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Abstract

A number of solar filaments/prominences demonstrate failed eruptions, when a filament at first suddenly starts to ascend and then deceler-
ates and stops at some greater height in the corona. The mechanism of the termination of eruptions is not clear yet. One of the confining
forces able to stop the eruption is the gravity force. Using a simple model of a partial current-carrying torus loop anchored to the pho-
tosphere and photospheric magnetic field measurements as the boundary condition for the potential magnetic field extrapolation into
the corona, we estimated masses of 15 eruptive filaments. The values of the filament mass show rather wide distribution in the range of
4 % 10%°-270 x 10'® g. Masses of the most of filaments, laying in the middle of the range, are in accordance with estimations made earlier

on the basis of spectroscopic and white-light observations.

Keywords: Sun: activity — Sun: filaments - prominences — Sun: magnetic fields

(Received 19 January 2021; revised 28 February 2021; accepted 5 March 2021)

1. Introduction

Early models of prominence support were aimed at the search of
an agent able to withstand the gravity force high in the corona. It
was magnetic field that was considered as most suitable to resolve
this problem (Menzel 1951; Kippenhahn & Schliiter 1957; Kuperus
& Raadu 1974). Later, there were found magnetic configurations
that can provide equilibrium of coronal structures without tak-
ing into account their weight, and that this equilibrium can be
suddenly lost leading to eruption (van Tend & Kuperus 1978;
Molodenskii & Filippov 1987; Priest & Forbes 1990; Forbes &
Isenberg 1991; Lin et al. 1998; Schmieder, Démoulin, & Aulanier
2013). On the other hand, resent researches showed that mass
may be able to influence the local and global properties of coro-
nal magnetic configuration (Low et al. 2003; Petrie, Blokland, &
Keppens 2007; Seaton et al. 2011; Gunar et al. 2013; Bi et al. 2014;
Reva et al. 2017; Jenkins et al. 2018; Tsap, Filippov, & Kopylova
2019). Therefore, estimation of prominence mass and its role in
equilibrium and initiation of an eruption is significant for theory,
modelling, and prediction of eruptive events on the Sun.

There are several methods of measuring prominence mass.
Mass estimation using typical prominence neutral hydrogen den-
sity and geometrical dimensions gives the total prominence
mass M in the range 5 x 10!2-10'° g (Labrosse et al. 2010).
Measurements of continuum absorption observed in EUV yield
total mass values ranging from 10' to 2 x 10" g (Heinzel et al.
2003; Gilbert et al. 2006, 2011). Carlyle (2016) estimated the mass
of the intermediate filament before an eruption on 2015 March
15 as 2.4 x 10" g. Prominence mass can be calculated on the
base of cloud models by comparing observations with the results
of non-LTE magneto-hydrostatic models. This method gives val-
ues in the range 2 x 10"°-6 x 10"° g (Koutchmy et al. 2008;
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Grechnev et al. 2014). White-light coronagraph observations are
used to calculate the contribution of erupting prominences to the
mass of coronal mass ejections (CMEs). Athay & Illing (1986) took
into account both white-light and Ho emissions and obtained a
mass of 10'® g for the eruptive prominence on 1980 August 18.
Some authors reported even greater values of eruptive promi-
nence masses. Rusin & Rybansky (1982) estimated the mass of the
quiescent prominence before the eruption on 1980 August 18 as
2.5 x 10'¢ g. Gopalswamy & Hanaoka (1998) determined the mass
of the quiescent prominence, which erupted on 1994 April 4, as
6 x 10'® g. It should be noted that all evaluations of prominence
masses strongly depend on several poorly known parameters such
as ionisation degree, filling factor, optical thickness, chemical com-
position, etc. These uncertainties together with difficulties in the
interpretation of the prominence spectrum permit only order of
magnitude estimates to be made.

Different approach to estimate the prominence mass used
Low et al. (2003). They treated solar quiescent prominences as a
thin plasma sheet suspended in an axisymmetric, hydromagnetic
atmosphere. They suggested that the magnetic energy needed for
driving CME:s is stored prior to an eruption in a magnetic flux rope
held in equilibrium by the weight of a quiescent prominence. For
coronal fields of 5-10 G, hydromagnetic solutions suggest that a
prominence mass of 10'-26 x 10'¢ g is needed to hold detached
magnetic fields of intensity comparable to the coronal fields.

In this paper, we estimate mass of prominences experiencing
failed eruptions with the help of a model of a partial current-
carrying torus loop anchored to the photosphere. We suppose that
in most considered cases, the gravity force plays a major role in
the confinement of the eruptions. However, there are examples
showing other reasons for the termination of eruptions.

2. Observational data

We selected a number of confined filament eruptions from
the ATA Filament Eruption Catalog (http://aia.cfa.harvard.edu/
filament/) (McCauley et al. 2015) observed by the Atmospheric
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Imaging Assembly [AIA: (Lemen et al. 2012)] onboard the Solar
Dynamics Observatory [SDO: (Pesnell, Thompson, & Chamberlin
2012)]. Since eruptive events are more frequent at solar maximum,
most events belong to the maximum phase.

It is evident that the necessary condition is the absence of the
associated CME. The need to measure the final height of the fila-
ment above the photosphere prescribed the selection of the events
that were not too close to the centre of the solar disc; however,
in some cases, the calculation of the neutral surface can be helpful
for the estimation of height (Filippov 2016). Events located close to
the east limb were not suitable because the initial filament position
relative photospheric magnetic fields would be difficult to deter-
mine. We selected 15 events observed during the period from May
2013 to July 2014 and studied in a paper by Filippov (2020b) (here-
after, referred as Paper I). For comparison, we also consider several
successful eruptions.

Ho filtergrams from the Big Bear Solar Observatory, the
Kanzelhohe Solar Observatory, the Udaipur Solar Observatory,
and the National Solar Observatory (NSO)/Global Oscillation
Network Group (GONG) were used in addition to the AIA data.
Observation in EUV with the Sun Earth Connection Coronal
and Heliospheric Investigation (SECCHI) Extreme Ultraviolet
Imager [EUVI: (Wuelser et al. 2004; Howard et al. 2008)] onboard
the Solar Terrestrial Relations Observatory (STEREO) allowed the
measurements of the final eruptive prominence height and in
some cases its initial height before the eruption if a filament
was close to the limb for one of the STEREO spacecraft. For the
potential magnetic field calculations, magnetograms taken by the
Heliospheric and Magnetic Imager [HMI: (Schou et al. 2012)]
onboard the SDO were used as the boundary conditions.

3. Prominence mass estimation method

In Paper I, a simple model for the flux rope equilibrium was anal-
ysed in which the flux rope was considered as a section of a torus
with its ends embedded in the photosphere, which keeps its partly
circular shape during all evolution and remains in the vertical
plane that pass through the ends. Similar models were proposed by
Chen (1989), Cargill, Chen, & Garren (1994), Isenberg & Forbes
(2007), Olmedo & Zhang (2010), and some other authors. The
equilibrium of the flux rope is determined by the balance of forces
acting on the flux rope:

F=Fp+ F;+ Fp+ F, =0. (1)

The first term is the radial self-force per unit length acting on the
circular flux rope (Shafranov 1966):

Foe £ (18R 3 4k )
=—|In——=-+-].
K™ @R roo2 2

where I is the toroidal electric current, R is the major radius of
the torus, r is the minor radius of the torus, and [; is the inter-
nal inductance per unit length. The equilibrium along the minor
radius of the torus r is taken into account in Equation (2), which
suggests the force-free internal magnetic field structure. We chose
thereafter I; = 1, which corresponds to the linear force-free inter-
nal magnetic structure (Lundquist 1951; Lin et al. 1998; Isenberg
& Forbes 2007). The major radius of the torus R depends of the
height of the flux rope apex h and the half-footpoint separation a:

2 h2
R=21"
2h
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The self-force (2) vanishes at low heights, since the axis cur-
vature becomes large, and a nearly straight electric current does
not influence itself. On the other hand, a low-height flux rope is
under the strong influence of the diamagnetic photosphere cre-
ating the upward force usually modelled by acting of the mirror
current (Kuperus & Raadu 1974):

12
T

Both Fr and F; are directed upwards, and the flux rope is held by
the external constraining poloidal magnetic field B,:
1B,

FBzi’ (5)
c

F; (4)

and the gravity force:

2
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where m is the mass of the filament per unit length and g is the
free-fall acceleration at the level of the photosphere (at the distance
of Ry from the centre of the Sun).

The internal linear force-free field structure and the conserva-
tion of the toroidal flux within the flux rope lead to the dependence
of the flux rope radius r on the current I (Lin et al. 1998):

Ip
r=r_ ?)
while changes of the electric current I during flux rope evolution
in the corona are determined by the conservation of the poloidal
magnetic flux between the photosphere and the flux rope:

1
O, =+ O;=-L, + /Beds = const, (8)
¢ S
where S is the area between the photosphere and the flux rope
and L is the self-inductance of the torus fraction above the photo-
sphere. The self-inductance of a thin circular flux rope is defined
as (Landau & Lifshits 1984):
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The value of the flux ®; can be calculated numerically:
I z
O, = / / B.dxdz, (12)

-1 z

where x is the horizontal coordinate along the line connecting
the footpoints with the origin halfway between them and z is the
vertical coordinate with the origin at the photosphere:
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Figure 1. He filtergrams showing the failed filament eruption on 2014 March 20. (Courtesy of the Udaipur Solar Observatory.)
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It was found in Paper I that for typical dependence of the exter-
nal magnetic field B, on height A, the constraining force Fy cannot
balance the upward forces Fr + F; at a greater height after a catas-
trophic loss of equilibrium. The gravity force F, is significant for
the termination of ascending motion in the model. However, the
external field was modelled in Paper I by the field of two 2D hor-
izontal dipoles located at different depths below the photosphere.
Now, we calculate the mass of a filament needed to stop erup-
tions in real events using real distribution of the external field in
the corona in potential approximation based on the photospheric
magnetic field measurements. We assume that a flux rope is ini-
tially in stable equilibrium and then experiences a catastrophic loss
of equilibrium at the height .. After a failed eruption, it stops at
the height h,,. Therefore, three equations:

F(h)) =0,
e 16
dnj, (16)
F(h,) =0
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should be solved numerically to find three unknown values h,, I,
and m. In so doing, changes of the electric current with height
according to Equation (8) should be taken into account.

4, Example of the failed filament eruption on 2014 March 20

Failed filament eruption happened on 2014 March 20 not far from
the centre of the solar disc (Figure 1). Coordinates of the middle of
the filament were N23 and W21; therefore the line-of-sight com-
ponent of the photospheric magnetic field rather well represents
the radial magnetic field needed for potential field calculation. The
eruption terminated in about 50 min after beginning. Suggesting
the filament rose in nearly radial direction, the final height was
about 200 Mm.

As usual, we cut a rectangular area around the filament from a
full-disc magnetogram and transform it into the array with pixels
of equal area. We use the modified arrays as the boundary condi-
tions for solving the Neumann external boundary value problem
[see (Filippov 2013) and references therein]. Figure 2(a) presents
a fragment of the SDO/HMI magnetogram around the filament
on 2014 March 20 at 06:20 UT with superposed polarity inver-
sion lines (PILs) at the height of 6 Mm (thick red lines) and at
16 and 30 Mm (blue lines) taking into account the projection
shift. In Figure 2(b), the same PILs are superposed on the Ha
filtergram taken at the Udaipur Solar Observatory showing the fil-
ament just before the eruption. The height at which the PIL is the
nearest one to the filament spine can be considered as the esti-
mate of the height of the filament top (Filippov 2016). Calculation
of PILs at greater heights shows that in the top view the PILs
become arranged one above the other, or the neutral surface is
nearly radial. This fact permits to suppose that the eruptive fila-
ment also moves in the radial direction and for the estimation of its
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Figure 2. Fragment of the SDO/HMI magnetogram around the filament on 2014 March 20 at 06:20 UT with superposed PILs at the height of 6 Mm (thick red lines) and at 16 and 30
Mm (blue lines) (a); the same PILs superposed on the He filtergram (b). Blue dots show the points above which the potential magnetic field was calculated. Blue circles indicate
the endpoints of the filament and corresponding flux rope. (Courtesy of the NASA/ SDO HMI science team and the Udaipur Solar Observatory.)

final height from the horizontal displacement, only the spherical
projection effect should be taken into account.

The ends of the filament marked by the blue circles determine
the flux rope footpoint separation 2a =120 Mm. We draw a line
through these two points and calculate the horizontal potential
magnetic field B, perpendicular to the vertical plane that passes
through this line at different heights. Actually, we calculate the
vertical distribution of B, above 19 points equally spread along the
line within the interval of 4a, thus covering the distance of a away
from either footpoint. Then, values of B, in any point of the ver-
tical plane passing through the line are found by interpolation or
extrapolation. We assume that the erupting flux rope remains in
the vertical plane all the time.

Figure 3 shows the vertical profiles of the parameters of the
potential magnetic field averaged over the interval of a around
the central point. The magnetic decay index n defined as usual
(Bateman 1978; Filippov & Den 2000, 2001; Kliem & Toérok
2006):

d1nB,

T A (17
shows monotonic behaviour [Figure 3(b)], as it is typical for
dipole-like field. Indeed, there is no significant patches of dif-
ferent polarities apart from two major areas of opposite polarity
[Figure 2(a)]. While the field rotates with height, it does not
change direction to opposite even at great heights [Figure 3(c)].
We use here for the decay index calculation only the component of
the horizontal potential magnetic field perpendicular to the plane
of the flux rope B, in contrast to the whole horizontal field as in
some other studies (e.g. in Paper I).

These values of B, are used in solving of the set of Equations
(16). The radius of the flux rope cross section is chosen as 1y =6
Mm. The solution gives h, =18 Mm, I, = 4 x 10'' A, and m =
107 gcm™'. The values of the decay index at the heights h, and
hy, are n. =0.43 and n,, = 2.5, respectively. Changes of the electric
current according to Equation (8) are presented in Figure 3(d).
The current value decreases below the point of catastrophic loss of
equilibrium h,, increases a little above it, and declines significantly
at greater heights. Figure 4 demonstrates the height dependence
of the total force acting on the flux rope and the contributions to
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it according Equations (2), (4), (5), and (6). The curve of the total
force F touches the abscissa axis at h. demonstrating an unstable
equilibrium and crosses the axis at f,, from up to down evidencing
a stable equilibrium. It should be noted that in the absence of the
gravity force, the curve would approach to abscissa not crossing it,
which implies a successful eruption. Of course, all obtained values
depend on the assumptions taken in the model and can be consid-
ered only as estimates. On account of many uncertainties in data,
all obtained values have errors no less than 50%.

To illustrate the process of failed eruption, we solve the equa-
tion of motion:

d’z
M F =F + Fd 5

where F; is the drag force, which is evidently needed to prevent
long oscillations of the flux rope about the upper equilibrium
point or even a successful eruption, if the gained kinetic energy
is sufficient to overcome the confining forces. The drag force in
hydrodynamics is assumed to be proportional to the first degree of
velocity for small values of the Reynolds number, F; = —k;v, and
proportional to the second degree of velocity for great values of the
Reynolds number, F; = —k,v* (Landau & Lifshitz 1987). We chose
the values of the coefficients by the trial-and-error method in
order to have only small oscillations of the flux rope after reaching
the upper equilibrium position. Figure 5 shows the height-time
and velocity-time plots for k; = 1.8 x 10* gem™!s7!, k, = 1.1 x
1072 gcm™2, and F; = 0. The acceleration time needed to reach
the maximum velocity is approximately the same in all cases and
comprises about 15 min. However, the ascending time needed to
reach the maximum height is different. For linear dependence of
the drag force on velocity, it is about 30 min, for squared depen-
dence it is about 1 h, and in the absence of the drag force the flux
rope does not stop at all, although its speed is decreasing. The
duration of the fast motion in the SDO/AIA observations is also
about 1 h.

(18)

5. Results

The described procedure was applied to the analysis of 15 failed
eruptions. Since some eruptions happened close to the limb,
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Figure 3. Dependence on height of the horizontal potential magnetic field B, (a), the decay index n (b), the rotation angle « of B, above the middle of the filament (c), and the

value of electric current / in the flux rope (d).
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Figure 4. Vertical distributions of the forces acting on the flux rope.

magnetograms on a day, when a source region was close to the
central meridian, were used for calculations. According to char-
acteristic properties of the coronal magnetic field, the results are
presented in two tables. In Table 1, events that happened in the
regions with the monotonic decay index height dependence of the
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ambient magnetic field are listed. Table 2 presents events in the
regions with the non-monotonic decay index height dependence.
Values of the horizontal potential magnetic field, perpendicular to
the plane of the flux rope, at the height of about 10 Mm halfway
between the flux rope endpoints are demonstrated in the eighth
column. The ninth column shows the values of the rotation angle
of the potential magnetic field o at the height h, comparative
to the initial direction near the photosphere. The total mass of a
filament M is displayed in the last column.

The mass needed to terminate the eruption in the monotonic
decay index magnetic field could be expected to be less than in
the non-monotonic decay index field, because the field acts down-
wards on the flux rope at any height, while in the latter case
it can act upwards due to the change of direction to opposite.
However, the values of mass in Table 1 are systematically greater
than in Table 2. One reason can be the strength of the external field
B, which is typically greater in Table 1. The correlation between
the field strength, electric current, and filament mass is evident.
In most cases, the value of the filament mass (of the order of
105 gcm™!) seems reasonable, corresponding to the ion number
density of the order of 10''-10'2 cm~? in filaments. Nevertheless,
in several events (on 2013 May 21, 2014 March 28, and 2014
February 17), the mass is too large.
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Table 1. Failed filament eruptions in the regions with the monotonic decay index height dependence

Beginning End

Coordinates  of the fast of the fast 2a ho hm Be oUm he¢ Ic m M
Data (deg) motionUT  motionUT  (Mm) (Mm) (Mm) (G) (deg) (Mm) n. nm (10%A) (106gem™t) (10 g)
2013/05/21 S15W62 10:00 11:00 150 15 150 120 8 17 0.5 21 12 180 270
2013/06/11 S05 W35 20:20 22:00 180 50 120 4 20 34 04 13 14 3.2 6
2013/07/03 N18 W40 05:55 06:10 55 10 70 4 40 12 02 16 0.3 0.18 1
2013/09/20 S34 W12 04:05 04:50 170 12 170 110 45 24 0.6 18 2 5.4 9
2014/02/17 S03 W02 02:45 03:00 100 18 180 90 80 12 0.5 6.1 6 17 17
2014/03/20 N23 W21 06:27 07:20 120 30 200 40 80 18 04 25 4 10 12
2014/07/05 S12 Wo7 22:30 22:45 75 25 75 45 50 9 04 23 1.8 7 5
Table 2. Failed filament eruptions in the regions with the non-monotonic decay index height dependence

Beginning End

Coordinates  ofthefast  of the fast 2a ho hm Be am he Ie m M
Data (deg) motionUT  motionUT  (Mm) (Mm) (Mm) (G) (deg) (Mm) n. nm  (10'YA)  (105gecm™!)  (10%g)
2013/05/14 S12E70 06:03 07:32 160 20 150 5 160 16 0.6 —0.8 0.5 0.3 0.5
2013/06/12 N33 W10 15:13 15:55 150 20 180 8 140 15 0.6 1 0.6 0.4 0.6
2013/08/04 N20 E61 06:45 07:00 120 10 130 3 170 40 0.04 0.8 0.6 0.3 0.4
2013/12/08 S03 W90 04:10 05:20 130 30 120 3 70 22 0.6 19 0.7 0.7 0.9
2014/03/27 $24 W60 12:40 13:30 110 15 140 11 210 12 0.8 0.3 1 1.4 1.5
2014/03/28 S10 W66 01:40 02:10 100 15 120 110 150 8 0.7 —-1.2 5.8 44 44
2014/05/03 N13 E63 07:35 08:10 80 15 130 30 90 12 0.47 4.7 2 2.7 2
2014/07/02 NO5 W52 17:20 18:20 190 25 160 20 50 17 0.9 1.8 2 6.4 12

(a) 300 (b)

200

h (Mm)

50 150
1 (min)

Figure 5. Height and velocity of the erupting flux rope experiencing the action different

For comparison, we considered six successful eruptions in
regions with two different types of the decay index behaviour
(Tables 3 and 4). We can find only the upper limit of the filament
mass assuming the upper equilibrium at the height of about the
solar radius Rg. The values of the upper estimates of the mass
are similar to the values obtained for the failed eruptions. The
magnitudes of the magnetic field and critical electric current are
also similar to those of the failed eruptions. Masses of filaments
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vikms')

f (min)

kinds of the drag force.

needed to terminate these eruptions should be much greater than
the upper estimates shown in Tables 3 and 4.

One event falls out of line. This is the failed eruption on 2013
August 4. The magnetic field, although it can be analysed only on
August 7 when the region comes closer to the central meridian,
changes direction showing the presence of a null point at a very
low height of about 10 Mm (Figure 6), in contrast to the other
analysed regions. Formally, we can derive the reasonable mass of
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Table 3. Successive filament eruptions in the regions with the monotonic decay index height dependence
Coordinates  Beginning of the 2a ho Be Ie m M
Data (deg) fast motion UT (Mm)  (Mm) (G) A ne (101t A)  (106gecm™!)  (10'g)
2013/06/22 N25 E26 15:00 380 100 10 42 0.6 2.6 <2.7 <10
2013/09/23 S31W60 08:00 300 30 11 30 0.6 1.4 <0.6 <1.8
2016/01/26 S22 W29 16:55 170 60 45 17 0.44 3.5 <21 <3.6
Table 4. Successive filament eruptions in the regions with the non-monotonic decay index height dependence
Coordinates Beginning of the 2a ho Be Ie m M
Data (deg) fast motion UT (Mm)  (Mm)  (G)  hc Ne (101tA)  (10°gcm™1) (10 g)
2012/06/23 N10 W90 06:30 300 60 50 21 0.6 4.3 <3.2 <10
2013/09/29 N20 W24 21:25 450 80 30 33 0.67 3 <2 <10
2014/03/29 N52 E53 01:53 70 20 65 7 0.4 0.5 <0.3 <0.2
(a) 4 (c) ©
3
-40 |
24
S 1 B g0
& =
o ::T -120 }
-1
-160 |
=1
-3 . . " " " =31 N L L =200 L " L L N i
0 50 100 150 200 250 300 0 50 100 150 200 250 300 0 50 100 150 200 250 300

B (Mm)

Jr (Mm)

hr iMm)

Figure 6. Dependence on height of the horizontal potential magnetic field B, (a), the decay index n (b), and the rotation angle « of B, (c) above the middle of the previous filament

position on 2013 August 7.

the filament shown in Table 2, but the point of the loss of equilib-
rium is too high (about 40 Mm, above the null point) unlike the
clearly observed low initial height of the filament of about 10 Mm
[Figure 7(a)]. However, there is another possibility for unstable
equilibrium below the null point with the opposite initial direc-
tion of the electric current [Figure 7(c)]. In this case, the current
changes direction to opposite during the eruption due to induc-
tance [Figure 7(d)]. Strong current changes lead to termination of
the eruption at a rather low height of about 50 Mm even in the
absence of gravity. Unfortunately, this height is significantly lower
than the observed maximum height of the filament. Therefore, our
model cannot fit the observed parameters of the eruption on 2013
August 4. Possibly, additional agents acting on the filament should
be taken into account (Myers et al. 2015; Gronkiewicz et al. 2016;
Filippov 2020a).

6. Discussion and conclusions

We estimated the mass of eruptive prominences using the model
of a partial current-carrying torus loop anchored to the photo-
sphere. The gravity force seems the most suitable agent to stop the
eruption at a height comparable with the initial length of the erup-
tive filament. The obtained estimates of mass range from 4 x 10"
t0 270 x 10'¢ g. For most events, the masses are in accordance with
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the measurements based on spectroscopic and white-light meth-
ods. In several events, the mass is much larger that it is usually
expected in prominences. However, in the failed eruptions, we deal
with rather short- and low-laying prominences, which are not too
convenient targets for a detailed spectroscopic study. High qui-
escent prominences are more suitable for this purpose and since
plasma within them is more rarefied than in lower lying active
region and intermediate filaments, the results in optics could show
lower magnitudes than obtained from the balance of forces.

The estimations of the mass of three filaments (namely,
observed on 2013 May 21, 2014 March 28, and 2014 February
17) much over 10 x 10'® g seem not too reliable. It looks that
some other forces not taken into account in our model play sig-
nificant roles in the termination of eruptions of these filaments.
Gronkiewicz et al. (2016) pointed out several various mechanisms
that can decelerate and stop eruptions in the corona. The first
one is the action of gravitation on a filament, which possesses the
amount of energy not enough to escape the gravitational potential
of the Sun. This is the mechanism considered in this paper.

The second cause is the pressure of overlying magnetic field
(Torok & Kliem 2005; Wang & Zhang 2007; Amari et al. 2018).
The amount of stored free magnetic energy in the region before
the eruption can be also not sufficient to overcome coronal mag-
netic confinement (Liu et al. 2018). We consider only the potential
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Figure 7. Dependence on height of the forces acting on the flux rope on 2013 August 7 (a, c) and the value of electric current / in the flux rope (b, d) for opposite directions of the
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field in the corona. While it also can be rather peculiar as in 2013
August 4 event, in all three ‘overloaded’ events, the potential field
structure looks not too different from others. However, the field
strength and consequently the initial value of the flux rope elec-
tric current are significantly greater. We can also underestimate
the value of the magnetic field at greater heights because we use
only limited area of the photosphere for the boundary condition in
solving the Neumann external boundary value problem, while dis-
tant magnetic concentrations may add to the field strength at great
heights. There is also possibility that the coronal magnetic field, or
a ‘magnetic cage’ for an eruptive flux rope, may be strengthen by
field-aligned electric currents, which add the excess of a force-free
field over the potential field (Amari et al. 2018).

It is widely accepted that the strapping magnetic field plays the
crucial role in the prospects of a filament eruption to be successful
or failed. Sometimes, the strapping magnetic field is manifested by
a EUV arcade (Chen et al. 2013). Many authors analyse whether
the decay index in the interesting height range is below the thresh-
old for the torus instability (n. = 1.5) or above it. Failed filament
eruptions on 2005 May 27 (Guo et al. 2011), 2011 March 9 (Li et al.
2018), and 2014 April 7 (Xue et al. 2016) were observed at heights
where the decay index was below the threshold. However, some-
times eruptive filaments stop at heights where the decay index is
greater that the threshold for the torus instability. It happens in
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most of our events in the regions with the monotonic decay index
behaviour. In the regions with the non-monotonic decay index
height dependence, the distribution of the index values at the final
height is rather wide, including values below the threshold, but
the direction of the horizontal field at this height is turned through
more than 100° relative its direction at the initial height. This rota-
tion of the coronal field direction was not taken into account in
many studies. On the other hand, Zhou et al. (2019) relate the
failure of filament eruptions with strong writhing motions during
the eruptions with the rotation of the filament axis in the range of
50°-130°.

Magnetic tension within the erupting flux rope is considered
as a restricting force for its motion (Vrsnak 1990). Ji et al. (2003)
argued that observed in the failed filament eruption on 2002 May
27 deceleration, exceeding the gravitational deceleration by a fac-
tor of 10, suggests that the filament material is pulling back by
magnetic tension. We take into account the magnetic tension in
our model, but for force-free internal structure of the flux rope
the tension cannot overcame the hoop force stretching the curved
flux rope axis, but only reduces it. However, if the internal field
is not force-free, the tension may play more significant role. For
example, enlarged coronal plasma pressure can keep a greater lon-
gitudinal field than in the force-free case resulting in the increased
tension.
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Laboratory experiments (Myers et al. 2015) showed that the
presence of a strong toroidal magnetic field along the flux rope axis
in the ambient space can prevent a flux rope eruption. This guide
field interacts with the flux rope electric current and produces a
dynamic toroidal field tension force that is able to terminate the
eruption. Precise measurements of forces acting on low-aspect
ratio, line-tied magnetic flux ropes (Myers et al. 2016) revealed
that the hoop force is systematically smaller than predicted by ana-
lytical expressions for large-aspect ratio flux ropes. On the other
hand, the toroidal field tension force in the laboratory experi-
ments is larger than it is expected from the analytical theory. Both
these factors reduce the role of gravity in preventing successful
eruptions.

Kink instability is widely believed to be able to destabilize a flux
rope, but it does not lead itself to a full successful eruption if the
magnetic field above the flux rope does not decrease with height
sufficiently steep (Torok & Kliem 2005; Fan & Gibson 2007; Fan
2010). In our events, the overlaying potential field changes with
height rather fast, and in many cases it changes its direction to
nearly opposite to the initial direction. Moreover, there is no sig-
nificant rotation of the filament arch plane observed during the
ascent in all studied failed eruptions. Therefore, there is no evi-
dence of writhing and kink instability in this sample of events,
although we cannot rule out absolutely the kink instability as a
trigger of eruptions.

Amari & Luciani (1999) presented the results of the three-
dimensional numerical simulations where a twisted flux rope is
destabilized and after a phase of dynamic evolution disrupts into
two almost untwisted flux tubes confined within a closed overlay-
ing arcade. During the relaxation of the magnetic configuration,
the magnetic field of the flux tube reconnects with the overlay-
ing arcade, and some part of the free magnetic energy is released.
The model shows some possible scenario of a failed flux rope erup-
tion and confined flare. Reconnection of coronal field lines above
filaments before eruptions can either strengthening or weakening
the magnetic confinement of filaments facilitating either failed or
successful eruptions (Wang et al. 2018).

The existence of a high-altitude stable equilibrium point is only
a necessary condition for a failed eruption. There should be a
drag force that prevents the flux rope from large-amplitude and
long-time oscillation about the high equilibrium position. In the
absence of the drag force, the flux rope could reach too high height
where the strapping external field becomes too small to bring the
flux rope back to the equilibrium point. In other words, if the
kinetic energy of the eruptive filament does not dissipate during
the ascending motion, it could be enough to support a successful
eruption.

In the illustrative example shown in Figure 5, we used two
functional dependences of the drag force on velocity. The linear
dependence is usually accepted in hydrodynamics for small values
of the Reynolds number:

)
o

n
where p is the density, [ is a characteristic size, and 7 is the coeffi-
cient of dynamic viscosity. For great values of the Reynolds num-
ber, the drag force is proportional to second degree of velocity. We
chose the values of the coefficients of proportionality rather arbi-
trarilyask; = 1.8 x 10* gcm ™! s7'and k; = 1.1 x 1072 gcm™2 in
order only to damp oscillations of the flux rope about the upper
equilibrium position. Evidently, at the beginning of eruption, the

(19)
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velocity is low, and the Reynolds number is small. After the main
phase of acceleration, the velocity is of the order of 107 cms™!.
Assuming the typical coronal density p =2 x 107" gem™, I=
2rp=10° cm, and n~ 1 gs~! cm™!, (Zaitsev & Stepanov 2018),
we obtain R = 20. Zaitsev & Stepanov (2018) considered motion
of a smaller flux rope with a lower speed. The Reynolds number
for their case is about unity. They found k; ~ 10 gcm™! s™1, which
is three orders less than used in our calculations. The correspond-
ing decay time of the flux rope oscillation was in their estimations
of about 10 h. Of course, it is too long for failed eruptions. True
enough, they use the expression for the drag force action on a long
cylinder valid strictly only for R « 1. In eruption of filaments with
lesser mass, the coefficient k; is also needed lesser, but still greater
than typical for low Reynolds number motion.

Expression for the drag force for large Reynolds numbers has
the form (Landau & Lifshitz 1987):

F;=—CpS?, (20)

where C is the dimensionless coefficient dependent on the
Reynolds number and the body shape, and S is the cross-section
area of the body. The value of C decreases from = 100 to ~ 0.5,
when R increases from 0.1 to 1 000. For the eruption described
in Section 4, k; = CoS~ 2 x 107> gcm™2. This value is also three
orders less than used in our calculations.

Wide discrepancy of the drag coefficients needed to damp
oscillations of the flux rope about the upper equilibrium position
with the theoretical estimations can be for reasons of inapplicabil-
ity of hydrodynamic formulas derived for solid bodies in viscous
liquid for coronal conditions or presence of additional dissipa-
tive processes. Anyway, our kinematics calculations have only
illustrative character.

Although the filament mass seems to be the major factor able to
terminate eruptions of rather short filaments, the example of the
eruption on 2013 August 4 shows that there are other possibilities.
The specific distribution of the coronal magnetic field can induce
strong changes of the flux rope electric current due to inductance,
which can turn over the action of the external field from restrain-
ing to pushing upwards and backwards [Figure 7(c), (d)]. There
can be also other mechanisms of confining eruptions.
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