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Introduction

Rupture of equilibrium 

Quite often eruptive filaments display 
a two phases evolution:

1. Initial slow rise/evolution

2. Fast eruption
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VS

Magnetic pressure of the MFR

Rupture of equilibrium 

Introduction

ideal-MHD instability 

resistive instability
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         n =  – d(ln Bex) / d(ln z) 
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Fig. 2 Initial configurations of the numerical simulations, cor-
responding to the red, blue, green, and black lines in Figure 3,
respectively (from top left to bottom right). The rainbow-coloured
field lines show the centre of the flux rope (current ring), the green
field lines show the overlying magnetic field (which is a superposi-
tion of the external poloidal fieldBex and the poloidal field created
by the ring current). Normalized distances between the monopoles
are 3.6, 2.7, and 0.5 h0 in the bipolar configurations and 2.5 and
5.0 h0 in the quadrupolar one.

The setup and initial conditions of the simulations are
similar to those described in Török & Kliem (2005). Here
we use a flux rope with a smaller aspect ratio by setting its
minor radius to 6/10 of its initial apex height h0 (to obtain
a configuration with a flux rope twist below the threshold
of the helical kink instability) and we choose the initial flux
rope shape to be almost semi-circular by setting the depth
of the torus center below the photosphere to be only 0.1h0

(since the line-tying suppresses the TI before a semi-circular
shape is reached; Vršnak, Ruždjak & Rompolt 1991; Chen
et al. 2006). Furthermore, we remove the toroidal compo-
nent of the external field used in Török & Kliem (2005), to
facilitate the comparison with the analytical TI model. The
resulting purely poloidal external field is created by a pair of
subphotospheric monopoles (see Titov & Démoulin 1999).
It is more realistic than the one used in KT06, as it yields
a decay index which increases monotonically with height
above the photosphere, n = n(h).

We fix the geometrical flux rope parameters and con-
sider different external field profiles by varying the number,
position and strength of the subphotospheric monopoles in
the model (such that the variations of the ring current and
the flux rope twist stay below 1%). The resulting configura-
tions are shown in Fig. 2. The field above the flux rope of the
configuration in the bottom right panel is quadrupolar and
contains an X-line. The top panel in Fig. 3 shows the cor-
responding decay indices n(h) of the external fields. The
external field in the quadrupolar configuration drops very
rapidly with height, with n(h) > 3 already in the region im-

Fig. 3 Decay indices n(h) = −h d lnBex/dh of the external
poloidal field and corresponding acceleration and velocity profiles
for the torus-unstable flux ropes shown in Fig. 2 (|n| → ∞ at the
null in the quadrupolar configuration). The initial position of the
current-carrying flux rope is indicated in grey. The inner edges of
the MK3 and LASCO/C2 coronagraph fields of view are indicated
for a scaled initial apex height of the flux rope of 50 Mm. Veloci-
ties are normalized to the initial Alfvén velocity va at the flux rope
apex; τa = h0/va. The acceleration during the initial relaxation
phase is omitted for clarity of the figure.

mediately above the rope. The other configurations all have
external fields with n(h) < 3 above the rope, but with dif-
ferent slopes. As h → ∞, n → 3 for all configurations.

The TI is found to occur also in the numerical model. It
is triggered by moderate upward motions set up in the ini-
tial relaxation phase of the only approximatively force-free
configuration, which lift the flux rope to a height where the
conditions for TI onset (2h0 ! D, D being the footpoint
distance, and n(h) > ncr) are fulfilled. In the case shown in
the top left panel in Fig. 2, the field decrease is so gradual
that the initial relaxation does not move the flux rope to the
height required for TI onset, the rope finds a stable numeri-
cal equilibrium after relaxation. In order to trigger the TI in
this configuration, we artificially set the monopole strength
to be 9% smaller than its equilibrium value, which causes
the rope to relax towards an equilibrium at a slightly greater
height, sufficient for TI onset. The simulations show agree-
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PIL

Romano,  Zuccarello et al. (2014) 

SDO/AIA SDO/HMI

→ line-tied photospheric motions (shearing/twisting)  
    + flux cancellation by diffusion or convergence motions 

Towards observation inspired MHD simulations

… filaments are seen to form over days, 

does this affect the eruption’s onset ?
how to define the shape of a (non-analytical) MFR ? 



Minor flux cancellation Asymmetric stretching

Peripheral dispersion Global dispersion

4 different photospheric flows

Zuccarello,  Aulanier & Gilchrist (2015)



Coronal response

(tether-cutting) magnetic reconnection between highly sheared bald-patches 
field lines sets-in resulting in the formation of a magnetic flux rope and a 
sigmoid

Zuccarello,  Aulanier & Gilchrist (2015)



Perform relaxation runs to determine the time of the onset of the eruptions

Coronal response

Zuccarello,  Aulanier & Gilchrist (2015)



Asymmetric bipolar active regionCoronal response

→ ncrit=1.4 ± 0.1

Zuccarello,  Aulanier & Gilchrist (2015)

From the different photospheric flows and coronal resistivities 

Zuccarello,  Aulanier & Gilchrist (2015)



How to use this criterion in observations ? 

           … and for space weather tools … ? 
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Key ingredients: 
• Potential field extrapolations to compute the decay index
• The height of the axis of the magnetic flux rope
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Simulated filament 
(magnetic dips)

From observations we have info on the filament not on the MFR

→do the same with the MHD simulation



Key ingredients: 
• Potential field extrapolations to compute the decay index
• The height of the axis of the magnetic flux rope

Simulated filament 
(magnetic dips)

From observations we have info on the filament not on the MFR

→do the same with the MHD simulation

Zuccarello,  Aulanier & Gilchrist (2016)

→ apparent ncrit=1.1± 0.1 



Application to observed filament eruptions

Torus instability criterion can be tested from observations

     → limb observations
 
     → stereoscopic observations

Before the M6 flare After the M6 flare

Zuccarello, Seaton et al. (2014)



Decay index along the magenta plane

Yellow-green: region where n ≃ 1.1 ± 0.1

When the M6.0 flare occurred the 
filament was in a torus stable region and 
did not erupt

The filament erupts when reaches the 
height where n ≃ 1 ± 0.1 

Before M6 flare

During convergence motions
Before eruption

Zuccarello, Seaton et al. (2014)

Application to observed filament eruptions



Essentially ones needs:

• Potential field extrapolations to compute the decay index at different 
heights 

• A way to estimate/track the height of the axis of the magnetic flux rope 

Towards an operational tool 

→ LOS magnetograms (lat ± 30°/35°) 

Agreement between selected observational cases and MHD simulations

… but how to make it operational ? 

Zuccarello et al. (2012, 2014, 2015, 2016)

→ Stereoscopic observations (L5 mission)

→ Ground based Hα observations



Stereoscopic observations

‘Hand-made’ (L3 student’s project) stereoscopic reconstructions 
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‘Hand-made’ (L3 student’s project) stereoscopic reconstructions 



Stereoscopic observations

‘Hand-made’ (L3 student’s project) stereoscopic reconstructions 



Stereoscopic observations

‘Hand-made’ (L3 student’s project) stereoscopic reconstructions 



Ground based Hα observations

2 F.P. Zuccarello et al.

Fig. 1.— Oblique and front views of the system at the moment of the onset of the instability for ‘Run C’ (top row). Middle row: side views of the system
at di↵erent instant in time. Orange (green) structures outline dipped field lines (dips only). Pink/purple field lines outline the flux rope. Bottom row: two
dimensional maps of the decay index. Cyan, green and red contours indicate decay indexes values of n = 1, 1.1, and n = 1.3. The orange contour indicates the
local polarity inversion line. See text for more information.

Filament extent to estimate foot point 
location + a shape model for the 
MFR’s the height of its axis 

Ground based Hα observations to estimate the height of the filament
Simulated filament 

(magnetic dips)



Ground based Hα observations



Ground based Hα observations



Ground based Hα observations

Ground based Hα observations to estimate the height of the filament



Ground based Hα observations

Fuller,  Aboudarham et al. (2005)



Conclusion

• Torus instability is a robust mechanism to trigger filament eruptions
• Consistent results with different approaches:  analytical, observational & 3D MHD
• ncrit depends on MFR’s morphology, photospheric flows and coronal diffusion,   

→ for usable onset criterion a critical decay index range [1.1-1.5 ?] should be used 

• An instability-likelihood approach that depends on different combinations of      
ncrit values/MFR’s morphologies FR1 FR2

n1 Medium Low
n2 High Medium



Conclusion

• Key ingredients: 
• LOS (or vector) magnetic field for potential field extrapolations

• Height of the MFR’s axis
• Automatic filament recognition + different MFRs shapes

• Automatic prominence recognition for, not yet existing, L5 mission data

→ already available

→ already available + easy to implement

→ promising, but …

• Torus instability is a robust mechanism to trigger filament eruptions
• Consistent results with different approaches:  analytical, observational & 3D MHD
• ncrit depends on MFR’s morphology, photospheric flows and coronal diffusion,   

→ for usable onset criterion a critical decay index range [1.1-1.5 ?] should be used 

• An instability-likelihood approach that depends on different combinations of      
ncrit values/MFR’s morphologies FR1 FR2

n1 Medium Low
n2 High Medium



Thank you ! 
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