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The physical mechanism responsible for coronal mass ejections has
been uncertain for many years, in large part because of the difficulty of knowing the three-dimensional magnetic field in the low
corona1. Two possible models have emerged. In the first, a twisted
flux rope moves out of equilibrium or becomes unstable, and the subsequent reconnection then powers the ejection2–5. In the second, a
new flux rope forms as a result of the reconnection of the magnetic
lines of an arcade (a group of arches of field lines) during the eruption itself6. Observational support for both mechanisms has been
claimed7–9. Here we report modelling which demonstrates that twisted
flux ropes lead to the ejection, in support of the first model. After
seeing a coronal mass ejection, we use the observed photospheric magnetic field in that region from four days earlier as a boundary condition to determine the magnetic field configuration. The field evolves
slowly before the eruption, such that it can be treated effectively as a
static solution. We find that on the fourth day a flux rope forms and
grows (increasing its free energy). This solution then becomes the initial condition as we let the model evolve dynamically under conditions
driven by photospheric changes (such as flux cancellation). When the
magnetic energy stored in the configuration is too high, no equilibrium is possible and the flux rope is ‘squeezed’ upwards. The subsequent reconnection drives a mass ejection.
Coronal mass ejections (CMEs) are large-scale eruptive events in the
solar atmosphere that could have impact10 on satellites and ground-based
power generation. Theoretical models11,12 of their origins use a specific
coronal configuration whose evolution is computed from a given initial state. A global disruption leading to the ejection of a twisted flux rope
identified with a CME—through an overlying arcade—is then found to
occur. The rope may be present in the initial state as a stable equilibrium structure; as an unstable or nearly unstable equilibrium structure
that evolves freely at later times13,14; or as a subphotospheric structure
that is forced by buoyancy to emerge through the solar surface into the
corona, where it expands15,16. Alternatively, the initial state may simply
be one or more arcades evolving through photospheric shearing motions,
the rope being produced during the disruption itself6.
The following method can be used to determine which, if either, of
these situations describes an actual eruptive event. In a first step, consider the pre-eruptive phase during which the coronal magnetic field can
be assumed to evolve slowly through a sequence of equilibrium forcefree configurations. Under this quite reasonable assumption, the field
evolution can be computed from successive measurements made at the
photospheric level, and the presence or absence of a twisted flux rope
can be assessed. The problem is, however, very difficult, and safe conclusions can be reached only using a very accurate numerical code suited
for force-free magnetic fields as well as high-resolution, low-noise measurements. In a second step, the configuration obtained slightly before
the eruption is used as the initial state in a dynamical magnetohydrodynamics (MHD) code along with boundary conditions mimicking the
physical photospheric processes that makes the coronal field evolve. It
is then possible to look for a disruption of the configuration having properties comparable to the observed ones. It is worth noticing that this

method, once successfully tested against well-documented past events,
could be applied to forecast the eruption of an active region (the aim of
studying space weather), the eruptive power at any given time being predicted by reconstructing the field at that time and using it in a dynamical code as indicated above.
Here we apply this method to US National Oceanic and Atmospheric
Administration (NOAA) active region 10930 (AR10930), which crossed
the solar disk during the first half of December 2006. This choice is
motivated by two factors. First, the region clearly exhibits most of the
features usually associated with eruptive behaviour. Second, the spectropolarimeter of the Solar Optical Telescope (SOT) on board the satellite Hinode17 has provided a series of high-precision measurements
of the photospheric field around the time of the eruption. This prompted
many groups to study this region, but hitherto none of them has provided the complete, fully data-driven picture (including both the preeruptive and the eruptive phases) that we are seeking here. Most of
them18–21 (see Methods for supplementary references) have concentrated
on the reconstruction problem, without showing unambiguously the
presence of the pre-eruptive rope. As for the dynamical evolution of the
region, an MHD computation leading to an eruption has been proposed22,
but it starts from an initial state in which a twisted flux tube with adequate properties has been forced to emerge into the region rather than
being obtained from a reconstruction based on the only observational
magnetic data (a similar calculation, but with the tube introduced by
the insertion method, was recently done for another region14). And the
mechanism of the eruption has been discussed by comparing some observational features with the results of a simple theoretical model in
which a twisted rope is forced to erupt into a highly sheared arcade23.
To set the stage, we note that the evolution of NOAA AR10930 was
associated with the emergence of a positive-polarity sunspot24. This complex process involved translational and apparent rotational motions of
the sunspot of the southern region, and led to the elongation of the spots,
which is the signature of an emerging twisted rope25 (Supplementary
Video 1). A series of flares were observed during the transit of AR10930.
An X3.4 two-ribbon flare occurred on December 13 from 2:14 UT to
2:57 UT, with its peak in soft X-rays at 2:40 UT. It had brightenings that
started around the magnetic polarity inversion line between the two main
spots, which then moved apart. It was followed by a halo-like CME with
the potential to create a geomagnetic storm, which was observed using
the C2 coronagraph on the Large Angle and Spectrometric Coronagraph
Experiment on board NASA’s Solar and Heliospheric Observatory
(SOHO) at 2:54 UT. The total energy (kinetic plus gravitational) released
during this major event was estimated26 to be (1.4–4.5) 3 1032 erg.
We compute the magnetic environment above AR10930 from December 9 to December 12 at 20:30 UT by using our extrapolation code
XTRAPOL27, with the required boundary conditions being provided
by vector magnetograms taken from the scans of the Hinode/SOT
spectropolarimeter17. Several important features appear in the reconstructed states. As the evolution proceeds from day D24 (four days before the eruption) to day D (the date of the eruption) as a consequence of
flux emergence, the field suffers a change from an arcade-like topology
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Figure 1 | Magnetic field evolution during the days before major eruption
day D. Selected field lines of some magnetic configurations obtained by
reconstructing the coronal magnetic field around the eruption site using vector
magnetograms from Hinode/SOT and a static MHD model. Energy builds up
slowly, with field lines shearing several days before the eruption, during the
emergence of the positive-polarity sunspot (white) into the background of an

older, negative-polarity sunspot (black). a, Four days before the eruption
(D24); b, D23; c, D22; d, D21. The magnetic field becomes progressively
sheared in between the two spots, until a large twisted flux rope has formed
on D21. Colour code: yellow, sheared arcades; blue and green, J-shaped loops;
red, largely twisted field lines.

to a rope-like one (Fig. 1 and Supplementary Video 2). On D22, the
model produces two J-shaped structures surrounding a highly sheared
inner arcade with almost no twist (Fig. 1c), similar to those produced
in idealized models driven by flux cancellation2–4. On D21, we also use
our new global reconstruction code MESHMHD28 along with composite photospheric data from three instruments, which allows us to resolve
both small- and large-scale features (Extended Data Fig. 1). The active
region from which the eruption originates is shown to be well isolated
and not interacting with neighbouring active regions. A flux rope with
a twist greater than 2p has formed. There is evidence that the tube has a
hyperbolic structure, which is known from previous models29 to be the
signature of a slow flux and magnetic helicity transfer by magnetic reconnection from the photosphere to the twisted rope (Extended Data
Fig. 2). Some magnetic helicity appears to have been redistributed into
the rope, resulting in an increase of its twist during the period from
D22 to D21. The structure of the electric currents flowing along it on
D21 is shown in Extended Data Fig. 3.
The accuracy of our computed configurations is attested to by the
very good agreement existing between some of their characteristic features and coronal observations. In particular, the magnetic lines of the
twisted rope (which coincide with the lines of the current density in our
force-free reconstructions) exhibit dips at the precise location of the filament of cool material observed in Ha emission using the spectroheliograph at the Paris-Meudon Observatory (Fig. 2c, d), and they are well
aligned with both the X-ray data from the Hinode X-ray Telescope (XRT)
(Fig. 2b) and the extreme-ultraviolet data from the SOHO Extreme
Ultraviolet Imaging Telescope (EIT) (Extended Data Fig. 4). The latter
also show a good alignment with the magnetic lines of some outer parts
of the region. Furthermore, the series of reconstructions made from
D24 to D21 show that the rope is forming by emergence from below
the photosphere as the southern spot of the observed active region is
emerging, with a very good correlation with the observed photospheric
tongues (Fig. 2a and Supplementary Video 2).
During the four modelled days, the magnetic energy increases considerably. Up to four days before the eruption, the amount of accumulated
free energy—that is, the part of the energy above that of the current-free
magnetic field—is too low to power it. At D22, the free energy enters the
‘possible’ zone of eruption but is still close to the lower-bound estimate.

On D21, the free magnetic energy becomes large enough to power the
observed major eruption (Fig. 3a). A few hours before the eruption, the
energy is close to that of a particular partially open field, Bso, whose importance has been stressed in previous idealized simulations4 (Methods).
Magnetostatic equilibrium is no longer possible when the energy of Bso
is exceeded, a phenomenon known as catastrophic loss of equilibrium.
We take the low-corona configurations computed on D22 and D21,
respectively, as initial conditions of our numerical dynamical MHD
code METEOSOL2–4,30. The static solution evolves under the effects of
a flux decrease2 (associated with flux cancellation), gas motion characteristic of a sunspot ‘moat flow’4, or photospheric turbulent diffusion3,5.
We find that the magnetic configuration corresponding to the December 11, 10:00 UT (D22) data does not lead to a major disruption, but
rather to relaxation to a new equilibrium. Pushing the evolution further,
however, results in the formation of a small twisted rope that eventually
suffers a small, confined eruption. We do not get a major disruption
because not enough flux has been transferred to the rope at D22, with
the available free energy staying well below the loss of equilibrium threshold. This shows that even at an early stage during the build-up of the
active region the configuration has already acquired some eruptive potential (even if small).
The situation is different when the evolution is computed with the
data of D21 at 20:30 UT. The twisted rope has already formed and contains a large amount of flux and electric current, and it is found to erupt,
with the magnetic lines exhibiting a shape very similar to that generally
reported when an eruption is observed on the solar limb (Fig. 4c, d). The
overall configuration suffers a major disruption (Fig. 4a, b), which we
argue explains the occurrence of the eruption of December 13, 2:40 UT.
At the time of disruption, the magnetic energy of the configuration becomes of the same order as the critical energy (that of Bso). We interpret this as meaning that the field has suffered a loss of equilibrium, where
the magnetic tension force no longer balances the magnetic pressure
force.
The onset of an eruption has been proposed5,13,14 to occur when a rope
reaches an altitude at which an index n characterizing the vertical decay
of the horizontal component of the current-free field exceeds a critical
value nc < 3/2 (the ‘torus instability criterion’). We have computed n
for our configuration of day D21 and found that n is close to nc (Fig. 3c–e).

4 6 6 | N AT U R E | VO L 5 1 4 | 2 3 O C T O B E R 2 0 1 4

©2014 Macmillan Publishers Limited. All rights reserved

LETTER RESEARCH
a

b

c

d

a

Figure 2 | Twisted flux rope before the major
eruption. Selected field lines of the reconstructed
magnetic configuration of December 12, 20:30 UT
(D21), with the same colour code as in Fig. 1.
a, A large rope consisting of several components
sits between the two spots and is seen to have
accumulated a large amount of twist (about 2.25p).
The hyperbolic nature of the rope (field lines
bifurcating with an X-type topology) is detailed in
Extended Data Fig. 2. b, Good agreement of the
shape of some computed field lines with X-ray
data from Hinode/XRT. c, Ha data from the
spectroheliograph at the Paris-Meudon
Observatory reveals that a filament (darker)
extends in the atmosphere between the two spots.
d, The filament shown in c coincides with the
locations of the dips in the computed magnetic
field (shown as black segments and seen from the
same vantage point as in c) where cool material can
sit and be supported against gravity by the
magnetic force.

b

Free magnetic energy
ΔW

8

Magnetic energy
Wff /Wπ

1.4

Wso/Wπ

(×1032 erg)

6
1.2

4

2

0

1.0
D–4

D–3

D–2

D–1

D–4

D–3

D–2

Day

D–1

Day

c

d
40

e

Decay index at D–1 (all)

Decay index at D–1 (left)

3

3

2

2

0
–20
–40
–60

–40

–20

0
20
x (Mm)

40

60

n(Bh )

n(Bh )

y (Mm)

20

1

1

0

0
1

Figure 3 | Accumulation of magnetic energy. a, Evolution of the free
magnetic energy (black curve) during the four days before the major eruption.
The actual energy of the major eruption lies in the red zone, defined by lower
and upper limits estimated from the observations. b, Magnetic energy Wff of
the configuration (black curve) and theoretical magnetic energy upper bound
Wso, beyond which equilibrium is no longer possible (red curve), in units of
the magnetic energy Wp of the (minimum-energy) current-free magnetic
configuration having the same Bz distribution on the photosphere. During the
last day (D21), the magnetic energy of the configuration comes closer to this
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bound. c, Normal component of the magnetic field at D21. The coloured
crosses indicate a set of points selected along the photospheric projection of
the twisted rope. d, Variations with altitude of the index n characterizing the
decay of the horizontal component of the current-free magnetic field Bh
above each of the coloured points in c. The red dashed line corresponds to
the critical value nc < 3/2, beyond which the rope is ejected according to the
torus instability criterion. e, Variations in n for a subset of points lying
inside the red rectangle in c, which is located on the left side of the
southern spot.
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There is then an agreement between our energetic onset criterion and
the torus instability one. Moreover, n is closer to nc in the region near
the left side of the southern spot, which might explain the asymmetric
ejection of the rope whose eruption is stronger above that region (Fig. 3e).
Finally, during the MHD phase of the rising of the rope, most of it eventually reaches a height at which n 5 nc. It has been suggested14 that the
onset of an eruption may be also characterized in terms of a flux criterion, with the rope being ejected once the ratio of its axial flux to the flux
through the main part of the active region becomes too large. We find
that this parameter is equal to 15.3% at D21.
Online Content Methods, along with any additional Extended Data display items
and Source Data, are available in the online version of the paper; references unique
to these sections appear only in the online paper.

Figure 4 | Evolution and eruption
of the twisted flux rope. Selected
field lines of some configurations
obtained after an evolution driven by
photospheric changes, with the
configuration of December 12,
20:30 UT being taken as the initial
condition. a, In accordance with
Fig. 3b, at around 20:30 UT the
configuration is almost out of
equilibrium and the rope rapidly
rises. b, Sometime later, it erupts
through the arcades that were able to
confine it several hours before.
c, Observed typical shape exhibited
by eruptions on the solar limb (image
taken at a wavelength of 304 Å by
SDO/AIA on 2012 October 14, at
2:32 UT; courtesy of NASA/SDO and
the AIA, EVE and HMI science
teams). d, Modelled appearance of
the major eruption of December 13,
projected onto the solar limb,
showing agreement with the typical
shape shown in c (for convenience,
the arcades have been removed).
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METHODS
The basic strategy that we have adopted is the following: first, we model the preeruptive phase through a series of reconstructions of the field (assumed to be in forcefree equilibrium), with the needed boundary conditions being computed from the
observational data. Second, we predict the evolution of the field during the eruptive
phase by using the last obtained equilibrium as the initial condition of a simulation
done with a full MHD code. The physical results we get depend on both the quality
of the data used and the mathematical efficiency of the method.
Magnetic environment model at equilibrium. The magnetic field B can be measured only in the photosphere, but we need a coronal value. During the occurrence
of an eruptive event, B and the highly conducting, low-b plasma in which it is embedded evolve very slowly. B can thus be considered as being at each time t in an
equilibrium force-free state in which it obeys the set of equations31
+|B~a(r)B

ð1Þ

+ N B~0

ð2Þ

Magnetic data and boundary conditions. The boundary conditions needed by
our method, g and l, are extracted from the photospheric vector magnetograms obtained from the scans of the spectropolarimeter of the Solar Optical Telescope34 on
board the satellite Hinode17. More precisely, we used level-2 data (available online
at http://sot.lmsal.com/data/sot/level2d/) obtained by applying the MERLIN inversion code35 to the Stokes parameters I, Q, U and V measured by this instrument.
The well-known 180u ambiguity suffered by the transverse component of the magnetic field is resolved by using the minimum-energy code (ME0) based on a recent
re-implementation36,37 of the original method38. By using standard transformation
formulae39, we have also converted the scales and the magnetic components from
the observer frame to the Cartesian frame tangent to the solar surface and centred
on the middle point of the vector magnetograms. We have chosen a sequence of four
vector magnetograms covering the period from December 9, 10:00 UT, to December
12, 20:30 UT (the last available data before the eruption). Note that the raw data
provided by the instrument are neither smoothed nor preprocessed.
The value of g is directly furnished by the data. That of l is computed from the
three components of the measured magnetic field Bphot according to40
phot

l~
ð3Þ

B N +a(r)~0

where a(r) is some scalar function of position r. Equation (3) (which is a consequence of equations (1) and (2)) implies that a keeps a constant value along any
field line. One is thus led to set up the ‘reconstruction problem’: to determine in the
part V of the corona above an active region a magnetic field B satisfying as closely
as possible the following conditions: (1) it is a finite-energy, force-free magnetic
field in V and (2) it matches on the lower boundary S of V the value Bphot provided
by the measurements done at the photospheric level31. The reason why we added the
restrictive qualification ‘‘as closely as possible’’ is that there is generally no field B satisfying conditions (1) and (2) simultaneously. The raw data can be ‘preprocessed’32
to try to diminish the incompatibility between both requirements, but it cannot be
totally suppressed. The best one can do is to set up a resolution scheme which is wellposed, in the sense that it leads to a unique solution that is stable with respect to
small changes in the data.
Several methods31 have been developed to treat the reconstruction problem, each
one using the data in a specific way and defining a particular environment model,
and it is important when one studies a particular active region to compare the results furnished by various approaches18. One should also compare these results with
characteristic observational features of the region (like the presence of a filament
at some particular location).
To reconstruct the coronal field, we use a Grad–Rubin type method that solves a
mixed hyperbolic–elliptic boundary-value problem for the force-free function a and
for the field B (ref. 27). This method is based on rigorous mathematical grounds and
has been proven to be well posed33. As for the boundary conditions, one has to fix
the value g of the normal component of the field on the whole boundary S and the
value l of a on either the positive-polarity part S1 of S (where Bz . 0) or on the
negative-polarity part S2(where Bz , 0). The XTRAPOL code27 solves this problem by means of the iterative Grad–Rubin scheme:
B(k) N +a(k) ~0

a(k) ~l

in V

ð4Þ

on Sz or S{

ð5Þ

+|B(kz1) ~a(k) B(k)

in V

+ N B(kz1) ~0 in V

~g
B(kz1)
n

on S

ð6Þ

ð7Þ

ð8Þ

The initial field B(0) is chosen to be the potential magnetic field Bp with a normal
component equal to g on S (by definition Bp is current free, that is, +|Bp ~0).
XTRAPOL uses a finite-difference method with a representation of B based on a
vector potential A (with a convenient choice of gauge), which ensures that + N B~0
to the accuracy of round-off errors. The elliptic part (equations (6)–(8)) for B(k11)
is solved through a positive-definite linear system, and the hyperbolic part (equations (4)–(5)) for a(k) is solved by transporting the values l imposed on either S1 or
S2 along the magnetic field lines of B(k). The code uses the message passive interface library. It provides a solution even if the photospheric flux is not balanced.

4p jz
(+|Bphot )z
~
phot
phot
c Bz
Bz

where jzphot is the vertical component of the current density and c is the speed of
light. To prevent unreliable values of l near the polarity inversion line where Bzphot
is small, l is set to zero if jBzphotj is below a particular value, Bzcut. A similar cut-off
is used for the intensity of the tangential component Btphot of B. This avoids unreliable values of jzphot due to sudden variations of Btphot below the noise level. It
should be noted that some improvements leading to non-zero values of l closer to
the polarity inversion line could be obtained by applying further smoothing and
interpolation on the computational mesh.
Magnetic environment properties. Using these boundary conditions, we compute
the solutions of our reconstruction problem with a numerical resolution of 501 3
331 3 201. The quality of the results is evaluated by calculating the standard aposteriori diagnostics, which are found to be much better than those characterizing
previous reconstructions18–21,41,42. In particular, we obtain much smaller values for
the angle between the magnetic field and the electric current density (3.73u versus
14.48u (model18 Wpp1), these values being computed from the actual diagnostic
CWsin, which deals with the sine of this angle) and for the functional Lf measuring
the distance to a true equilibrium (0.07 G2 Mm22 versus 2.27 G2 Mm22 in ref. 19).
Owing to our specific discretization alluded to above, the difference is even larger for
the functionals measuring the residual divergence of the computed magnetic field.
We obtain Ld 5 10230 G2 Mm22 versus Ld 5 1.15 G2 Mm22, from ref. 19, where the
reconstructions were made by the optimization method and the constraint + N B~0
was not imposed a priori, the field being made only as ‘divergenceless’ as possible.
Also, we obtain Æjfijæ 5 2.73 10217 versus 3.6 3 1028 for the best model18 Wpp1,
where a Grad–Rubin scheme is used, but with a discretization leading to a non-zero
resolution dependent value of + N B at each node. As another test, we have considered the difference between the measured values of a at the two ends of any magnetic
line, which in principle should vanish if the boundary data are strictly compatible
with the existence of a force-free field in V. We find that this quantity is relatively
small for the field we compute despite the fact that our well-posed formulation uses
only the values l of a in the positive-polarity region. It in fact takes relatively large
values for the reconstructions based on the use of all three components of the magnetic field on the whole active region.
We also calculate the free magnetic energy DW (that is, the difference between the
magnetic energy of the solution and that of the associated current-free field Bp)
stored in the equilibria. This is a very important quantity to be compared with the
energy released during the following X-class eruption. For our last computed preflare configuration, we find DW 5 7 3 1032 erg, which is above the upper limit of
the estimate ((1.4–4.5) 3 1032 erg) of the energy released during the flare26. The good
observational compatibility of this result can be taken as another indication of the
quality of our reconstructions (in particular, we recall that having a low value of Ld
is well known to be necessary for obtaining an accurate value of the energy43). Note
that the energies previously found18,19 (DW 5 5 3 1032 and 1.3 3 1032 erg) are also
compatible with the energy release estimates, with the second value19 being close to
the lower limit.
As noted above, it is important to reconstruct the coronal field by different methods and to check for the coherence of the results. We have also done reconstructions using a newly developed numerical code, MESHMHD28, which solves the
equilibrium equations (4)–(8) in the whole spherical corona. It is an adaptive unstructured (tetrahedral) mesh code, which includes in particular a different scheme
for computing a. This scheme solves a linear non-symmetric system using the GMRES
algorithm44. The boundary conditions are provided by composite photospheric data
from three instruments: a Hinode/SOT vector magnetogram at the active region
scale, a SOHO/MDI full-disk longitudinal magnetogram and a SOLIS synoptic
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map with a latitude–longitude resolution of 1,368 3 2,824. As it is based on an unstructured mesh, MESHMHD can introduce high resolution where it is needed in
the region and around the flux rope, and lower resolution elsewhere. As a striking
result, we found that the two codes detect the presence of a twisted flux rope and
capture its bifurcation to different anchoring points on the east side (Extended Data
Fig. 2).
Prediction of the later evolution by using a dynamical MHD code. During the
eruptive phase, the coronal magnetic field evolves according to its own internal
dynamics and can then no longer be determined from its photospheric values. But
we can use our dynamical MHD code METEOSOL30, which solves the full system
of MHD equations, to predict its evolution from the last computed pre-eruptive
equilibrium state. We inject that state into the code as an initial condition and select
boundary conditions able to describe the actual photospheric processes that force
the field to evolve. In our previous theoretical studies3,4,45, we identified three such
processes and showed that each of them can trigger a flare and a CME:
(1) Partial cancellation near the polarity inversion line44.
(2) Turbulent diffusion3,5,46, which is an important process permanently acting
on the whole surface of the Sun, where it leads to the continuous dispersion of active
regions. It can be characterized by a coefficient of turbulent diffusion kB 5 1023 or
1024.
(3) Plasma motions that diverge from the two spots of a bipolar region and converge towards the polarity inversion line in its vicinity, into which they transport a
part of the magnetic flux4. These ‘moat flows’, which have been observed in an active
region47,48, have their source just outside the penumbra, near the locus at which the
Evershed flow disappears.
We successively compute three MHD evolutions, each starting from the same
initial state and driven by one of the processes above. The processes are introduced
into the code by requiring the tangential component of the electric field on S to assume a specific form.
The three types of boundary condition lead after a short interval to a major disruption. This is similar to what we obtained in the corresponding theoretical models
previously developed. There is, however, an important difference: here the initial
presence and properties of the twisted rope are no longer postulated, but are furnished by our environment model, which determines to a very good approximation
the actual initial structure of the field above the active region. Reconstruction has
shown the presence of a rope in an active region49, but this has been rare. A striking
result of our modelling is that the eruption is due to a loss of equilibrium occurring
when the energy of the configuration becomes of the order of the energy of the
partially open field Bso defined below.
The partially open field. To define Bso, we first construct an additional magnetic
field, the open field Bs, having the same normal component g on S as the evolving
coronal field B. In contrast to the potential field Bp, whose most magnetic lines are
closed (each one connects two points of S), Bs has all its field lines open (they connect S to the upper and lateral boundaries of the computational box). It is current
free except on the surface separating outgoing lines from ingoing ones, across which
it reverses. As with Bp, Bs is in equilibrium in the sense that it does not exert any
force on the plasma in which it is embedded. We can also construct equilibrium
fields, Bs0 , satisfying the same boundary condition and ‘interpolating’ between Bp
and Bs. These fields are only partially open—they have both closed and open lines—
and they are also current free except on a reversal surface. The field Bso is one of

these fields Bs0 . It is selected by requiring that its open lines connect to S in the region where the electric currents are concentrated. This field was first introduced in
an analytical theory31 that describes the evolution of B as a sequence of equilibrium
states, this quasi-static approximation being valid as long as the evolution is slow. It
was argued on general grounds that W(B) # W(Bso) # W(Bs) (with W(B) denoting the energy of B), and that B starts experiencing a fast expansion leading to its
partial opening when W(B) approaches W(Bso). Such fast evolution implies a breakdown of the quasi-static approximation and one needs to adopt the dynamical approach described in the previous item to get a proper description of it.
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Extended Data Figure 1 | Another multiscale model. Full-Sun magnetic
configuration obtained using composite data set (Hinode/SOT and SOLIS
synoptic map) and the state-of-the-art numerical code MESHMHD, which is a
tetrahedral adaptive-mesh equilibrium code. Local and global scales are both
accessible using very high-resolution data around the active region and
lower resolution elsewhere. The twisted rope obtained with XTRAPOL is fully
recovered. a, Global view showing the disk of tetrahedral-cell mesh and the
spherical photosphere, where we have indicated the various resolutions for the

northern hemisphere and, in transparency behind the disk, for the southern
hemisphere. b, Zoom onto the active region showing the high resolution used
around it. c, Closer look at the rope, with a cut showing how the adaptive
scheme allows high mesh resolution in the regions where the coronal electric
current and magnetic field are stronger. d, Another point of view, exhibiting
the large extent of the rope, which is still confined by the overlying field
lines (orange).
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Extended Data Figure 2 | Hyperbolic flux tube. a, Breaking of the twisted
rope into various components to exhibit its hyperbolic nature, using the
same colour code as in Fig. 1. b, Core of the rope, which is highly twisted (by
about 2.25p). c, Underlying highly sheared arcades below the core. d, Two

J-shaped arcades whose central parts become tangential to each other.
e, One of the J-shaped set of loops (green) above the sheared arcades (yellow),
becoming tangential to each other near the neutral line.
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Extended Data Figure 3 | Signature of the pre-eruptive current density of
the reconstructed magnetic configuration of 12 December, 20:30 UT. We
have plotted here two isosurfaces of the force-free function a measuring the
ratio of the electric current density to the magnetic field: a, a 5 20.23 Mm21;
b, a 5 20.05 Mm21. These isosurfaces are coloured according to the values of

the modulus of the current density, | j | . The large-scale structure of the twisted
rope (and of small parts above) is well exhibited by this quantity a in a, in
agreement with Fig. 2b, whereas weaker electric currents (overlying) structures
are shown in b.
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Extended Data Figure 4 | Extreme-ultraviolet emission and magnetic
structure. Selected field lines of the reconstructed magnetic configuration of
12 December, 20:30 UT, overlaid on an SOHO/EIT extreme-ultraviolet
emission image taken at 23:49 UT. The emission is well correlated with the

magnetic lines in the region of the twisted rope and in the regions of
approximately current-free loops, such as that located on the right-hand side of
the rope.
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