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ABSTRACT

We report a new, plasmoid-fed scenario for the formation of an eruptive prominence (PF2), involving

reconnection and condensation. We use grid-adaptive resistive two-and-a-half-dimensional magneto-

hydrodynamic (MHD) simulations in a chromosphere-to-corona setup to resolve this plasmoid-fed

scenario. We study a pre-existing flux rope (FR) in the low corona that suddenly erupts due to catas-

trophe, which also drives a fast shock above the erupting FR. A current sheet (CS) forms underneath

the erupting FR, with chromospheric matter squeezed into it. The plasmoid instability occurs and

multiple magnetic islands appear in the CS once the Lundquist number reaches ∼ 3.5× 104. The rem-

nant chromospheric matter in the CS is then transferred to the FR by these newly formed magnetic

islands. The dense and cool mass transported by the islands accumulates in the bottom of the FR,

thereby forming a prominence during the eruption phase. More coronal plasma continuously condenses

into the prominence due to the thermal instability as the FR rises. Due to the fine structure brought

in by the PF2 process, the model naturally forms filament threads, aligned above the polarity inver-

sion line. Synthetic views at our resolution of 15km show many details that may be verified in future

high-resolution observations.

1. INTRODUCTION

Solar prominences (or filaments on the solar disk)

are one of the most intriguing structures in the solar

atmosphere. Prominence plasma is roughly 100-fold

cooler and 100-fold denser than the hot and tenuous

solar coronal plasma, embedded in a typical magnetic

field strength 3− 30 G (Leroy 1989). The dense promi-

nence plasma embedded in the coronal plasma is sup-

ported by magnetic fields. The formation mechanisms

of prominences are still puzzling. There are various

models accounting for prominence formation as reviewed

by Mackay et al. (2010), and the models include levita-

tion of chromospheric plasma (Zhao et al. 2017, 2019;

Zhao & Keppens 2020), evaporation-condensation (An-

tiochos et al. 1999; Xia et al. 2011, 2014; Xia & Kep-

pens 2016), injection (An et al. 1988; Wang 1999; Guo

et al. 2019), or more mixed models such as levitation-

condensation of purely coronal plasma (Jenkins & Kep-

pens 2021), as well as the three-dimensional prominence

formation model by reconnection-condensation as pro-
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posed by Kaneko & Yokoyama (2017) and the promi-

nence eruption model by Fan (2018).

It is well acknowledged that solar flares and associ-

ated coronal mass ejections (CMEs) are different man-

ifestations of a single physical process (Ko et al. 2003),

which is accompanied by prominence eruptions in many

cases (Martens & Kuin 1989). The multi-physics evo-

lution of flares is depicted in the observationally based

CSHKP model for solar flares (Carmichael 1964; Stur-

rock 1966; Hirayama 1974; Kopp & Pneuman 1976),

which has recently been reproduced in self-consistent nu-

merical simulations, where the magnetohydrodynamic

(MHD) evolution interacted dynamically with advanced

electron beam treatments (Ruan et al. 2020). Obser-

vations show that CMEs can exhibit a typical three-

component morphology: an inner bright core of promi-

nence material, a dark cavity, and a bright leading

front (Illing & Hundhausen 1983, 1985; Webb & Howard

2012). The progenitor of a CME is believed to involve a

magnetic flux rope (FR). The erupting FR evolves to the

CME bubble and drives a bow shock in front of it, which

may be identified as a bright leading front in observa-

tions (Lu et al. 2017). The fast-rising FR stretches the

magnetic field lines, and a current sheet (CS) is formed

underneath. In our previous studies (Zhao et al. 2017,

2019; Zhao & Keppens 2020), we followed FR formation
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and eruption, accompanied by chromospheric plasma

levitation, hence forming an erupting prominence, using

two-and-a-half-dimensional MHD simulations. In those

models, the initial linear force-free magnetic arcade was

forced to form a FR by an imposed slow motion at the

bottom boundary, converging towards the magnetic in-

version line. This brings opposite-polarity magnetic flux

to the inversion line, leading to the formation of an FR

by magnetic reconnection. The FR erupts and lifts mass

from the chromosphere to the corona, which forms an

erupting prominence in a levitation scenario.

There are various triggering mechanisms for FR erup-

tions (Chen 2011; Keppens et al. 2019). For example,

the FR eruption can be triggered by magnetic break-

out (Antiochos et al. 1999), shearing motion (Aly 1990;

Reeves et al. 2010), magnetic flux emergence (Chen &

Shibata 2000), or ideal MHD instabilities like the kink,

torus or tilt instability models (Titov & Démoulin 1999;

Török & Kliem 2005; Keppens et al. 2014). The FR can

also erupt due to loss of equilibrium through catastro-

phe, which is the triggering mechanism used in this pa-

per, when it reaches its critical point (Forbes & Isenberg

1991). The catastrophe model is analytically studied

by Lin & Forbes (2000) and numerically by Mei et al.

(2012); Ye et al. (2017, 2020, 2021); Takahashi et al.

(2017). In the catastrophe model, there is already an

FR before catastrophe, but then it suddenly forms a

large-scale CS between the flare arcade and the CME,

where magnetic reconnection takes place. This magnetic

reconnection plays an essential role during the further

eruption. However, classical two-dimensional steady re-

connection models (Dungey 1953; Sweet 1958a,b; Parker

1957, 1963; Petschek 1964) are either too slow to explain

the flare time scale ∼ 100 s, or not self-consistent in an

MHD regime because anomalous resistivity is required

in the diffusion region. Recent resistive MHD simula-

tions (Bárta et al. 2011; Ni et al. 2012; Ni & Lukin 2018)

demonstrate that a thinning Sweet-Parker CS can be un-

stable and fragment into multiple islands (or plasmoids),

presenting fractal structure (Shibata & Tanuma 2001),

once the Lundquist number exceeds a critical value of

about 4×104 (Bhattacharjee et al. 2009; Huang & Bhat-

tacharjee 2010; Shen et al. 2011; Mei et al. 2012; Zhao

et al. 2021). This yields a cascading process of the CS

from large-scale structures to small-scale structures (Mei

et al. 2012). The onset of the resulting plasmoid instabil-

ity leads to a fast reconnection rate nearly independent

of the Lundquist number. These plasmoids, carrying

magnetic flux from the reconnection sites, play an im-

portant role for magnetic flux transport. Meanwhile,

the plasmoids also transport mass and energy, and here

we point out an as yet unanticipated role of plasmoids

in the mass transport during a solar eruption: they can

actually aid in forming a prominence.

In this paper, we report on a new scenario for promi-

nence formation during eruption, namely a plasmoid-

fed prominence formation (PF2) model. In this model,

chromospheric matter is squeezed into the CS during

its formation, and the newly formed magnetic islands

in the CS carry this remnant chromospheric matter

into the FR. Further coronal plasma condenses into the

plasmoid-fed prominence as the FR rises. The paper is

organized as follows. Section 2 describes the numerical

setup. Section 3 presents the numerical simulation re-

sults, where Section 3.1 shows the global evolution of

the FR eruption. Section 3.2 illustrates the prominence

formation and eruption, which crucially involves the de-

tailed CS evolution. Section 3.3 shows the synthetic im-

ages obtained in the forward modeling. Section 4 sum-

marizes the paper.

2. THE MHD MODEL

2.1. The governing equations

To investigate the FR eruption and the accompanied

prominence formation, we solve the following set of re-

sistive MHD equations:

∂ρ

∂t
+∇ · (ρu) = 0, (1)

∂ (ρu)

∂t
+∇ ·

[
ρuu +

(
p+

B2

8π

)
I− BB

4π

]
= ρg, (2)

∂H
∂t

+∇ ·
[(
H− B2

8π
+ p

)
u +

cE×B

4π

]
= ρg · u + O · (κ · OT )−Q+ h,

(3)

∂B

∂t
+∇ · (uB−Bu) = −c∇× (ηJ), (4)

where H = [ρε + (1/2)ρu2 + B2/8π] is the total en-

ergy density, ε = p/(γρ − ρ) is the internal energy

per unit mass, γ = 5/3 is the adiabatic index, E =

[ηJ− (u×B)/c] is the electric field, η is the resistivity,

J = (c/4π)∇×B is the electric current density, Q is the

radiative loss rate, h is the background heating rate, g

is the gravitational acceleration, and c is the light speed

in vacuum. The set of MHD equations is closed by the

equation of state

p =
ρkBT

µ̄mH
, (5)

where mH is the hydrogen atom mass and the mean

molecular weight µ̄ = 1.4/2.3 for the fully ionized
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plasma with a 10 : 1 abundance of hydrogen and he-

lium. The gravitational acceleration g, the radiative

cooling term Q, and the thermal conduction are treated

in the same way as Zhao et al. (2017, 2019); Zhao

& Keppens (2020). The heating function h is chosen

to initially compensate the radiative loss exactly, i.e.,

h(x, y) = Q(ρI , TI), where ρI(x, y) and TI(x, y) are the

initial density and temperature distributions.

2.2. Numerical setups

The above equations are solved in two-and-a-half

dimension, in a dimensionless form using the MPI-

AMRVAC code (Nool & Keppens 2002; Porth et al.

2014; Xia et al. 2018; Keppens et al. 2021). To non-

dimensionalize the equations, each variable is divided by

its normalizing unit. The normalizing units are given in

Table 1, and the units for derived variables are listed

as well. The CGS-Gaussian units are used through-

out the paper. The MHD equations are numerically

solved with a finite-volume scheme setup combining

the total variation diminishing Lax-Friedrich (TVDLF)

scheme (Yee 1989; Tóth & Odstrčil 1996) with a third-

order Cada limiter (Čada & Torrilhon 2009) for recon-

struction, and a strong stability preserving Runge-Kutta

four-step, 3rd-order time integration (SSPRK4), which

is stable up to CFL of ∼ 2 (Spiteri & Ruuth 2002).

Our simulation is conducted in a two-dimensional

Cartesian simulation box covering the region

[−25L0, 25L0] × [0, 50L0] in the x-y plane, where

L0 = 109 cm is the typical length scale as listed in

Table 1. The simulation box is divided into 256 × 256

cells, which form the base computational grid. Up to 8

adaptive mesh refinement (AMR) levels are used, and

thus the finest grid size reaches 0.0015L0 = 15 km.

2.3. The initial and boundary conditions

We adopt the same initial magnetic field configuration

as in Takahashi et al. (2017), which is also provided in

Appendix for convenience. We set the parameter Mq

as 0.8Mc, with Mc the critical value below which no

FR equilibrium exists. The definitions of Mq and Mc

are given in Takahashi et al. (2017) as well as in Ap-

pendix. The parameters A0, R0, δ and H in Appendix

are set as A0 = 20 Gauss, R0 = 1.2L0, δ = 0.1L0 and

H = R0, respectively, where L0 = 109 cm is listed in

Table 1. The initial temperature distribution is chosen

in line with Zhao et al. (2017, 2019); Zhao & Keppens

(2020). The height of the chromosphere-corona transi-

tion region is set as 0.2L0 = 2 Mm initially. The chro-

mosphere with a temperature of 104 K is located below

the transition region, which is a thin layer compared

to the large size of the simulation domain. The coro-

nal temperature profile is chosen as a vertically strat-

ified profile with a constant vertical thermal conduc-

tion flux (i.e., κ∂T/∂y = 2 × 105 erg cm−2 s−1, where

κ = 10−6T 5/2 erg cm−1 s−1 K−3.5) above 0.2L0 = 2 Mm,

following Xia et al. (2012). The initial density and

pressure are then determined by assuming a hydro-

static atmosphere with a number density of 1014 cm−3

at the bottom ghost cell boundary. An FR with the

same density and temperature of the coronal plasma

pre-exists in the low corona in this setup, while, in

contrast, the initial configuration is a linear force-free

arcade in Zhao et al. (2017, 2019); Zhao & Keppens

(2020). The resistivity is set as a uniform and con-

stant parameter η = 2 × 10−5η0 = 3.2564 × 10−9 s

throughout the simulation domain, which gives a global

Lundquist number SLu ' 5 × 105 in the global length

scale ∼ 10L0 = 100 Mm. Here η0 = 1.6282 × 10−4 s is

also listed in Table 1.

The top and bottom boundaries of the simulation do-

main are handled mostly in the same manner as Zhao

et al. (2017, 2019); Zhao & Keppens (2020) while open

boundary conditions are applied to the left and right

boundaries. In contrast to that earlier work, in this

study, there is no driving velocity field, so the bottom

boundary velocity is set to zero and is thus fixed.

3. RESULTS

3.1. Global evolution

Figure 1 presents the global evolution of the ther-

mal pressure with magnetic field lines overlaid (in grey)

in the region [−15L0, 15L0] × [0, 30L0] while Figure 2

shows the density (first and second rows) and temper-

ature (third and fourth rows) evolutions in a smaller

region [−3.5L0, 3.5L0] × [0, 7L0]. The chromosphere in

Figure 1 manifests as a thick line at the bottom because

the height of the chromosphere-corona transition region

0.2L0 = 2 Mm is much smaller than 30L0 = 300 Mm,

the size of the domain to illustrate. The chromosphere

is clearly illustrated in Figure 2 where the size of the

domain shown is reduced. The parameter Mq governs

the force balance of the FR as discussed in Takahashi

et al. (2017) and in our Appendix. No equilibrium can

be found in our setup since Mq = 0.8Mc < Mc and the

FR is ejected upward immediately after the launch of the

simulation due to catastrophe. Figure 3 shows the time-

distance diagrams of mass density (top) and tempera-

ture (bottom) along the vertical line x = 0 in the height

range [0, 8L0], respectively, where L0 = 109 cm is the

typical length scale as listed in Table 1. The height of

the FR center (the O-point) is also plotted over time in

Figure 3. The kinematic evolution of the FR is divided

into three phases. The FR first goes through an initial
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Table 1. Normalization Units.

Symbol Quantity Unit Value

x, y, z Length L0 109 cm

T Temperature T0 1.0× 106 K

n Number density n0 1.0× 109 cm−3

ρ Mass density ρ0 = 1.4n0mH 2.3417× 10−15 g · cm−3

p Pressure p0 = (ρ0kBT0)/(µwmH) 0.3175 Ba

H Energy density p0 0.3175 erg · cm−3

B Magnetic induction B0 =
√

4πp0 1.9976 Gauss

u Velocity v0 = B0/
√

4πρ0 1.1645× 107 cm · s−1

t Time t0 = L0/v0 85.8746 s

η Resistivity η0 = (4πL2
0)/(c2t0) 1.6282× 10−4 s

E Electric field (B0L0)/(t0c) 7.759× 10−4 statvolt/cm

J Current density (B0c)/(4πL0) 4.7689 statamp/cm2

acceleration due to the non-equilibrium initial setup un-

til t ∼ 40 s, which is indicated by the first vertical line

in Figure 3. Then the FR rises at a constant speed of

∼ 107 cm · s−1 in the interval 40 s ≤ t ≤ 260 s (the re-

gion between the two vertical lines in Figure 3). The

speed of the FR rise then increases from 107 cm · s−1
to ∼ 3 × 107 cm · s−1 after t ∼ 260 s as indicated by

the second vertical line in Figure 3. The kinematic evo-

lution of the FR is significantly different from what is

described in Zhao et al. (2017, 2019); Zhao & Keppens

(2020), where the FR is formed and then undergoes a

series of quasi-static equilibrium states in the initiation

phase, followed by an impulsive acceleration. This dif-

ference is attributed to the different initial setups: the

non-equilibrium initial setup in the current study im-

poses an initial acceleration to a pre-existing FR, while

when an FR is formed due to converging motion, we get

a quasi-static process where force balance is almost pre-

served in the CME initiation. In both cases though, a

CS is formed underneath the FR. Below the reconnect-

ing CS, flare loops are formed as a result of reconnec-

tion, which is consistent with the standard solar eruption

model. As the reconnection continues, the flare loop sys-

tem expands and its two foot-points separate. This flare

foot-points separation was also reported in observations

like Qiu et al. (2002) and the fully self-consistent MHD-

beam flare model by Ruan et al. (2020). The fast-rising

FR drives the formation of a fast-mode shock straddling

over it, as shown in Figure 1 and 2. These structures

expand outward continuously as the FR rises.

We now turn attention to the prominence formation

and eruption aspects in the following sections.

3.2. CS evolution and prominence formation

The evolution of the mass density (first and second

rows) and temperature (third and fourth rows) of the

CS region is shown in Figure 2 with magnetic field lines

overlaid (grey). As the FR rises, the surrounding plasma

with frozen-in field lines is driven inward underneath

the FR and a CS is formed, where reconnection is then

triggered. The CS formation is illustrated in details in

Figure 4. The bottom of the FR is buried in the chromo-

sphere at t = 0 s as shown in Figure 4. The FR is ejected

upward due to catastrophe as a result of the initial non-

equilibrium setup. At t = 17.2 s, the matter from the

low corona is lifted up as the FR rises while the heavy

chromospheric matter tries to stay in situ and deforms

the bottom of the FR. As the top of the FR rises, the

deformation of the bottom of the FR strengthens and

leads to the formation of a CS at t = 20.6 s. Some chro-

mospheric matter is squeezed into the CS and is lifted

by the concave-upward magnetic field lines that apply

an upward Lorentz force on the chromospheric matter.

The details and consequences of lifting chromospheric

matter into the CS is here simulated: it can occur as

long as the bottom of an erupting FR is partially buried

in the chromosphere. We note that FR eruption driven

by photospheric converging motions could also lift chro-

mospheric plasma up to the CS height (Zhao et al. 2017,

2019; Zhao & Keppens 2020). A previous MHD simu-

lation of flux emergence causing eruption (Manchester

et al. 2004) presented the similar magnetic evolution and

the CS formation. In their simulation, the upper part

of the FR emerged into the corona, while the lower part

of the FR remained in the chromosphere/photosphere.

As the upper part of the FR expanded in the corona

(by shearing motion), the upper part and the lower part

were gradually separated, forming the CS and new O-

points. The CS underneath the FR extends in length

and is thinning as the eruption proceeds as shown in the

snapshot at t = 25.8 s. Once the Lundquist number of

the CS exceeds a critical value SLu ' 104 (Bhattachar-
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Figure 1. Thermal pressure evolution with magnetic field lines overlaid (in grey).

jee et al. 2009; Huang & Bhattacharjee 2010; Shen et al.

2011; Mei et al. 2012; Zhao et al. 2021), the plasmoid-

mediated fast reconnection starts, accompanied by the

appearance of multiple magnetic islands in the CS as

shown, e.g., in the snapshot at 171.7 s in Figure 2. The

time-distance diagrams of mass density (top) and tem-

perature (bottom) along the line x = 0 are shown in Fig-

ure 3, where the CS evolution is also illustrated. In our

simulation, the plasmoid instability starts at t ∼ 40 s,

which is marked by the first vertical line in Figure 3,

with a Lundquist number SLu ' 3.5×104 of the CS. As

discussed in Section 3.1, the FR first goes through an

initial acceleration before t ∼ 40 s, which coincides with

the instant when the plasmoid instability starts. Be-

fore this plasmoid instability starts, some cool and dense

chromospheric material has been squeezed into the CS,

which is seen in earlier snapshots, e.g. at t = 34.3 s in

Figure 2 and snapshots in Figures 4. The CS regions at

t = 34.3 s in Figure 2 are shown in a further zoomed-in

view in Figures 4 and 5. As also shown in Figure 3,

the CS is dense and cool before this time. The cool

and dense mass in the CS is torn apart into the mag-

netic islands after the plasmoid instability starts. The

newborn islands move upward and merge with the FR,

carrying the cool and dense mass blobs into the FR. The

trajectories of these islands with cool and dense matter

are clearly seen in Figure 3 between the first and second

vertical lines, during which the FR rises at a constant

speed of ∼ 107 cm · s−1.



6

Figure 2. The evolution of mass density (first and second rows) and temperature (third and fourth rows) with magnetic field
lines overlaid (in grey).

The magnetic islands thus play a role of mass carriers

of the chromospheric matter to the corona. This process

is illustrated in Figure 6 in more details, where mass den-

sity (top) and temperature (bottom) in the CS region

is plotted with magnetic field lines overlaid (in black).

The arrows in Figure 6 indicate island A, which is a

typical example to demonstrate how a magnetic island

lifts the cool and dense remnant chromospheric matter

in the CS into the FR. At t = 90.2 s, island A, located

in-between two adjacent islands, moves upward in the

CS carrying dense and cool mass in it. At t = 103.2 s,

island A is reconnecting and coalescing with the FR.

At t = 112.5 s, island A is fully merged into the FR

with its mass remaining at the bottom of the FR. As

the plasmoid-mediated fast reconnection proceeds, more

magnetic islands are produced and the coalescence of the

islands with the FR repeats. The new-born magnetic is-

lands successively push remnant chromospheric matter

in the CS into the FR. These mass pieces are accumu-

lated in the bottom of the FR, leading to the formation



7

Figure 3. Time-distance diagrams of mass density (top) and temperature (bottom) along the line x = 0 in the height range
y ∈ [0, 8L0], where L0 = 109 cm is the typical length scale as listed in Table 1. The height of the FR center (black curve) and
the prominence are indicated by arrows. The vertical solid lines indicate the instants t = 40 s and t = 260 s, where the speed of
the FR (center) changes.
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Figure 4. The evolution of mass density with magnetic field lines overlaid (in grey), illustrating the CS formation.

Figure 5. The zoomed view of the CS region at t = 34.3 s with magnetic field lines overlaid (black).

of dynamic blobs and threads. Hence we get a plasmoid-

fed prominence formation or PF2 process. After the sec-

ond vertical line in Figure 3, the temperature and den-

sity of the islands become closer to coronal values, and

the PF2 process stops. Most of the islands with cool

and dense mass between the first and second vertical

lines move upward, while we find almost equal fractions

of downward-moving and upward-moving islands con-

sisting of hot and tenuous matter after the second verti-

cal line, which is consistent with the findings in Zhao &

Keppens (2020). The reason why most islands with cool

and dense mass move upward can be seen from Figure 4,

e.g., at t = 17.2 s. The bottom of the FR is deformed by

the heavy cool and dense chromospheric matter and the

magnetic field lines are concave-upward. The curvature

of the concave-upward magnetic field lines increases as
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Figure 6. The evolution of mass density (top) and temperature (bottom) in the CS region with magnetic field lines overlaid
(in black), illustrating the motion of magnetic islands that carry mass from the chromosphere to the FR.

the deformation strengthens, and meanwhile the Lorentz

force increases. The Lorentz force acting upon the cool

and dense matter in the newly formed CS is directed

upward. The Lorentz force gives an initial upward ac-

celeration to the cool and dense matter, and thus most

islands with cool and dense matter move upward. After

the cool and dense matter move away from the CS, the

magnetic field lines do not have to be concave-upward

and islands consisting of hot and tenuous matter formed

later move both upward and downward.

Before the plasmoid instability starts, some dense and

hot material from the low corona has already been in-

jected into the FR by the reconnection outflow and ac-

cumulated at the bottom of the FR, as shown, e.g.,
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Figure 7. The time profiles of the mass of the matter that is
dense and cool (ρ > 2× 10−15 g · cm−3 and T < 3× 105 K),
and dense and hot (ρ > 2 × 10−15 g · cm−3 and T > 3 ×
105 K) are plotted in red and green, respectively. The black
dashed curve represents the mass of the dense matter at any
temperature, i.e., the summation of the red and green curves.

in the snapshots at 34.3 s in Figure 5. This hot and

dense material cools down and condenses into the newly

formed prominence as the FR rises. To illustrate the

entire condensation process, we plot the time profiles

of the mass of the matter that is dense and cool (ρ >

2× 10−15 g · cm−3 and T < 3× 105 K) in red, and dense

and hot (ρ > 2 × 10−15 g · cm−3 and T > 3 × 105 K) in

green, respectively, in Figure 7. The black dashed curve

represents the mass of the dense matter at any temper-

ature, i.e., the summation of the red and green curves.

Only the matter located above a height of L0 = 109 cm is

counted, since dense matter below L0 = 109 cm is con-
sidered to be more closely linked to the chromosphere

rather than the prominence. Figure 8 shows the den-

sity (top) and temperature (bottom) at t = 68.7 s and

t = 214.7 s, respectively. To illustrate the dynamically

evolving regions selected to calculate the mass evolu-

tion in Figure 7, we plot black contours in Figure 8

to mark the iso-density lines (ρ = 2 × 10−15 g · cm−3)

and red contours to represent the iso-temperature lines

(T = 3 × 105 K). The white lines represent the height

L0 = 109 cm. The regions above the white line and en-

circled by the black contours are selected to calculate

the mass of the dense matter in Figure 7. The inter-

sections of the regions encircled by the red and black

contours and located above the white line constitute

the dense and cool matter. Due to the two-and-a-half-

dimensional setup, our system is translationally invari-

ant in the z-direction. Therefore, to calculate the to-

tal prominence mass by an (x, y)-masked, 3D integral∫
mask

ρ(x, y, t)dxdydz, we artificially take the ignored z-

direction as [0, L0], i.e., the prominence is supposed to

have a length of L0 = 109 cm. The red cool-and-dense

curve starts to increase from t ∼ 50 s, 10 s after the

plasmoid instability starts, which indicates that some

dense and cool chromospheric matter is lifted above

L0 = 109 cm by the magnetic islands. The green curve

starts to increase from an earlier instant of time t ∼ 20 s

because the dense and hot matter exists in a higher re-

gion than the chromospheric matter and is thus lifted

above the height L0 = 109 cm by the FR at an ear-

lier time. The green curve decreases from t ∼ 68.7 s, a

few seconds after the red curve increases, which marks

the beginning of the condensation. The dense and cool

matter accumulated at the bottom of the FR is about

4×1011 g when the condensation begins. The dense and

cool matter perturbs the density and temperature dis-

tributions, triggering thermal instabilities. The hot and

dense matter at the bottom of the FR continuously con-

denses into the newly formed prominence. The conden-

sation process is more vividly depicted in Figure 8. The

dense matter encircled by the black contours in an ear-

lier instant t = 68.7 s is clearly much larger than the re-

gion encircled by the red contours (i.e., the prominence).

The black contours gradually contract and finally over-

lay with the red contours that encircle the cool matter

in the later instant t = 214.7 s. Meanwhile, the area

encircled by the red contours also grows from t = 68.7 s

to t = 214.7 s. This corresponds in Figure 7 to the black

curve being much higher than the red curve at t = 68.7 s,

but the two curves almost overlay with each other at

t = 214.7 s, and the red curve rises from t = 68.7 s to

t = 214.7 s. The condensation mainly occurs in the bot-

tom of the FR and lasts from t ∼ 68.7 s to t ∼ 150 s,

which falls into the time interval between the two ver-

tical lines in Figure 7 that mark the beginning and end

of the second phase of the FR eruption. Afterwards,

the mass of the dense and hot matter (green curve) is

ignorable and the red and black curves almost overlay

with each other. Before the condensation starts from

t ∼ 68.7 s, the prominence (the dense and cool matter)

formation is driven purely by the newly discovered PF2

process. The mass of the prominence at t ∼ 68.7 s is

∼ 3 × 1011 g. After the condensation, the mass of the

prominence reaches ∼ 4× 1012 g at t ∼ 150 s. Although,

the PF2 process lasts until t ∼ 260 s, the prominence

mass keeps almost constant ∼ 4× 1012 g after t ∼ 150 s

because only very few islands carry cool and dense mat-

ter to the FR and the mass gained from the PF2 process

after t ∼ 150 s is only∼ 1×1011 g. The total mass gained

from the condensation process is ∼ 2 × 1012 g, which is
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seen from the peak of the green curve, while the other

half of the mass ∼ 2×1012 g is from the PF2 process. In

early literature, Kuperus & Tandberg-Hanssen (1967)

also suggested that condensation might take place in

the CS and plasmoids formed by resistive instabilities

would cause a filamentary thread structure in the form-

ing prominence, as generally observed. However, their

(cartoon) model is an in-situ condensation model for qui-

escent prominences, where the prominence mass comes

from the corona by condensation. The mass transfer

from the chromosphere to the corona by plasmoids, i.e.,

the PF2 process is a new ingredient to explain eruptive

prominence formations in our work.

3.3. Forward modeling

To compare our numerical results with observations,

synthesized extreme ultraviolet (EUV) radiations of the

seven channels of SDO/AIA, i.e., 94Å, 131Å, 171Å,

193Å, 211Å, 304Å, and 335Å, are calculated based on

the temperature and density obtained from the MHD

simulation by forward modeling analysis. The main task

of the forward modeling analysis is to calculate the radi-

ation intensity Iλ by solving the radiative transfer equa-

tion (Rybicki & Lightman 1986; Zhao et al. 2019):

Iλ(τλ) = Iλ(0) exp(−τλ)+

∫ τλ

0

exp[−(τλ−τ ′λ)]Sλ(τ ′λ)dτ ′λ,

(6)

where Sλ is the source function and τλ is the optical

depth. To calculate the radiation in the x-y plane, the

line-of-sight integral in the radiative transfer equation is

taken along the z-axis in the interval [−5L0, 5L0], along

which the source function Sλ is constant because the

system is translationally invariant due to the two-and-a-

half-dimensional setup, while, in the x-z and z-y planes,

i.e., the top and side views, the line-of-sight integrals are

taken in the y- and x-directions in the intervals [0, 7L0]

and [−5L0, 5L0], respectively, where the source function

Sλ is not a constant anymore. Here L0 = 109 cm is the

typical length scale as listed in Table 1. The background

radiation Iλ(0) is taken as 1% of the highest radiation

value. The main technical details of our forward model-

ing analysis are fully described in Zhao et al. (2019).

Synthetic EUV images at 406.5 s of the seven chan-

nels of SDO/AIA, in the (x, y) view are plotted in the

top panels in Figure 9. The plasmoids are visible in the

171Å, 211Å, 304Å, and 335Å channels, and are espe-

cially apparent in the 171Å channel, which are easily

identified as bright blobs. The flare loops appear bright

in the 171Å, 211Å, and 304Å channels. We can also

identify fibril-like thread structure of the prominence in

all the seven channels.

The synthetic EUV 304Å images in the x-z and z-y

planes, i.e., the top and side views, at the same time

are also calculated and shown in the bottom-left and

bottom-right panels of Figure 9, respectively. The bright

flare arcade and the filament threads are clearly visible

in the top and side views, as indicated by the arrows.

Due to the translational invariance along the z-direction

in our two-and-a-half-dimensional setup, all the fila-

ment threads are exactly oriented along the z-direction,

and manifest themselves as elongated fibrils above the

underlying polarity inversion line. In the recent two-

dimensional simulations of an arcade-supported promi-

nence in Zhou et al. (2020), some filament threads are

found to be misaligned with the local magnetic field by

∼ 2◦.

4. SUMMARY AND CONCLUSION

In this study, we demonstrate prominence formation

during the FR eruption process, in a chromosphere-

transition region-corona setup with gravity, resistivity,

thermal conduction, coronal background heating, and

optically-thin radiative cooling effects included. The

initial setup gives a global Lundquist number SLu '
5 × 105. By using grid-adaptivity, our simulation cov-

ers a wide range of scales, from the large-scale CME

kinematics to the meso-scale magnetic island dynamics.

In contrast with our previous levitation model, an FR

pre-exists in the lower corona in this model. This pre-

existing FR erupts due to catastrophe, with a CS formed

underneath. The erupting FR drives the formation of

a fast-mode shock in front of it. Some chromospheric

matter is squeezed into the CS during the sheet forma-

tion. The plasmoid instability occurs in the CS when

the Lundquist number of the CS reaches ∼ 3.5 × 104.

These plasmoids take remnant chromospheric matter

from the CS into the FR, leading to the formation of

a prominence by a new plasmoid-fed prominence forma-

tion or PF2 process. Moreover, hot and dense plasma

levitated from the low corona by the FR condenses into

the prominence as the FR rises. Our model naturally

produces fragmented mass threads, rather than a verti-

cal“sheet-like”prominence arising in the evaporation-

condensation model of Xia et al. (2011). Synthetic EUV

images of the seven channels of SDO/AIA, i.e., 94Å,

131Å, 171Å, 193Å, 211Å, 304Å, and 335Å are repro-

duced by forward modeling analysis, and the fragmented

mass threads are clearly seen in EUV images. Our simu-

lation also captures many details relevant to a complete

understanding of FR/prominence eruptions. This study

can thus act as a starting point for future studies of 2.5

or 3D CME dynamics. We can e.g. study particle ac-
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Figure 8. Density (top) and temperature (bottom) at t = 68.7 s and t = 214.7 s, respectively, with magnetic field lines overlaid
(in grey). The black contours mark the iso-density lines (ρ = 2×10−15 g · cm−3) and red contours represent the iso-temperature
lines (T = 3× 105 K). The white lines represent the height L0 = 109 cm.

celeration aspects in the fast-mode shock in front of the

CME and in the CS underneath.

APPENDIX

A two-and-a-half-dimensional magnetic field B(x, y) can be represented as B = ∇× (Aez) +Bzez, where A(x, y) is

the magnetic flux function. We adopt a magnetic field such that the magnetic flux function A(x, y) can be expressed

as the sum of three contributions as follows:

A(x, y) = AFR(x, y) +AIm(x, y) +Aq(x, y), (1)
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Figure 9. The upper panels show the synthesized SDO/AIA 94Å, 131Å, 171Å, 193Å, 211Å, 304Å, and 335Å images in the
x-y plane at 406.5 s. The bottom-left panel shows the synthesized SDO/AIA 304Å image in the x-z plane viewed from the top
and the image in the z-y plane viewed from the side is shown in the bottom-right panel.

where AFR is the magnetic flux by the FR current in the corona, AIm is the magnetic flux by the image current of the

FR beneath the photosphere, and Aq is the magnetic flux of a magnetic quadrupole.

The magnetic flux AFR by the FR current in the corona is defined as follows

AFR =


A0R0

[(
r1
R0

)2

− 1

4

(
r1
R0

)4

− 3

2

]
, r1 < R0

−A0R0

[
3

4
− ln

(
r1
R0

)]
, r1 ≥ R0

, (2)

where R0 is the radius of the flux rope and A0 specifies the magnetic field strength. Here r1 is the distance from any

point (x, y) in the upper x-y plane to the FR centre at (0, H + 2δ), so r1(x, y) is defined as

r1 =
√
x2 + [y − (H + 2δ)]2, (3)

where (H + 2δ) is the height of the centre of the FR, and δ is a small parameter to adjust the height of the FR.

The magnetic flux AIm by the image current of the FR beneath the photosphere is

AIm = −A0R0 ln

(
r2
R0

)
, (4)

where the distance r2 from any point (x, y) to the centre of the image FR at (0,−H + 2δ) beneath the photosphere is

r2 =
√
x2 + [y − (−H + 2δ)]2. (5)
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The magnetic flux of the magnetic quadrupole buried at the depth yd = −D + 2δ is

Aq =
A0R0D

2Mq

2r43
[x2 − (y +D − 2δ)2]. (6)

Here r3 =
√
x2 + [y − (−D + 2δ)]2, D = 2H, and Mq is a parameter controlling the force balance of the FR. When

Mq = 27/8, the FR is in an equilibrium state. When Mq is smaller than the critical value Mc = 27/8, no equilibrium

can be found in this case and the FR will be ejected upward due to loss of equilibrium (Takahashi et al. 2017).

Finally, the in-plane z-component of the magnetic field Bz(x, y) is given by

Bz =


A0

√√√√2

3

[
5− 12

(
r1
R0

)2

+ 9

(
r1
R0

)4

− 2

(
r1
R0

)6
]
, r1 < R0 ,

0, r1 ≥ R0 .

. (7)
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