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Fig.1 The relative equilibrium heights h, = h/d (d is the distance between a quadrupole and
photosphere) of the flux rope as a function of the relative strength o of photospheric magnetic field in the
ideal MHD catastrophic model. The critical point and the point of upper equilibrium are marked by the

signal “Xx” in the figure (the basic data are taken from reference [23]).
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Fig.2 The initial distributions of the plasma density lg p and temperature lg T in the atmosphere as a
function of heights y in the simulations. The detailed distributions of low atmosphere have been showed

in the right columns.
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Fig.3 Sketch of the mesh structure used in the present work. Different colours specify different steps of
the refinement of the grid. The black mesh is of the basic level, the cyan one is of the first level, the green
one is of the second level, the red one is of the third level, the blue one is of the fourth level, and the

purple one is of the fifth level.
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Fig.4 The ratio of the numerical resistivity n, to the physical one 1 around flux rope versus time
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MR RIERRET T FER RSN 89 XA ).

Table 1 The initial configurations in the simulations, in which the referential radius
Ror = 0.15. The contents of “Region of refinement” point out the region where the

regional refinement is included.
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3 084 043 |z <0.08Lo, y < 0.27Lo
4 082 049 |z <0.08Lo, y < 0.27Lg
5 081 050 |z <0.08Lo, y < 0.27Lg
6 0804 0.618 |z|< 0.14Lo, y < 1.92Lo
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Fig.5 The evolution of the system with a relative strength of photospheric magnetic field o = 0.86 (case

2). The color shadings show the distributions of mass density, and the solid lines are magnetic field lines.

The magnetic structures and the positions of flux rope in these 4 times show that the flux rope reaches

equilibrium position soon after an ephemeral adjustment.
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Fig.6 The relative equilibrium heights h, of the flux rope as a function of the relative strength of
photospheric magnetic field with Ro, = 0.15. The solid line is deduced from the ideal MHD catastrophic
model, the final equilibrium height of the flux rope for a given o is marked by signal “+”, and the initial

configuration of the flux rope in case 6 is marked by signal “x” in the simulations.
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Fig.7 (a) A part of equilibrium lines of catastrophe model, in which Rq, = 0.025, 0.15, and 0.3,
respectively. (b) The final equilibrium heights of the flux rope in our simulations, in which Ry, = 0.025,
0.15, and 0.3, respectively. (c¢) The relative equilibrium heights h, of the flux rope as a function of the
relative strength of photospheric magnetic field when Ry, = 0.025. The dotted line is deduced from the
ideal MHD catastrophic model, and the final equilibrium heights of the flux rope in our simulations are
marked by signal “{”. (d) The relative equilibrium heights h, of the flux rope as a function of the
relative strength of photospheric magnetic field when Ro, = 0.3. The dashed line is deduced from the
ideal MHD catastrophic model, and the final equilibrium heights of the flux rope in our simulations are

marked by signal “x”.
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Fig.8 The relation between the relative strength J of current and relative radius R, of the flux rope, in
which J = I/Iy, R, = R/Ry, Iy and Ry are the current intensity and radius of the flux rope when o =1,
respectively. The signal “+” represents the cases in which the flux ropes reach the internal equilibrium in

the simulations, and the solid line represents the situation of the catastrophe model.
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Fig.9 The evolution of the system in the eruption progress (case 6). The color shadings show the
distributions of mass density, and the solid lines are magnetic field lines. The reason for the chosen times
is that the details of magnetic structure are clear, and we can see the evolutional features of global

system in these times.
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Fig.10 (a) The height h of flux rope versus time t in the eruption process (case 6), in which discrete

points denote the result of simulation, and the solid line denotes the fitting result with the parabolic

function. (b) The velocity v of flux rope versus time ¢t which is derivative from the fitting result of (a).
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Fig.11 The snapshoots of the eruption progresses at two times (case 6). The color shadings show the
distributions of temperature, and the solid lines are magnetic field lines. The chosen times are based on
Fig. 9 to compare the temperature distribution and density distribution easily. We can see that the
features of temperature distribution are clear, and the difference of temperature distribution between

these two times is obvious.
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Fig. 12 The SDO/ATA 94 A and 211 A synthetic pictures at t = 220.1 s in the eruption system (case 6),
which shows the possible structure of magnetic field and plasma that can be seen in SDO/AIA 94 A and
211 A photos. The reason for the chosen time is that the synthetic pictures in this time show a clear

three-component structure of CME.
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Fig. 13 The distribution of density, pressure, and temperature versus height around shock wave at
t = 208.8 s in case 6

A GUAE MR R HORE T H SR FR ik i T LA 2o 2% 45 2 AR AN [ I 221 1 1 RE AR A 4550
FATHW R TS ARG T SRR I IR IR SHLRE, TIW RS R GRS € N 2
fhte, WU, = (We — W) /W IR T 1E I %1t 28 58 TR TR i BE FT ok 410 46 Jol i RE 1) 71 2

55-16



58 1 U ANITAE s TR BRI A K AR BT 1R KA S 5 6 34

bE. EI145 Y TANFIS BN, XA T 2 LERE IR TR AR AL, 14 (a) 46348 PR B T IR A 4 61
I DL (24152 58 ), IX I AR 48 T O REFEAS LRI HIK; 14 (b) MR, i
HRACVF A A A RO I (SR 6415256 ), AR e TG RE T DA LSO S MU RE T R, 1 Al 7
AT LA LR R b i e ANEAT R 25, 7R BEARMHED 9 AR BN | e e 48 AE AR R AR
I, MARAR V5 A5 R AL B i AL~V 2, W RERE AL 0 FEAb T sCRE R L R, R G (I 1
SBIRIAR R AR, AE— B AR R, W RE RO At RO 2% e, e ANl
IL10%2333 . FEIXFME LT IEI14 (b)) A0 J5 A BE RO R TR RE % 12 2112 % 1) 2 2 5 [
i FIPCHE DR T RSN RE.

0.5 12

@ (b)
04 i 10
8
03¢
g S 6
= 0.2 =
4+
0.1 2
0.0 ‘ ‘ ‘ 0 ‘ ‘
0 50 100 150 200 0 100 200 300
t/s t/s

14 RGEWREHIAX AU, BEIN T 5. 18 (a) R OCERIEA AT B o = 0.86IN, BEAT T Ja s o4 % I s el 3 52
B (22 525 ) h R AL A2k 18] (b) R e 1R (B 6 2L S8 ) Fh PRI AL i k.

Fig. 14 Transformation of magnetic energy U, as a function of the scale-time, in which the panel (a)
shows the evolutional curve of the system at relative strength of photospheric magnetic field o = 0.86 in
the situation with regional mesh refinement (case 2), and the panel (b) shows the evolutional curve of the

eruption process (case 6).
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Numerical Experiments Based on the Catastrophe
Model of Solar Eruptions
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AsstracT On the basis of the catastrophe model developed by Isenberg et al., we
use the NIRVANA code to perform the magnetohydrodynamics (MHD) numerical ex-
periments to look into various behaviors of the coronal magnetic configuration that
includes a current-carrying flux rope used to model the prominence levitating in the
corona. These behaviors include the evolution in equilibrium heights of the flux rope
versus the change in the background magnetic field, the corresponding internal equi-
librium of the flux rope, dynamic properties of the flux rope after the system loses
equilibrium, as well as the impact of the referential radius on the equilibrium heights
of the flux rope. In our calculations, an empirical model of the coronal density distri-
bution given by Sittler & Guhathakurta is used, and the physical diffusion is included.
Our experiments show that the deviation of simulations in the equilibrium heights from
the theoretical results exists, but is not apparent, and the evolutionary features of the
two results are similar. If the flux rope is initially locate at the stable branch of the
theoretical equilibrium curve, the flux rope will quickly reach the equilibrium position
in the simulation after several rounds of oscillations as a result of the self-adjustment of
the system; and the flux rope lose the equilibrium if the initial location of the flux rope
is set at the critical point on the theoretical equilibrium curve. Correspondingly, the
internal equilibrium of the flux rope can be reached as well, and the deviation from the
theoretical results is somewhat apparent since the approximation of the small radius of
the flux rope is lifted in our experiments, but such deviation does not affect the glob-
al equilibrium in the system. The impact of the referential radius on the equilibrium
heights of the flux rope is consistent with the prediction of the theory. Our calculations
indicate that the motion of the flux rope after the loss of equilibrium is consistent with
which is predicted by the Lin-Forbes model and observations. Formation of the fast
mode shock ahead of the flux rope is observed in our experiments. Outward motions
of the flux rope are smooth, and magnetic energy is continuously converted into the
other types of energy because both the diffusions are considered in calculations, and
magnetic reconnection is allowed to occur successively in the current sheet behind the
flux rope.

Key words sun: coronal mass ejections (CMEs), sun: magnetic fields, magnetohydro-
dynamics (MHD), methods: numerical
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