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magnetic� eld through a series of near-equilibrium states. This
approach has been shown to be accurate in describing the
nonpotential� eld above active regions. It has been successful
in reproducing sigmoids and the formation of magnetic� ux
ropes(Gibb et al.2014; Yardley et al.2018b; S.L. Yardley
et al. 2019, in preparation) along with the generation of
conditions required for the onset of magnetic� ux rope
ejections(Mackay & van Ballegooijen2006a; Yeates et al.
2010; Pagano et al.2013b, 2013a, 2014; Rodkin et al.2017).

In this paper, we use the model of Mackay et al.(2011) to
develop a new technique aimed at identifying which active
regions are most likely to produce an eruption. We apply this
model to a set of active regions that have been previously
studied in detail(Rodkin et al.2017; James et al.2018; Yardley
et al.2018a, 2018b; S.L. Yardley et al. 2019, in preparation).
Some of the active regions resulted in observed eruptions,
while others did not. We� rst analyze the 3D magnetic� eld
con� guration of the active regions produced by the magneto-
frictional model to identify a metric that discriminates the
eruptive and noneruptive active regions. Once this metric is
identi� ed, we focus on the predictive capabilities of this
approach. Magnetofrictional simulations are run where the
photospheric magnetic� eld evolution is projected forward in
time without further input from magnetograms. The method is
continued forward for up to 32 hr to see whether the eruptive or
noneruptive state of the active regions can be predicted
correctly. Two techniques are considered:(i) simply using
the present evolution to project the future evolution and(ii )
adding a component of noise in the projection of the
magnetograms to test its robustness. This allows us to consider
how the projected evolution affects the metric.

The structure of the paper is as follows: in Section2, we give
more details on the magnetofrictional model and the active
regions under study. In Section3, we discuss the parameters
that differentiate active regions with observed eruptions from
those without. Next, in Section4, we show how the use of
projected magnetograms affect this application, and we draw
some conclusions in Section5.

2. Model and Simulations

The work presented here is based on the magnetofrictional
simulation approach of Mackay et al.(2011), where a
continuous time series of 3D NLFFF con� gurations are derived
from a corresponding time series of magnetogram measure-
ments. We apply this model to eight active regions, where
eruptions were observed in� ve of these regions, while for the
remaining three regions no eruptions occurred.

2.1. Model

The magnetofrictional simulation describes the magnetic
� eld evolution in a Cartesian 3D domain by considering the
simultaneous stressing and relaxation of the coronal magnetic
� eld. The stressing of the� eld is due to the evolution of the
magnetic� ux distribution at the lower photospheric boundary
determined from a time series of magnetogram observations.
The relaxation occurs from specifying the velocity to be
proportional to the Lorentz force in the 3D domain. Full details
of the NLFFF model can be found in Mackay et al.(2011). In
this model, the 3D domain is a Cartesian box where the solar
surface is placed at the lowerz boundary. The horizontal
directions,x andy, extend over a suf� cient region of the solar

surface to fully contain the active region. In this study, the time
series of NLFFF con� gurations is constructed assuming closed
boundaries at the four sides of the 3D box(no normal magnetic
� eld), while the magnetic� eld can have a normal component
across the top boundary. The bottom boundary, which
represents the solar surface, is forced to have an evolving
and balanced magnetic� ux.

The model uses a zero-� approximation where this provides
an accurate representation of the evolution of the coronal
magnetic� eld over timescales longer than the Alfv�en crossing
time. The initial coronal magnetic� eld for each active region is
assumed to be a potential� eld, and at later times, the evolution
of the magnetic� eld at the lower boundary(derived from
observed line-of-sight magnetograms) leads to the injection and
buildup of electric currents in the corona. Thus, the coronal
magnetic� eld evolves to a new NLFFF con� guration. It is the
evolution of the magnetic� ux at the lower boundary that is key
to the buildup of magnetic forces in the domain during this
quasi-static evolution. The relaxation of the magnetic con� g-
uration is tuned to match the relaxation times in the solar
corona.

Occasionally, during the quasi-static evolution, the model
cannot converge to a new NLFFF equilibrium, due to the
buildup of large� ux ropes. This usually occurs in conjunction
with the liftoff of a magnetic� ux rope in the model, where
magnetic reconnection below the� ux rope leads to a strong
outward magnetic tension (Mackay & van
Ballegooijen2006b). At this point, the NLFFF model is no
longer appropriate and full MHD is required to describe the
correct dynamics(Pagano et al.2013b).

2.2. Observed Active Regions and Eruptions

In order to develop a technique to identify active regions in
which magnetic� ux rope ejections occur, we consider a
number of active regions that have previously been analyzed in
detail. In� ve of these active regions, observable signatures of
eruptions have been clearly identi� ed and the other three show
no such signatures. Yardley et al.(2018a) provides an overview
of what observable signatures can be interpreted as the
occurrence of an eruption in an active region. Table1 shows
the main properties of the active regions selected for this study,
and we refer to them as eruptive or noneruptive active regions
as appropriate(Rodkin et al.2017; James et al.2018; Yardley
et al.2018a, 2018b; S.L. Yardley et al. 2019, in preparation).
To identify eruptions, we focus mostly on dynamic signatures
found within coronal images that indicate a rapid plasma
displacement or ejection. These signatures include coronal
dimmings, � lament eruptions, the disappearance of coronal
loops, or post� are magnetic� eld rearrangement(Yardley et al.
2018a). While CMEs can be linked to solar� ares, both
phenomena can occur without the other(Gopalswamy2004).
Due to this, we do not useGOESdata, which are more related
to burst heating or energetic particles compared to a large-scale
displacement or rearrangement in the coronal� eld. For the
present study, we favored active regions isolated from large
concentrations of magnetic� ux in order to simplify the
analysis. Each of the active regions is observed to undergo a
qualitatively different evolution over the time period studied.
Some of them(e.g., AR 11504 and AR 11561) show clear
indications of magnetic� ux emergence, while others do not.

For each of the active regions, we simulate the evolution of
the 3D coronal� eld over the time period given in Table1,
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scattered. In Figure10, the green curves show the simulations
associated witht0�= �tf�−�5� t and t0�= �tf�−�10� t. For AR
11561, this is the�[ tmax ( ) evolution associated with the images
in the center and right columns of Figure9. It is remarkable that
in spite of the differences between the panels in Figure9, the
evolution of �[ tmax ( ) does not signi� cantly change when
t0�= �tf�−�10� t. This is true for most of the active regions
with the exception of AR 11437. AR 11437 shows observa-
tional signatures of an eruption about 10 hr before the end of
the magnetogram series, which corresponds to a phase of
increasing�[ tmax ( ). In light of this,�[ tmax ( ) decreases after the
eruption because the system has released energy leading to a
decrease in the Lorentz force and the magnetic� eld complex-
ity. The simulation fails to describe this evolution when
projected magnetograms are used as the lower boundary
conditions.

Similar conclusions can be drawn from Figure11, which
shows the same evolution of�[ tmax ( ) for the noneruptive active
regions. In simulations which use projected magnetograms, the
evolution of �[ tmax ( ) tends to deviate from the reference
simulation following the slope at the time when projected
magnetograms are introduced. The evolution of�[ tmax ( ) can
differ substantially when projected magnetograms are intro-
duced; however, the simulation results diverge less from the
reference simulation ast0 approachestf.

Another goal of applying a projected evolution is to identify,
in advance, active regions that will erupt. In Section3, we
concluded that the parameter�[̄ (the time average of�[ tmax ( ))
best discriminates eruptive from noneruptive active regions.
Therefore, we compare the value of�[̄ obtained for the
simulations using only observed magnetograms with the ones

using projected magnetograms over different projection time-
scales. Figure12 shows the value of�[̄ for each simulation
using projected magnetograms(blue asterisks) in comparison
with the simulation with only observed magnetograms(red
asterisk) as a function oft0 for the eruptive active regions. We
use green asterisks to signify�[̄ for the simulations with
t0�= �tf�−�5� t and t0�= �tf�−�10� t. We � nd that in all active
regions where we use projected magnetograms, the simulations
converge to the true value of�[̄, ast0 approachestf. It is clear
that the value of�[̄ for most of the active regions is accurately
reproduced by the predictive simulations whent0���tf�−�10� t,
whereas for AR 11261 and AR 11437, it happens only when
t0���tf�−�5� t.

If we compare the value of�[̄ to the threshold value�[th̄ , we
� nd that for the majority oft0, �[̄ remains larger than�[th̄ ,
indicating the possible occurrence of an eruption. For some
cases, the value of�[̄ oscillates about the threshold, although it
always exhibits signi� cant time periods where it is above the
threshold. For active regions AR 11561, AR 11261, and AR
11504, the predictions of�[̄ result in higher�[̄ compared to the
simulation wheret0�= �tf. This occurs when� ux emergence is
ongoing in the active region at the time we switch from
observed to projected magnetograms. This is due to the simple
projection technique applied, which leads to a continuous
increase of magnetic� ux and magnetic stress. When magnetic
� ux is not emerging, the values of�[̄ can be predicted more
accurately in advance. To improve the accuracy of this
approach signi� cantly, a projection technique that mitigates
the effect of magnetic� ux emergence over long periods of time
must be developed.

Figure 9.Maps of the photosphericBz with representative magnetic� eld curves overplotted att�= �tf for three simulations of AR 11561:(left) the reference simulation,
(center) the simulation witht0�= �tf�−�5� t, and(right) t0�= �tf�−�10� t.
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Figure 13 shows the same plot for the noneruptive active
regions, con� rming that the� nal value of�[̄ can be estimated
several time steps before the� nal magnetogram. In general, the
entire set of predictive simulations shows a behavior consistent
with the simulation using only observed magnetograms, where
the value of�[̄ remains lower than the threshold value. Again,
we � nd some values oft0 where the predicted value of�[̄ is
signi� cantly different from the simulation att0�= �tf, but they
are rather isolated or occur over the longest predictive
timescales, where the use of observational information is
limited.

Figures12and13 show that the parameter�[̄ can consistently
identify eruptive from noneruptive active regions. With some
limitations, this is also true when we replace observed
magnetograms with projected ones. This result emphasizes
the potential of the technique in(i) selecting which active
regions are most or least likely to erupt or(ii ) comparing the
likelihood of eruptions between two active regions. In order to
further assess the robustness of this approach, in the next
section, we investigate the role of additional random noise in
simulations during the timeframe of the projected
magnetograms.

4.3. Projections with Random Noise Component

To test the robustness of this modeling technique, we run
additional simulations where projected magnetograms are
perturbed with a component of random noise. The purpose of
these numerical experiments is to investigate how the predicted
value of�[̄ is affected by random perturbations.

We test the effect of random noise on two active regions
from our set, AR 11561(eruptive) and AR 11813(none-
ruptive). As described in Equation(14), the quantity that drives
the variation of the lower boundary is the electric� eld. First,
we compute the two components of the surface electric� eld,
E x y,x( ) andE x y,y( ) (i.e., the right-hand side in Equation(14))
from the � nal two observed magnetograms. In the previous
simulations presented in Section4.2, E x y,x( ) and E x y,y( )
were kept constant in time over the projected evolution. In
contrast, to introduce a randomly varying electric� eld, we next
compute the mean value ofE x y,x( ) and E x y,y( ), and the
standard deviation� Ex and � Ey of the electric� eld. These
values are computed over the whole computational domain,
where we note that the strong� eld regions only occupy a small
subset of the domain. Finally, a random noise component is

Figure 10.The evolution of�[ tmax ( ) for the eruptive regions in our data set(derived from nonnormalized quantities). The timet0 when we switch from observed to
projected magnetograms is varied(blue curves). The red curve represents the evolution for the reference simulations wheret0�= �tf, and the dashed red curve represents
the evolution in the ramp-up phase. The green curves show the evolution whent0�= �tf�−�10� t andt0�= �tf�−�5� t.
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added toE x y,x( ) andE x y,y( ) at each pixel where the random
component is varied at the magnetogram acquisition cadence(
i.e., 96 or 60 minutes). It should be noted that the values of� Ex

and � Ey are approximately two orders of magnitude smaller
than the electric� eld values in the active region center. This is
a consequence of computing these values over the full domain,

Figure 11.The evolution of�[ tmax ( ) for the noneruptive regions in our data set(derived from nonnormalized quantities). The timet0 when we switch from observed to
projected magnetograms is varied(blue curves). The red curve represents the evolution for the reference simulations wheret0�= �tf, and the dashed red curve represents
the evolution in the ramp-up phase. The green curves show the evolution whent0�= �tf�−�10� t andt0�= �tf�−�5� t.

Figure 12. The value of�[̄ for each eruptive active region as a function oft0, i.e., when we switch from observed to projected magnetograms. The dashed curve
represents the value of�[ �� 0.028th̄ . The red asterisk represents the simulation witht0�= �tf, and the green asterisks represent the simulations whent0�= �tf�−�5� t and
t0�= �tf�−�10� t.

Figure 13.The value of�[̄ for each noneruptive active region as a function oft0, i.e., when we switch from observed to projected magnetograms. The dashed curve
represents the value of�[ �� 0.028th̄ . The red asterisk represents the simulation witht0�= �tf, and the green asterisks represent the simulations whent0�= �tf�−�5� t and
t0�= �tf�−�10� t.
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