rolling
motions and deflections of prominences are caused by the near-
est local null point and the CMEs move in a non-radial direction
towards the global null point located at higher altitudes associ-
ated to helmet streamers or pseudostreamers (Panasenco et al.
2013). In order to explain the physical processes involved in the
deflection of the eruptive phenomenon there are some numerical
studies that analyse the CME deflections in presence of PS struc-
tures. For example, Zuccarello et al. (2012) found, in a scenario
where the heliospheric current sheet and PS are both present,
a CME that erupts from one of the PS lobes and is firstly de-
flected towards the null point of the PS and then continues mov-
ing towards the heliospheric current sheet. A similar behaviour
is found in the simulation performed by Wyper et al. (2021), in
which the PS is embedded in a helmet streamer. Recently, Karna
et al. (2021) modelled the eruptive filament observed on 2015
April 19, which was embedded in a lobe of the pseudostreamer
and was directed towards the PS null point. Although it is well
established, both numerically and observationally, that FRs in-
side PS deflect towards the PS spine (e.g., Török et al. 2011;
Zuccarello et al. 2012; Yang et al. 2015; Karna et al. 2021), to
date there are no studies that analyse how the trajectory of a FR
is affected by variations in the FR-PS configuration.

In this paper, we model cases where only one FR interacts
with the PS structure, and we analyse its influence on the FR
trajectory at low coronal heights by 2.5 MHD numerical sim-
ulations. In Section 2, we describe the numerical model de-
tails and parameters for the presented cases. In Section 3, we
present results arising from the several simulations performed.
We observed that the FR-PS interactions can be distinguished
into three separate classes that exhibit differences in the dynamic
behaviour of the FR. On one hand, differences in the magnetic
field topology lead to different hierarchies of the null points
and consequently changes in the dynamical behaviour. On the
other hand, we found that the eruption or confinement of the FR

strongly depends on the unsigned magnetic flux of the magnetic
cage. Discussion and final remarks are presented in Section 4.

2. Numerical simulations

To study the interaction between a FR and a PS, we present a
scenario where both structures interact in isolation. In this way,
we avoid the possible effects of other magnetic structures that
could affect the FR behaviour, allowing a comprehensive analy-
sis of the PS influence in the FR evolution. We consider the ideal
MHD equations in presence of a gravitational field to solve the
2.5 dimensional model. In CGS units in the Cartesian conserva-
tive form we have:

∂ρ

∂t
+ ∇ · (ρv) = 0 (continuity)

(1)

∂(ρv)
∂t

+ ∇ ·

(
ρvv −

1
4π

BB
)

+ ∇p + ∇

(
B2

8π

)
= ρg (momentum)

(2)

∂E
∂t

+ ∇ ·

[(
E + p +

B2

8π

)
v −

1
4π

(v · B) B
]

= ρgv (energy)

(3)
∂B
∂t

+ ∇· (vB − Bv) = 0 (induction)

(4)
where ρ represents the plasma density, p the thermal pressure, v
the velocity, B the magnetic field, and g the gravity acceleration.
E is the total energy (per unit volume), given by

E = ρε +
1
2
ρv2 +

B2

8π
,

where ε is the internal energy and

j =
c

4π
∇×B,

is the current density, with c being the speed of light.
In addition to the MHD equations, the divergence-free con-

dition of the magnetic field must be fulfilled, i.e.
∇·B = 0 . (5)

We assume that the medium is a fully ionised hydrogen
plasma, for which is valid the perfect gas law p = 2ρkBT/mi =
(γ − 1)ρε. kB is the Boltzmann constant, T the plasma tempera-
ture, mi the proton mass, and γ = 5/3 the specific heat relation.

Simulations were performed using the FLASH Code (Fryx-
ell et al. 2000) in its fourth version, operated under an adap-
tive refinement mesh with the USM (Unsplit Staggered Mesh)
solver, which uses a second-order directionally unsplit scheme
with a MUSCL-type (Monotonic Upstream-centered Scheme
for Conservation Laws) reconstruction. We use the local Lax-
Friedrichs Riemann solver, which is a diffusive solver provid-
ing the necessary dissipation to emulate the magnetic resistivity
and use the ideal MHD equations (Sahade et al. 2020). Outflow
conditions (zero-gradient) are used at lateral and upper bound-
aries, while the line-tied condition is used at the lower bound-
ary, which imposes the condition of null velocity and constant
magnetic field for the ghost cells (Robertson and Priest 1987).
In the guard-cells of the boundary the magnetic field is linearly
extrapolated to preserve the divergence-free configuration. The
highest resolution corresponds to ∼ [0.1 × 0.1] Mm2 cells, in a
[−700, 700] Mm×[0, 700] Mm physical domain, where pressure
and temperature gradients satisfy the refinement criterion.
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2.1. FR and PS magnetic model

The modelling of the FR magnetic structure is based on the
catastrophe model by Forbes (1990) consisting of an out-of equi-
librium magnetic configuration that triggers the FR ejection. The
model of the PS is based on the magnetic configuration proposed
by Edmondson et al. (2010). However, to better reproduce the
decay of the magnetic field with altitude in the solar corona, we
replace the constant background magnetic field in the y-direction
by an exponentially decaying field. The x-direction is oriented
along the horizontal coordinate, the y-direction corresponds to
the vertical coordinate and the z-direction is the direction of sym-
metry. Combining both models, the total magnetic field is given
by:

Bx = Bx,FR + Bx,PS ,

By = By,FR + By,PS ,

Bz = Bz,FR .

The magnetic field components of the FR are given by the sum
of a current wire, an image current wire and a line dipole:

Bx,FR = −Bφ(R−) (y−h0)
R−

+ Bφ(R+) (y+h0)
R+
−

MdBφ
(
r+

∆
2

) (
r + ∆

2

)
x2−(y+d)2

R4
d

,

By,FR = Bφ(R−) x
R−
− Bφ(R+) x

R+
−

MdBφ
(
r+

∆
2

) (
r + ∆

2

)
2x(y+d)

R4
d

,

Bz,FR = Bz(R−) . (6)

In these expressions, h0 is the initial height of the FR, M is
the intensity of the line dipole at depth d, r is the current wire
radius, ∆ is the thickness of the transition layer between the
current wire and the exterior, and R± =

√
x2 + (y ± h0)2 and

Rd =
√

x2 + (y + d)2 are the distances taken from different ori-
gins (image and current wire, and dipole, respectively). Also,

Bφ(R)=



2π
c j0R 0 ≤ R < r −

∆

2
2π j0
cR

{
1
2

(
r − ∆

2

)2
−

(
∆
2

)2
+

R2

2 + ∆R
π

sin
[
π
∆

(
R − r + ∆

2

)]
+ r −

∆

2
≤R< r +

∆

2(
∆
π

)2
cos

[
π
∆

(
R − r + ∆

2

)]}
2π j0
cR

[
r2 +

(
∆
2

)2
− 2

(
∆
π

)2
]

r +
∆

2
≤ R

(7)

jz(R)=



j0 0 ≤ R < r −
∆

2
j0
2

{
cos

[
π
∆

(
R − r + ∆

2

)]
+ 1

}
r −

∆

2
≤R< r +

∆

2

0 r +
∆

2
≤ R

(8)

where j0 is a current density. The component Bz of the magnetic
field and the current distribution jφ, are described by:

Bz(R) =
4π j1

c

√(
r − ∆

2

)2
− R2 , (9)

jφ(R) = j1R


√(

r − ∆
2

)2
− R2

−1

, (10)

where j1 is a current density. These expressions are valid in 0 ≤
R < r − ∆

2 and are null in the rest of the domain.
The magnetic field components of the PS are composed by a

line dipole and a potential field:

Bx,PS(x, y) =
2σBPS(x − xPS)(y − yPS)
((x − xPS)2 + (y − yPS)2)2 + (11a)

B0 sin
( x − xPS

H

)
exp[−y/H] ,

By,PS(x, y) = −
2σBPS(x − xPS)2

((x − xPS)2 + (y − yPS)2)2 + (11b)

σBPS

(x − xPS)2 + (y − yPS)2 +

B0 cos
( x − xPS

H

)
exp[−y/H] ,

where σBPS is the strength of the magnetic field due to a single
line dipole (σ = 2 × 1021 is a dimensionless scale factor) posi-
tioned at (x, y) = (xPS, yPS), B0 is the strength of the background
field at (x, y) = (xPS, 0), and H = 600 Mm is the height decaying
factor.

Figure 1(a) shows a scheme with the distribution of the mag-
netic structures and 1(b) the internal structure of the FR. In the
left panel, the green frame (top) represents the simulated domain
and the grey shaded area (bottom) contains the magnetic com-
ponents that are out of the simulation box. The PS model pro-
duces a four-flux system, the separation between these regions
(red lines) is characterised by a magnetic null point (red circle).
Two of the fluxes have a closed topology (red shaded area) and
form the PS lobes that are divided by the spine (vertical red line).
Outside this region , delimited by the semicircular red line, two
open fluxes of equal polarity converge towards the spine and sur-
round the PS structure.

2.2. Thermodynamic variables

We simulate the solar atmosphere by adopting a multi-layer
structure (Mei et al. 2012). The chromosphere lies between the
heights 0 ≤ y ≤ hch = 10 Mm with constant temperature
Tch = 10 000 K. The base of the corona is at a height hc = 15 Mm
and has constant temperature Tc = 106 K. These layers are con-
nected by the transition region, which has a linearly increas-
ing temperature. Thereby, the initial temperature distribution is
given by

T (y) =


Tch 0 ≤ y < hch

(Tc − Tch)
[

y−hch
hc−hch

]
+ Tch hch ≤ y < hc

Tc hc ≤ y.

(12)

The temperature inside the FR (TFR) varies according to the
following temperature distribution:

T (R−)=



TFR 0 ≤ R < r −
∆

2

(Tc−TFR)
[

R−−(r+∆/2)
∆

]
+TFR r −

∆

2
≤R< r +

∆

2

Tc r +
∆

2
≤ R.
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Fig. 1: (a) Flux rope (orange circle) and pseudostreamer (red
structure) scheme, not to scale. The green frame indicates the
simulated region. h0 is the FR height and xPS is the distance
from the FR to the PS spine (red vertical line), whose height
is parametrised by yPS. The line dipole and the image current are
located at depth d and h0, respectively. (b) Internal structure of
the FR: r is the radius, ∆ is the thickness of the transition layer,
R− is the radial coordinate from the FR centre, and φ the poloidal
coordinate.

(13)

We consider a current-free atmosphere in hydrostatic equi-
librium. Hence, the background pressure p(y) is only a function
of height considering a system having the y-axis aligned to the
gravity acceleration (i.e., g =

−GM�
(y+R�)2 ey, where G is the gravi-

tational constant, M� is the solar mass, R� is the solar radius,
and y = 0 corresponds to the solar surface). Therefore, the atmo-
spheric pressure is:

p(y) =


pch exp

[
α

Tch

(
1

hch+R�
− 1

y+R�

)]
0 ≤ y < hch

pch exp
[
−

∫ y
hch

α
T (y′) (R� + y′)−2dy′

]
hch ≤ y < hc

kB
NAmi

Tcnc exp
[
− α

Tc

(
1

hc+R�
− 1

y+R�

)]
hc ≤ y,

(14)

where

pch(y) = kB
NAmi

Tcnc exp
[∫ hc

hch

α
T (y′) (R� + y′)−2dy′

]
,

The number density at height y = hc in the corona is nc = 3 ×
108, α =

miGM�
2kB

, and NA is the Avogadro number. The internal
pressure of the FR is obtained by proposing a solution close to
the equilibrium:

pFR(x, y) = p(y) + 1
c

∫ r+ ∆
2

R
Bφ(R′) jz(R′)dR′

− 1
c

∫ r+ ∆
2

R
Bz(R′) jφ(R′)dR′. (15)

The associated plasma densities are obtained from the adopted
equation of state, i.e.:

ρ =
mi p(y)

2kBT (y) . (16)

Table 1: PSs parameters and class of interaction between the FR
and PSs.

B0[G] BPS[G] xPS[Mm] yPS[Mm] Class
PS1-L 1 −1.284 210 −360 Ie
PS1-C 1 −1.284 140 −360 Ie
PS1-R 1 −1.284 70 −360 Ie
PS2-L 2 −2.569 210 −360 Ine
PS2-C 2 −2.569 140 −360 Ine
PS2-R 2 −2.569 70 −360 Ie
PS3-L 0.5 −0.203 210 −180 O
PS3-C 0.5 −0.203 140 −180 O
PS3-R 0.5 −0.203 70 −180 O

Notes. Parameter B0 determines the magnetic field strength that sur-
rounds the PS. BPS modulates the magnetic field strength inside the PS
lobes. The parameters xPS and yPS indicate the position of the dipole that
produces the PS lobes. The Class column indicates the initial scenario
(I=inner, O=outer) and if the FR erupts or not (subscripts ‘e’ and ‘ne’,
respectively).

2.3. Setup

We perform several simulations to analyse the evolution of a
FR interacting with different PS configurations. For all cases,
we establish a single FR configuration and model the differ-
ent cases by varying the parameters describing the magnetic
structure of the PS. The simulated FR is warm, its tempera-
ture equals the coronal one (TFR = 1 MK), it has an initial
height of h0 = 30 Mm, a radius of r = 2.5 Mm and a tran-
sition layer thickness of ∆ = 0.25 Mm. Its magnetic parame-
ters are j0 = 435 statA cm−2, j1 = 322 statA cm−2, M = 1 and
d = −3.125 Mm.

We list in Table 1 the parameters of the selected PSs and, in
the last column, the resulting interaction class with the FR. To
fix the height of the null point (yn) we determine the parameter
BPS by making zero equation (11b) (By,PS(xPS, yn) = 0). PS1 and
PS2 cases correspond to PSs with the null point at a height of
∼ 280 Mm and lobes of ∼ 400 Mm wide. PS3 cases have the
null point at height ∼ 140 Mm and their lobes width is ∼ 200
Mm. Figure 2 shows the magnetic energy density and field lines
for each case listed in Table 1. The FR is located to the left of the
PS spine. The nomenclature L (left), C (centred) and R (right) in-
dicates the alignment of the FR respect to the left PS lobe.These
cases are representative of a larger sample of performed sim-
ulations. They cover the following combination of parameters:
background magnetic field B0 = {0.5, 1, 2} G; null point height
yn = {140, 280} Mm; lobe width w ∼ {yn, 1.5yn} and FR align-
ment {R, C, L}. The coupling of the PS and FR magnetic fields
alters the PS shape, resulting in a displacement of the PS null
point and the appearance of a new null point for all cases. We
refer to the PS null point, which is located at a certain height
along the spine, as global null point (GNP). Likewise, we name
the new null point, produced by the addition of the FR, local null
point (LNP).

Two initial scenarios are possible when the PS and FR mag-
netic field are combined. In one scenario, the LNP is closer to the
FR and it forms inside the PS structure. The magnetic field lines
of the PS lobe that overlay the FR form a confining cage. In the
other scenario, the FR field is strong enough to change the PS
topology, bending the left lobe field, and the LNP is associated
with a new spine-like structure outside the PS. Therefore, there
is no arcade over the FR forming a magnetic cage. We refer to
the interaction resulting from the first scenario as class I (inner;
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Fig. 2: Initial scenarios for simulations listed in Table 1. The case name and the class of interaction are indicated in boxes to the left
and right of each panel, respectively. The colour represents the magnetic energy density, null points can be noticed in dark violet.
The magnetic field lines are drawn in white.

top and middle rows of Fig. 2), and the second scenario results
in a class O (outer) interaction (bottom row of Fig. 2). Class I
cases can also be divided according to whether they are eruptive
or non-eruptive events (see subscripts e, for eruptive, and ne, for
non-eruptive, in Table 1 and Fig. 2). As we show below, the O
class has only eruptive events, possibly because the rearrange-
ment of the topology favours the ejection. We focus this work
in the description and analysis of the FR dynamic behaviour and
evolution according to the interaction class.

3. Results

We present two different analyses: a dynamical and a quantita-
tive one. In the first one, we analyse and compare how the FR
trajectories are influenced by the presence of the LNP and the
GNP. For the second one, we study the forces that are involved in
the dynamics, the unsigned magnetic flux of the magnetic cage,
and how the FRs are affected by these factors.

3.1. Dynamic behaviour analysis

In this section we analyse the similarities and differences in the
FR deflection depending on the class (I or O) and on whether the
event is eruptive or non-eruptive. To facilitate the interpretation
of the trajectories we use a new reference frame defined as x′ =
x − xGNP centred in the GNP of each PS, therefore all the spines
are centred at 0 x′-coordinate. All simulations are analysed until
the flux rope reaches a height of y = 600 Mm or t = 4000 s,
whichever comes first.

Fig. 3: FR trajectories for the class Ie cases. Dashed lines rep-
resent the path followed by the FR, stars the LNP location, and
circles the GNP position for each case.

3.1.1. Class I

Eruptive cases

Cases PS1-L, PS1-C, PS1-R and PS2-R belong to class I
eruptive cases (see top row panels and middle-row right panel
in Fig. 2). All their LNPs are inside the PS. For the cases PS1-
L, PS1-C and PS1-R we consider the same magnetic configura-
tion of the PS but different horizontal distances between the PS

Article number, page 5 of 9
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Fig. 4: FR trajectories for the cases PS1-C (class Ie) and PS2-C
(class Ine). Dashed lines represent the path, stars the LNP loca-
tion, and circles the GNP position for each case.

spine and the FR (see xPS in Table 1). These relative distances
determine different (x, y) positions of the null points. Figure 3
shows the trajectory of the FR for the different eruptive cases.
The dashed-line of a given colour represents the FR trajectory,
the stars of the same colour indicate the location of its LNP, and
the circles indicate the position of its GNP.

There is a common behaviour for class I eruptions. Initially,
the FR moves towards the LNP, therefore the location of the LNP
determines the direction of the initial deflection. After that, the
LNP is deformed by the displacement of the FR, and the latter
continues to rise towards the new direction of low magnetic en-
ergy. The FR is guided towards the PS spine, located above the
GNP. The final directions of all class Ie trajectories eventually
converge to a path parallel to the PS spine (which is not always
radial). The arrival time and speed at this path will depend on
the previous trajectory induced by the LNP. For example, FRs
whose initial trajectory is more aligned with the direction of the
GNP will eject faster (e.g. PS1-C) than those that are deviated by
the LNP in an opposite direction to that of the GNP (e.g. PS1-R).

Non-eruptive cases

Cases PS2-L and PS2-C are non-eruptive cases of class I
(see left and centre panels in the middle row of Fig. 2). PS2
cases have an almost identical morphology to PS1 cases (see top
and middle rows of Fig. 2). The difference is that PS2 magnetic
fields are twice stronger than PS1 cases. We compare here PS2-C
(non-eruptive) with respect to PS1-C (eruptive); the description
is analogous for PS2-L and PS1-L.

Figure 4 shows the trajectory of PS1-C and PS2-C cases
for comparison. The initial trajectories are remarkably similar,
however at some point PS2-C case starts a decaying phase and
consequently no eruption occurs. The FR continues its descen-
dent motion towards the initial position of the GNP. To under-
stand this behaviour we display in Figure 5 both cases at time
t = 1400 s. The dark region highlights the FR location and the
colour scale indicates the strength of the magnetic field lines. It
can be seen that the volume of the FR for PS1-C case is larger
than for PS2-C. Studying the environment of the FR, we note
that the magnetic cage, formed by the set of magnetic field lines
from the PS lobe that overlay the FR and confine it, is wider and
stronger for PS2-C. The differences between the two cages are
most evident in the upper section of the cage, where the higher

Fig. 5: FR position (dark region) and magnetic field lines
strength of PS1-C (eruptive; left panel) and PS2-C (non-eruptive;
right panel) cases for t = 1400 s. The animated evolution of the
right panel is available in the HTML version.

number of lines constituting the PS2-C cage is clear and their
strengths can be compared by the colour levels. In addition, we
observe a marked difference in the response of both cages to the
FRs rise. In case PS1-C, we observe that the cage adapts and fol-
lows the shape of the FR, adopting a lock-like shape. In contrast,
the PS2-C cage is not sufficiently prone to deformation, and this
produces a noticeable imbalance between the fields supporting
the FR below and those confining it above. Then, it is reasonable
to infer that this produces a strong magnetic pressure gradient
pushing the FR towards the base of the corona, which could trig-
ger the decaying phase. The rigidity of the PS2-C cage may also
be the reason for the reduced expansion of the FR, as can be
noticed in the animation of the right panel of Fig. 5 available
in the HTML version. The animation shows the FR rising (until
t = 2000 s) and its subsequent descent. At this last stage, the FR
suffers a draining that results in the formation of detached mag-
netic islands around the FR boundaries. A similar behaviour is
observed when comparing PS1-L and PS2-L cases, which share
the same path until PS2-L slows its upward motion and finally
starts the decaying phase. PS2-L also barely expands and suffers
from mass draining.

Summarising, the general behaviour of Class I non-eruptive
events is characterised by a rising and a decaying phase. During
the rising phase, the FR trajectories present the same behaviour
than the Class I eruptive events described above. The magnetic
cages of non-eruptive cases withstand the upward motion and
slow down the FR until the decaying phase begins. During the
decaying phase, the FR no longer resists the action of gravity
and is guided by the ambient magnetic field lines towards the
chromosphere. In addition, non-eruptive FRs expand weakly un-
der the pressure of the ambient magnetic field and they become
smaller as their outer parts split into detached magnetic islands,
sometimes completely destroying the identity of the FR.

3.1.2. Class O

The triad PS3-L, PS3-C and PS3-R belongs to the class O events.
They have a common PS structure, but the FR horizontal position
is different for each of them. Because these cases are topologi-
cally different from the class I cases (see bottom row of Fig. 2),
the FR trajectories are not affected in the same way by the null
points. This triad has their own spine-like structure whose base
is located at the LNP. Figure 6 shows the trajectories for the PS3
cases. It can be seen that PS3-L and PS3-C are barely affected
by the GNP, heading initially towards their LNP and then con-
tinuing upwards into their own spine zone, guided by the open
magnetic field lines of this spine. However, PS3-R case, whose
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Fig. 6: FR trajectories for the class O cases: PS3-R, PS3-C and
PS3-L. Dashed lines represent the path, stars the LNP location,
and circles the GNP position for each case.

Fig. 7: Magnetic field lines for events PS1-C (left) and PS2-C
(right). The shaded light blue areas represent the magnetic cage
above the FR, magenta and indigo dots indicate the initial posi-
tion for PS1-C and PS2-C, respectively. The solid line represents
the internal trajectory of the FR through which the flux of the
magnetic cage is quantified.

initial position is almost equidistant from both null points, trav-
els between them before reaching the spine of the LNP.

Summarising, the FR trajectories for class O are initially
headed towards their LNP and then continue upwards toward
their own spine-like zone. The events are not influenced by the
GNP except when the FR is relatively close to it. Moreover, sim-
ulations in this scenario always erupt, seemingly because the
LNP is directly connected to the open field lines and there is
no magnetic cage above the FR.

3.2. Quantitative analysis

In this section we will focus on the magnetic cage and its effect
on FR evolution. To be precise, we define a magnetic cage as
the structure formed by all the field lines enclosing the FR and
whose both ends are attached to the base of the corona (height
y = 0). As suggested previously by Fig. 5, the magnetic cage
of the non-eruptive events is larger and more intense than that
of the eruptive cases. Figure 7 shows the magnetic cages for the
PS1-C and PS2-C cases shaded in light blue. Inspired by the
results of Li et al. (2020, 2021, 2022), we also determine the total
unsigned magnetic flux to quantify the strength of the magnetic
cages. Taking advantage of the symmetry considered in the z-
direction, we calculate the initial magnetic flux per unit length

Fig. 8: Total unsigned magnetic flux per unit length of the mag-
netic cage for PS1 and PS2 cases.

Fig. 9: Parameter map for the simulation set. The colour bar rep-
resents the magnetic cage flux strength. B0 parameter is the back-
ground magnetic field related to the PS, w1 and w2 refer to the PS
lobe widths, R-C-L are the FR alignments, and yn is the PS null
point height. For each box the dynamical behaviour is indicated.

φB through a path outlined by the FR trajectory as follows:

φB = 1
Lz

∫
A
|B · dA| =

∫
γ

|B⊥| dS , (17)

where B⊥ is the magnetic field transverse to a curve γ defined
by the FR path (denoted by the solid coloured lines in Fig. 7).
Figure 8 shows the total unsigned magnetic flux of each mag-
netic cage for all PS1 and PS2 cases (PS3 cases do not produce
magnetic cages). Note that the magnetic flux values for the non-
eruptive cases (PS2-L and PS2-C) are remarkably large in com-
parison to the eruptive cases.

To understand how the dynamical behaviour is affected by
the simulation parameters, we include in Figure 9 the magnetic
cage flux (represented by the colours of the colour bar) for the
whole simulation set, as a function of B0 (y-axis) and width-
alignment (x-axis). The widths (w) are w1 ∼ yn and w2 ∼ 1.5yn,
being yn the height of the null point, and the alignment R-C-
L as described in Section 2.3. We also separate the cases ac-
cording to yn (top and bottom parts of the plot) with the values
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Fig. 10: Vertical velocity vy as a function of time for PS1 and
PS2 cases.

denoted on the right. For each case we indicate its classifica-
tion as we defined in previous section. We notice again the cor-
relation between larger magnetic cage fluxes and non-eruptive
cases. In addition, these cases are more related with stronger B0
magnetic fields and narrower pseudostreamers (w1). This is ex-
pected as these parameters influence the magnetic flux of the
pseudostreamer lobe. However, the magnetic cage flux will also
depend on the position and parameters of the FR, i.e. on how
many lobe lines actually belong to the cage.

We also analyse the evolution of the FR variables for PS1 and
PS2 cases to understand how they are affected by the magnetic
cage. PS3 cases are not included since they do not present a mag-
netic cage and, moreover, they follow the trends of the class Ie.
First, we analyse the evolution of FR velocity and total force in
the y-direction. Figure 10 shows the vertical velocity curves (vy)
up to t = 1000 s. The initial force for non-eruptive cases (PS2-
L and PS2-C) is stronger and heads the FRs towards the LNP
with notably higher speeds, likely due to the closer proximity to
the LNP. However, after reaching the maximum value, vy of Ine
events decreases more and steeper than vy of Ie events. Eventu-
ally vy becomes negative and the decaying phase of the FR starts.
From the separate analysis of the force components (magnetic
pressure and tension, gas pressure and gravity, not shown here),
we find that the magnetic pressure gradient is the main respon-
sible for the abrupt deceleration and the descent of the FR, after
which gravity is the dominant decelerating force. This result is
in agreement with the qualitative analysis presented in the previ-
ous section, in which we note that the concentration of field lines
over the FR (see Fig. 5) seems to be responsible for exerting this
magnetic pressure force. Gravity becomes the leading force once
the FR is “channelled” by the lobe magnetic field lines (decaying
phase).

From the analysis of the FR variables, we note the major dif-
ferences (between Ie and Ine cases) in the evolution of the hydro-
dynamic ones. As we also mentioned in the previous section, the
volume of the non-eruptive FRs remains small, contained by the
strong magnetic cage surrounding them. Thus, the plasma den-
sity and gas pressure for non-eruptive FRs is higher than for the
eruptive FRs, which manage to expand. Figure 11 shows the evo-
lution of the FR average plasma density as a function of height,
together with the coronal plasma density ρc (dashed grey line).
Initially, all FRs are overdense and they quickly decrease their
average density since they are out of external equilibrium. Af-
terwards, the density continues to decrease as the FRs expand,

Fig. 11: Average plasma density of the FR as a function of
height. The dashed grey line represents the plasma density of
the corona. The lower panel shows the corresponding ratio be-
tween the plasma density for each case and the coronal plasma
density ρc.

following the drop in ambient pressure with altitude. However,
since the non-eruptive FRs (PS2-L and PS2-C) practically stop
expanding, their densities tend asymptotically to a certain value.
In the bottom panel of Fig. 11 we present the ratio between the
FR and coronal density, which highlights the balance between
the weight and the buoyant force. We note an important differ-
ence between eruptive and non-eruptive cases, while the former
manage to reach densities similar to that of the corona, the non-
eruptive ones remain at more than twice the coronal density due
to the lack of expansion. Consequently, the buoyant force of
these last cases is not strong enough to overcome the gravita-
tional field and the action of the magnetic cage to produce the
eruption.

4. Discussion and Conclusions

In this work we analyse the dynamic behaviour of a FR lo-
cated near an isolated PS. The magnetic configuration produces
the emergence of two magnetic null points associated with both
structures: a LNP (local null point) formed by the cancellation of
the FR and PS magnetic fields, and a GNP (global null point) re-
lated to the PS itself. We note that the LNP is determinant for the
early evolution of the FR. All simulated cases show an initial de-
flection due to the attraction towards this point of low magnetic
energy. The subsequent evolution depends on whether the FR is
enclosed by the PS lobes (class I events) or not (class O), show-
ing that the hierarchy of the null points depends on the topology.
In class O, the LNP is associated to an intrinsic spine-like con-
figuration and the FR is guided by its open magnetic field lines
instead of travelling towards the PS spine. For class I events, a
second deflection can take place by the influence of the GNP, di-
recting the FR to the PS spine. In this scenario, it is possible that
the eruption fails. We determine that the magnetic cage, formed
by the magnetic field lines from the PS lobe that encloses the
FR, plays a crucial role in curbing the eruption.

The non-eruptive cases, which initially reach higher veloci-
ties, are quickly decelerated by the magnetic cage. The cage field
lines are compressed instead of adjusting to the rise of the FR,
producing high magnetic pressure gradients that impulse the FR
back to the surface. Also, we note for these cases that the ex-
pansion of the FR is inhibited by the magnetic cage, keeping
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it overdense and less buoyant, which helps to prevent the erup-
tion. Thus, we quantified the total unsigned magnetic fluxes of
the cages, obtaining that in the non-eruptive cases the average
value is almost six times higher than in the eruptive cases. This
magnitude can be interpreted as a measure of the magnetic cage
resistance. We also showed that cases with stronger magnetic
field B0 and narrower PS lobes are prone to be non-eruptive.

We show that the combination of a FR with a PS magnetic
structure is topologically complex. Although the relative posi-
tion between the FR and PS centre plays an essential role in pre-
dicting the non-radial motions of the FR trajectory, the magnetic
flux contained in the magnetic cage seems to be the key parame-
ter in determining whether an eruption can occur or not, in agree-
ment with previous studies. Hence, we consider of utmost im-
portance to attain improved magnetic field measurements such
as those to be provided by missions like Solar Orbiter, PUNCH
(Polarimeter to UNify the Corona and Heliosphere), and Aditya,
among others, in order to analyse more observational events that
can be compared with our results and to refine numerical models
that contribute to space weather forecasts.
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