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Abstract

It is widely accepted that coronal magnetic flux ropes are the core structures of large-scale solar eruptive activities,
which have a dramatic impact on the solar-terrestrial system. Previous studies have demonstrated that varying
magnetic properties of a coronal flux rope system could result in a catastrophe of the rope, which may trigger solar
eruptive activities. Since the total mass of a flux rope also plays an important role in stabilizing the rope, we use 2.5
dimensional magnetohydrodynamic numerical simulations in this article to investigate how a flux rope evolves as
its total mass varies. It is found that an unloading process that decreases the total mass of the rope could result in an
upward (eruptive) catastrophe in the flux rope system, during which the rope jumps upward and the magnetic
energy is released. This indicates that mass unloading processes could initiate the eruption of the flux rope.
Moreover, when the system is not too diffusive, there is also a downward (confined) catastrophe that could be
caused by mass loading processes via which the total mass accumulates. The magnetic energy, however, is
increased during the downward catastrophe, indicating that mass loading processes could cause confined activities
that may contribute to the storage of energy before the onset of coronal eruptions.

Unified Astronomy Thesaurus concepts: Solar prominences (1519); Solar flares (1496); Solar filament eruptions
(1981); Solar coronal mass ejections (310); Solar filaments (1495); Solar activity (1475); Quiescent solar
prominence (1321)

1. Introduction

Large-scale solar eruptions include filament/prominence
eruptions, coronal mass ejections, and flares. They are
intimately related to each other and are usually believed to be
different manifestations of coronal magnetic flux rope eruptions
(Zhang et al. 2001; Vršnak et al. 2005; Jiang et al. 2016;
Liu 2020; Yan et al. 2020). Since large-scale solar eruptions are
the major trigger of extreme space weather (Švestka 2001;
Cheng et al. 2014; Lugaz et al. 2017; Gopalswamy et al. 2018),
it is important to investigate the eruptive mechanism of coronal
flux ropes. To shed light on the physical processes of solar
eruptive activities, previous theoretical studies have been
devoted to modeling the eruptions of coronal flux ropes by
invoking distinctive physical mechanisms, e.g., ideal magneto-
hydrodynamic (MHD) instabilities (Török & Kliem 2003;
Aulanier et al. 2010; Guo et al. 2010; Savcheva et al. 2012;
Keppens et al. 2019), magnetic reconnections (Antiochos et al.
1999; Chen & Shibata 2000; Moore et al. 2001; Sterling &
Moore 2004; Archontis & Hood 2008; Inoue et al. 2015), and
flux rope catastrophes.

The flux rope catastrophe theory approaches the onset of flux
rope eruptions from the perspective of loss of equilibrium.
Before the onset of the eruption, the flux rope should be in
equilibrium (static or quasi-static), i.e., with no net force on the
rope; after the onset of the eruption, however, the flux rope
evolves in a dynamic process, during which the state of motion
must be very different from that before the onset. The varying
state of motion implies that a loss of equilibrium occurs at the
onset of eruption, so that the net force resulting from the loss of
equilibrium initiates the eruption of the rope. This is the

physical scenario of flux rope catastrophes, which was first
proposed by Van Tend & Kuperus (1978): they analytically
derived the equilibrium manifold as a function of the filament
current, and found that the catastrophe occurs if the current
exceeds a critical value, which is called the catastrophic point.
Here, the equilibrium manifold is the set of all of the
equilibrium states of the flux rope system; based on the
equilibrium manifold, one is able to tell when and how the
catastrophe occurs. Similar results were obtained by many
other analytical studies (Forbes & Isenberg 1991; Lin &
Forbes 2000; Démoulin & Aulanier 2010; Kliem et al. 2014;
Longcope & Forbes 2014), suggesting that the catastrophes of
coronal flux ropes are promising candidates for the source of
coronal eruptions.
Numerical simulations are also widely used to investigate

flux rope catastrophes, e.g., Forbes (1990), Chen et al. (2007),
and Zhang et al. (2017). In those studies, the authors calculated
equilibrium solutions of the rope system with different values
of a characteristic physical parameter, and all of the equilibrium
solutions consisted of the equilibrium manifold versus this
parameter. For example, by simulating the equilibrium
manifold as a function of the magnetic field strength within
the flux rope, Hu (2001) concluded that a catastrophe occurs if
the strength exceeds a critical value. Similar conclusions were
reached in many other studies (e.g., Su et al. 2011; Zhang et al.
2017). In most of the previous studies, the flux rope jumps
upward when the catastrophe occurs, so that this kind of
catastrophe is termed an “upward catastrophe.” Recently,
Zhang et al. (2016) found its downward counterpart caused by
reducing the magnetic fluxes of coronal flux ropes. During this
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catastrophe, the flux rope suspended in the corona falls down to
the photosphere. This new kind of catastrophe is thus termed a
“downward catastrophe,” and Zhang et al. (2016) also
demonstrated that the magnetic energy is released during not
only the upward, but also the downward catastrophe.
Observational studies suggested that, apart from coronal
eruptions, there are also various confined activities, with no
portion of the flux rope escaping the corona (e.g. Gilbert et al.
2000; Jiang et al. 2016). Comparing with observations, Zhang
et al. (2016) inferred that the downward catastrophe could be
responsible for, e.g., confined flares.

Previous numerical studies mainly focus on flux rope
catastrophes associated with the magnetic parameters of the
rope. Whether the variation of the mass could cause flux rope
catastrophes, however, has hardly been touched upon so far. In
fact, as concluded by Low (1996), the total mass of a flux rope
should play an important role in stabilizing the rope, which has
been further confirmed by some recent studies (Hillier & van
Ballegooijen 2013; Jenkins et al. 2019; Tsap et al. 2019;
Fan 2020). Moreover, the total mass of a flux rope is usually
not conserved but is highly dynamic (Zhang et al. 2017;
Gibson 2018): it either accumulates via, e.g., coronal
condensation (Liu et al. 2012; Xia & Keppens 2016; Jenkins
& Keppens 2021), or decreases as a result of, e.g., mass
unloading (Low 1996) and mass drainage processes (Bi et al.
2014; Zhang et al. 2017; Jenkins et al. 2019). Therefore, to
understand the influence of the varying mass on the
catastrophic behaviors of coronal flux ropes is important not
only to improve flux rope catastrophe theory, but also to shed
light on the physical scenarios of different kinds of flux rope
activities. To achieve this, we carry out numerical simulations
to seek for the flux rope catastrophes associated with the rope
mass. For simplicity, we use “mass loading” and “mass
unloading” to refer to the processes that increase and decrease
the mass hereafter, respectively. The rest of this article is
arranged as follows. The simulating procedures are introduced
in Section 2. The simulations are presented in Section 3. Our
conclusion and discussion are given in Section 4.

2. Simulating Procedures

In our 2.5 dimensional simulations, all of the quantities
satisfy ∂/∂z= 0. The magnetic field can be written as:

ˆ ˆ ( )B z B z. 1zy=  ´ +

Here, ψ is the magnetic flux function; the subscript z denotes
the component in the z-direction. Basic equations and
numerical procedures to construct the initial state are
introduced in the Appendix. The magnetic configuration of
the background field is plotted in Figure 1(a): it is a partially
open bipolar field, with negative and positive surface magnetic
charges located at the lower base
within−30Mm< x<−10Mm and 10Mm< x< 30Mm,
respectively. The initial state, illustrated in Figure 1(b), is an
equilibrium state consisting of a flux rope embedded in the
background field. Anomalous resistivity is used:
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Here, ηm= 10−4, L0= 107 m, v0=128.57 km s−1, and
jc= 2.37× 10−4 A m−2; μ0 is the vacuum magnetic perme-
ability. The physical properties of a flux rope can be
characterized by its axial magnetic flux, Φz, its poloidal
magnetic flux per unit length along the z-direction, Φp, and its
total mass per unit length along the z-direction, M. For the flux
rope in the initial state, the values of the these properties are:
Φz0= 4.10× 1019 Mx, Φp0= 1.49× 1012 Mx m−1, and
M0= 5.01× 103 kg m−1. Assuming the length of the flux rope
to be 100 Mm, its total mass is of the orderM0= 5.0× 1011 kg,
which falls within the observed mass range of typical
prominences/filaments (Parenti 2014).
To investigate the evolution of the rope versus its total mass,

we simulate the equilibrium manifold as a function of the mass.
Starting from the initial state, we first adjust the mass density at
each grid within the rope by

( )M

M
, , 30

1

0
r ar a= =

where ρ0 is the density in the initial state. With this procedure,
the total mass of the rope is adjusted from M0 to a certain target
value M1. Next, we let the rope system relax to an equilibrium
state, during which the total mass of the rope is kept conserved
at M1 by procedures similar to those in Hu et al. (2003).
Moreover, the relaxation method (e.g., Zhang et al. 2016) is
used in the region outside the flux rope: we reset the
temperature and density to their initial values, so that the
pressure gradient force is always balanced by the gravitational
force; when the rope system eventually evolves to the
equilibrium state, the force-free condition is satisfied in the
region outside the flux rope. The region inside the flux rope is
still non force free. With the simulating procedures introduced
above, we obtain the equilibrium state with the rope mass M1.
Similar procedures are repeated for different target values of
the mass (e.g,. M2,M3, ...), and all of the calculated equilibrium
states constitute the equilibrium manifold. During the whole
simulation, Φz and Φp are always kept conserved at Φz0 and Φp0

by procedures similar to those in Hu et al. (2003), i.e., the
characteristic magnetic parameters of all of the simulated
equilibrium states are the same, so that we can focus on the
influence of the mass on the rope system.
In our simulation, the quantities at the lower boundary are

fixed, such that it corresponds to the photosphere; an increment
equivalent extrapolation is used at the other boundaries (e.g.,
Zhang et al. 2020):

U U U U .b
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-

Here, U represents the quantities (e.g., ρ, v, and ψ); the
quantities at the current and the next time steps are indicated by
the superscript n and n+ 1, respectively; Ub represents the
quantities at the boundary, and Ub−1 the quantities at the
location next to the boundary. The boundary quantities at the
next time step, Ub

n 1+ , are then evaluated.

3. Simulation Results

The simulated equilibrium manifold of the flux rope system
is plotted in Figure 1(g). The evolution of the equilibrium states
versus the mass is described by the variation of the height of

2

The Astrophysical Journal, 921:172 (6pp), 2021 November 10 Zhang et al.



the rope axis, H. The black dot in Figure 1(g) corresponds to
the initial state (Figure 1(b)), starting from which we change
the mass of the rope and calculate the corresponding
equilibrium states, as plotted by the red dots. There is a critical
value of the mass, Mu= 2.96× 103 kg m−1: the flux rope
sticks to the photosphere if its total mass M is larger than Mu,
as shown in, e.g., Figure 1(c); if M decreases to Mu, however,
the flux rope jumps upward and evolves to an equilibrium state
with the flux rope suspended in the corona, as shown in
Figure 1(d). Consequently, the equilibrium manifold is
discontinuous at Mu (marked by the vertical red line in
Figure 1(g)), i.e., an upward catastrophe occurs at Mu if M
decreases to Mu, as marked by the red arrow in Figure 1(g);Mu

is the upward catastrophic point. Figure 1(c) and 1(d) illustrate
the equilibrium states right before and after the upward
catastrophe occurs, respectively; they are also marked by “c”
and “d” in Figure 1(g). We note that the resistivity in our
simulation is not very large (ηm= 10−4), so that the rope does
not escape from the corona after the upward catastrophe occurs,
but remains suspended in the corona (Figure 1(d)). If the
system is strongly diffusive (e.g., ηm= 0.1), the rope could
keep rising after the upward catastrophe occurs, resulting in a
full eruption. In addition, it can be recognized in Figure 1(g)

that H slowly increases with decreasing M before the upward
catastrophe occurs, which may correspond to the slow-rising
phase before the onset of the eruption. Our simulation result of
the upward catastrophe caused by the decreasing mass
demonstrates that mass unloading processes could initiate flux
rope eruptions. This result is consistent with the analytical
analysis in Jenkins et al. (2019). Moreover, by using the
analytical model in Jenkins et al. (2019), we can estimate the
critical height at which a loss of equilibrium should occur in
our model. The input parameters include: the mass
m=Mu= 2.96× 103 kg m−1, half of the distance between
the two photospheric polarities D= 10 Mm, and the magnetic
field strength at the photosphere BPhot= B(x= 0, y= 0)= 5.97
G. The critical height is then calculated as 17.32 Mm. In our
simulations, H of the state right before the upward catastrophe
occurs (Figure 1(c)) is 23.84 Mm. The gap between the critical
heights should result from the difference in the models: the flux
rope in our simulation has a finite radius, whereas a thin-rope
model is used in Jenkins et al. (2019).
Restarting from the equilibrium state with the rope

suspended in the corona (Figure 1(d)), we increase the total
mass of the rope and simulate the corresponding equilibrium
states, which are plotted by the blue dots in Figure 1(g).

Figure 1. Simulations of the catastrophes caused by the varing mass of the rope. Panel (a) is the magnetic configuration of the background field, and panel (b) that of
the initial state; panels (c) and (d) are the equilibrium states right before and after the upward catastrophe, and panels (e) and (f) are those for the downward
catastrophe. In panels (a)–(f), the blue lines represent the magnetic field lines; the green curves mark the boundary of the flux rope; the red color depicts the
distribution of the mass density. The dots in panel (g) plot the variation of the height of the rope axis for the simulated equilibrium states as a function of the rope mass,
and the corresponding magnetic energies of the equilibrium states are plotted by the dots in panel (h). The upward (eruptive) and the downward (confined)
catastrophes are marked by the red and blue arrows, respectively.

3

The Astrophysical Journal, 921:172 (6pp), 2021 November 10 Zhang et al.



Obviously, the flux rope does not immediately evolve back to
the state marked as “c” when we start to decrease the mass of
the rope, instead it remains suspended in the corona, as shown
in, e.g., Figure 1(e). This indicates that the upward catastrophe
is an irreversible process. As demonstrated by the blue dots in
Figure 1(g), there is another critical mass
Md= 6.81× 103 kg m−1, at which the flux rope falls down
until it reaches an equilibrium state with the rope once again
sticking to the photosphere (Figure 1(f)); the eventual magnetic
configuration is similar to that of the initial state. Therefore, a
downward catastrophe occurs if the mass of the rope increases
to Md. The equilibrium states right before and after the
downward catastrophe, which are illustrated in Figure 1(e) and
Figure 1(f), are also marked by “e” and “f” in Figure 1(g), and
the downward catastrophe is marked by the blue arrow. We
have also tried to decrease the mass from the equilibrium state
after the downward catastrophe occurs (Figure 1(f)), and
verified that the downward catastrophe is also an irreversible
process, similar to the upward catastrophe. If we decrease the
mass to the upward catastrophic point, Mu, the upward
catastrophe occurs again. Our results suggest that mass loading
processes could cause confined activities in flux rope systems
before the onset of the eruption. From Figure 1(g), we may
conclude that the equilibrium states are bifurcated into two
branches: the states with the rope sticking to the photosphere
belong to the lower branch, and those with the rope suspended
in the corona belong to the upper branch. These two branches
are separated from each other, and are only connected by the
upward and the downward catastrophes. Obviously, the upward
and the downward catastrophe should occur in flux rope
systems with different topologies: the equilibrium state right
before the upward catastrophe occurs (Figure 1(c)) is in the
lower branch, belonging to the bald patch separatrix surface
(BPSS) topology (Titov et al. 1993), whereas that for the
downward catastrophe (Figure 1(e)) is in the upper branch,
which should correspond to the hyperbolic flux tube (HFT)
topology (Titov et al. 2003). As shown in Figure 1(g), the rope
will keep rising (descending) if its total mass decreases
(increases) with time until reaching the catastrophic points in
both the upper and the lower branches. Since a faster variation
of the mass corresponds to a faster variation of the rope height,
a higher mass-loss (gain) rate should result in a larger rising
(descending) velocity of the rope. It is noteworthy that the
downward catastrophe can only exist when the magnetic
system is not too diffusive; otherwise, as explained above, the
flux rope will escape the corona after the upward catastrophe
occurs, so that the upper branch as well as the downward
catastrophe vanishes.

To roughly estimate the variation of the magnetic energy
versus the total mass of the rope, we calculate the magnetic
energy within the domain for each simulated equilibrium state,
which is plotted in Figure 1(h). Although the axial and poloidal
magnetic fluxes of the flux ropes in all of the simulated
equilibrium states are the same (Section 2), the corresponding
magnetic energies are quite different. The equilibrium states
belonging to the lower branch tend to have larger magnetic
energies than those belonging to the upper branch; the two
branches are also well separated in the parameter space
spanned by the magnetic energy and the mass. This should
be caused by the different topologies of the states in different
branches. As a result, magnetic energy is released during the
upward catastrophe, via which the flux rope system evolves

from the high-energy state (lower branch) to the low-energy
state (upper branch); by contrast, magnetic energy is stored
during the downward catastrophe. The amount of the magnetic
energy released during the upward catastrophe is of the order
E 13.64 10m

u 10= ´ J m−1, and that stored during the down-
ward catastrophe is of the order E 5.72 10m

d 10= ´ J m−1.
Moreover, to further investigate the energy budget during the
catastrophes, we also calculate the variations of the gravita-
tional energy during the catastrophes: it increases by
E 6.89 10g

u 10= ´ J m−1 during the upward catastrophe and
decreases by E 6.23 10g

u 10= ´ J m−1 during the downward
catastrophe. Comparing with Em

u and Em
d , we may infer that (1)

during the upward catastrophe, part (about 50%) of the released
magnetic energy is converted to gravitational energy, and (2)
the stored magnetic energy during the downward catastrophe
might originate from the gravitational energy in the flux rope
system. Moreover, comparing Figures 1(g) and 1(h), we may
infer that the increase of the magnetic energy as a result of the
increasing mass in the upper branch should counter the
corresponding decrease of the rope height. This result might
be useful for the analysis of, e.g., quiescent prominences.

4. Discussion and Conclusion

In this article, we investigate how the varying mass of
coronal flux ropes affects their catastrophic evolutions. Our
simulation results discover both the upward (eruptive) and the
downward (confined) catastrophes associated with the varying
mass of the rope. For the flux rope system with the rope
sticking to the photosphere, an upward catastrophe will occur if
the mass of the rope decreases to reach a critical value. During
the upward catastrophe, the flux rope jumps upward, and the
magnetic energy is released. Therefore, the upward catastrophe
should initiate the eruption of the flux rope. This result provides
a promising theoretical scenario for triggering the eruption of
coronal flux ropes in the BPSS configuration caused by mass
unloading processes. Moreover, if the total mass of a flux rope
suspended in the corona increases to reach another critical
value, a downward catastrophe will occur, during which the
flux rope falls down to the photosphere. Here, the magnetic
energy is, however, stored in the rope system. This indicates
that mass loading processes could cause confined activities of
coronal flux ropes in the HFT configuration, which may
contribute to the storage of energy before the onset of solar
eruptions. These two catastrophes appear as discontinuous
jumps in the equilibrium manifold (as marked by the arrows in
Figure 1(g)); they connect the separated upper and lower
branches of the equilibrium states of the rope system, and both
of the catastrophes are irreversible processes. We note once
more that the resistivity in our simulation is not very large; if
the magnetic system is too diffusive, the upper branch as well
as the downward catastrophe vanish, indicating that the
downward catastrophe can only exist in, e.g., quiescent regions.
As simulated in Zhang et al. (2016), increasing and

decreasing magnetic fluxes are also able to cause upward and
downward catastrophes, respectively; the magnetic energy,
however, is released during both the upward and the downward
catastrophes caused by varying magnetic fluxes. Comparing
with our simulation results, we may conclude that increasing
magnetic fluxes of a coronal flux rope should play a similar role
as the decreasing mass of the rope: they are in favor of coronal
eruptions. Nevertheless, although both decreasing magnetic
fluxes and increasing mass may cause confined activities, the
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corresponding energetics evolve quite differently: the down-
ward catastrophe caused by decreasing magnetic fluxes
provides a possible scenario for confined flares, whereas that
caused by the increasing mass corresponds to the storage
process of the magnetic energy. This implies that downward
catastrophes, regulated by different physical parameters, may
contribute to various confined activities observed in the solar
corona. Efforts are still needed to seek for observational
counterparts of these phenomena.

In this article, our analysis is mainly based on the parameter
space of the mass, rather than on the temporal evolution of the
rope. Since there are various kinds of nonlinear processes that
could change the mass of the rope, the temporal evolution of
the rope associated with these processes should reveal the
evolutionary scenario of coronal flux ropes in the actual solar
atmosphere. We will extend our model and investigate this
topic in our future studies.
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Appendix
Basic Equations and Initial Preparations

With the form in Equation (1), the MHD equations can then
be cast in a nondimensional form as:
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Here, ρ and T are the density and the temperature;
ˆ ˆ ˆv v x v y v zx y z= + + is the velocity; g is the normalized

gravity, which is a constant; η is the resistivity; γ= 5/3 is the
polytropic index; β0= 0.1 is the characteristic ratio of the gas
pressure to the magnetic pressure. The characteristic values of
the quantities are: ρ0= 3.34× 10−13 kg m−3, T0= 106 K,
ψ0= 3.73× 103Wbm−1, v0= 128.57 km s−1, t0= 77.8 s,
B0= 3.37× 10−4 T, and g0= 1.65× 103 m s−2. The numerical
domain is 0< x< 300Mm, 0< y< 300Mm; it is discretized
into 300× 150 uniform meshes. A symmetric boundary
condition is used at the left side of the domain (x= 0). The
radiation and the heat conduction in the energy equation are
neglected.
To investigate the catastrophic behaviors of coronal flux rope

systems versus the mass of the rope, we must first construct a
typical flux rope system. Here, we first use the complex
variable method (e.g., Zhang et al. 2020) to construct the
partially open bipolar background field, which can be cast in
the complex variable form
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with a= 10 Mm, b= 30 Mm, and where (y= yN= 26.3 Mm,
x= 0) is the position of the neutral point in the background
field; a neutral current sheet is located at (x= 0, y� yN). The
magnetic flux function ψ can then be obtained by:
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where ψc= 2πψ0, and that at the neutral point y= yN is:
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With the obtained ψ, and letting Bz= 0 in the background field,
the distribution of the magnetic field within the domain can be
calculated. The initial corona is isothermal and static:

( )
( ) ( )

T T t x y
t x y

0, , 1 10 K,
0, , e . A12

c

c
gy

6

0r r r
º = = ´
º = = -

Starting from the initial condition and the background
configuration, Equations (A1) to (A5) are simulated by the
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multi-step implicit scheme (Hu 1989). With similar simulating
procedures to those in Zhang et al. (2020), we let a flux rope
emerge from the lower base at a constant speed. The emergence
begins at t= 0 and ends at t= τE= 174 s, so that at time t
(0� t� τe), the emerged part of the rope is
within−xE� x� xE at the lower base, where

( )x a hE E
2 2 1 2= - and hE= a(2t/τE− 1). Thus the emergence

is achieved by adjusting the quantities at the lower base (y= 0)
within−xE� x� xE

( ) ( ) ( ) ( )t x y x y t x, , 0 , 0 , , A13i Ey y y= = = +

⎜ ⎟
⎛
⎝

⎞
⎠

( ) ( )t x
C a

a x h
,

2
ln

2
, A14E

E

E

2

2 2 2
y =

+ +

( ) ( ) ( )B t x y C a a x h, , 0 , A15z E E
2 2 2 1= = + + -

( ) ( )
( ) ( )

v t x y a v t x y

v t x y

, , 0 2 , , , 0

, , 0 0, A16
y E x

z

t= = =
= = =

( ) ( )
( )

T t x y t x y, , 0 2 10 K, , , 0

1.67 10 kg m , A17

5

12 3

r= = ´ =
= ´ - -

where CE= 3.0. With these procedures, we obtain a flux rope
system consisting of a magnetic flux rope embedded in the
background field, as shown in Figure 1(b). We note that the
emergence of the rope is merely a numerical approach to
construct a coronal flux rope system, so that the detailed
evolution during the emergence should not be related to the
physics discussed in this paper.
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