

https://orcid.org/0000-0001-5274-515X

The Astrophysical Journal, 883:112(15pp, 2019 October 1 Pagano, Mackay, & Yardley

magnetic eld through a series of near-equilibrium states. This surface to fully contain the active region. In this study, the time
approach has been shown to be accurate in describing theeries of NLFFF corgurations is constructed assuming closed
nonpotential eld above active regions. It has been successfulboundaries at the four sides of the 3D lfio® normal magnetic

in reproducing sigmoids and the formation of magnetig eld), while the magnetic eld can have a normal component
ropes(Gibb et al.2014 Yardley et al.2018h S.L. Yardley across the top boundary. The bottom boundary, which
et al. 2019, in preparatipnalong with the generation of represents the solar surface, is forced to have an evolving
conditions required for the onset of magnetiox rope and balanced magnetix.

ejections(Mackay & van Ballegooijer?2006a Yeates et al. The model uses a zeroapproximation where this provides
2010 Pagano et akR013h 20134 2014 Rodkin et al.2017). an accurate representation of the evolution of the coronal
In this paper, we use the model of Mackay et(2011) to magnetic eld over timescales longer than the Alfvcrossing

develop a new technique aimed at identifying which active time. The initial coronal magneti@ld for each active region is
regions are most likely to produce an eruption. We apply thisassumed to be a potentiadld, and at later times, the evolution
model to a set of active regions that have been previouslyof the magnetic eld at the lower boundar{derived from
studied in detaifRodkin et al2017 James et ak018 Yardley observed line-of-sight magnetogranesads to the injection and

et al.20183 2018h S.L. Yardley et al. 2019, in preparatjon  buildup of electric currents in the corona. Thus, the coronal
Some of the active regions resulted in observed eruptionsmagnetic eld evolves to a new NLFFF coguration. It is the
while others did not. Werst analyze the 3D magnetield evolution of the magneticux at the lower boundary that is key
con guration of the active regions produced by the magneto-to the buildup of magnetic forces in the domain during this
frictional model to identify a metric that discriminates the quasi-static evolution. The relaxation of the magnetic gon
eruptive and noneruptive active regions. Once this metric isuration is tuned to match the relaxation times in the solar
identi ed, we focus on the predictive capabilities of this corona.

approach. Magnetofrictional simulations are run where the Occasionally, during the quasi-static evolution, the model
photospheric magneticeld evolution is projected forward in  cannot converge to a new NLFFF equilibrium, due to the
time without further input from magnetograms. The method is buildup of large ux ropes. This usually occurs in conjunction
continued forward for up to 32 hr to see whether the eruptive orwith the liftoff of a magnetic ux rope in the model, where
noneruptive state of the active regions can be predictedmagnetic reconnection below thex rope leads to a strong
correctly. Two techniques are consideréd: simply using outward magnetic tension (Mackay & van
the present evolution to project the future evolution énd Ballegooijen2006h. At this point, the NLFFF model is no
adding a component of noise in the projection of the longer appropriate and full MHD is required to describe the
magnetograms to test its robustness. This allows us to considezorrect dynamic¢Pagano et ak013h.

how the projected evolution affects the metric.

The structure of the paper is as follows: in Secfiprwe give
more details on the magnetofrictional model and the active
regions under study. In Secti@ we discuss the parameters In order to develop a technique to identify active regions in
that differentiate active regions with observed eruptions fromwhich magnetic ux rope ejections occur, we consider a
those without. Next, in Sectiof, we show how the use of number of active regions that have previously been analyzed in
projected magnetograms affect this application, and we drawdetail. In ve of these active regions, observable signatures of
some conclusions in Sectid@n eruptions have been clearly idemtil and the other three show
no such signatures. Yardley et@0183 provides an overview
of what observable signatures can be interpreted as the
occurrence of an eruption in an active region. Tdbshows

The work presented here is based on the magnetofrictionathe main properties of the active regions selected for this study,
simulation approach of Mackay et af2011), where a and we refer to them as eruptive or noneruptive active regions
continuous time series of 3D NLFFF cagurations are derived  as appropriatéRodkin et al.2017 James et ak018 Yardley
from a corresponding time series of magnetogram measureet al.20183 2018k S.L. Yardley et al. 2019, in preparatjon
ments. We apply this model to eight active regions, whereTo identify eruptions, we focus mostly on dynamic signatures
eruptions were observed ive of these regions, while for the found within coronal images that indicate a rapid plasma
remaining three regions no eruptions occurred. displacement or ejection. These signatures include coronal
dimmings, lament eruptions, the disappearance of coronal
21, Model loops, or postare magnetic eld re_arrangemelﬁvardley et al.

o 20183. While CMEs can be linked to solarares, both

The magnetofrictional simulation describes the magneticphenomena can occur without the otf@ppalswamy2004).

eld evolution in a Cartesian 3D domain by considering the Due to this, we do not us8OESdata, which are more related
simultaneous stressing and relaxation of the coronal magnetito burst heating or energetic particles compared to a large-scale

eld. The stressing of theeld is due to the evolution of the displacement or rearrangement in the cororedtl. For the
magnetic ux distribution at the lower photospheric boundary present study, we favored active regions isolated from large
determined from a time series of magnetogram observationsconcentrations of magneticux in order to simplify the
The relaxation occurs from specifying the velocity to be analysis. Each of the active regions is observed to undergo a
proportional to the Lorentz force in the 3D domain. Full details qualitatively different evolution over the time period studied.
of the NLFFF model can be found in Mackay et(@D11). In Some of them(e.g., AR 11504 and AR 115§Xhow clear
this model, the 3D domain is a Cartesian box where the solaiindications of magneticux emergence, while others do not.
surface is placed at the lowerboundary. The horizontal For each of the active regions, we simulate the evolution of
directions x andy, extend over a sutient region of the solar the 3D coronal eld over the time period given in Table

2.2. Observed Active Regions and Eruptions

2. Model and Simulations
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Figure 9. Maps of the photospherig, with representative magnetield curves overplotted at t; for three simulations of AR 1156(left) the reference simulation,
(cente) the simulation withtg = t; — 5 t, and(right) to = t — 10 t.

scattered. In Figur&0, the green curves show the simulations using projected magnetograms over _different projection time-
associated witho =t — 5 t andtg =t — 10 t. For AR scales. Figurel2 shows the value of for each simulation
11561, this is thd,, (t) evolution associated with the images using projected magnetograrfisue asterisksin comparison

in the center and right columns of Fig@dt is remarkable that  with the simulation with only observed magnetogragmesi

in spite of the differences between the panels in Figuthe  asterisk as a function of, for the eruptive active regions. We
evolution of [,,(t) does not signicantly change when yse green asterisks to signifyy for the simulations with
to=t — 10 t. This is true for most of the active regions t,=t — 5 tandty,= t; — 10 t. We nd that in all active
with the exception of AR 11437. AR 11437 shows observa- regions where we use projected magnetograms, the simulations
the magnetogram series, which corresponds to a phase qhat the value off for most of the active regions is accurately
increasing [ay (1). In light of this, [, (t) decreases after the  eproduced by the predictive simulations whep t — 10 t,
eruption because the system has released energy leading to,@ areas for AR 11261 and AR 11437. it happens only when
decrease in the Lorentz force and the magnetid complex- th>t—5 t '

ity. . The simulation fails to describe this evolution when If we compare the value cffto the threshold vaIuQ_h, we
projected magnetograms are used as the lower boundary C = ) —
nd that for the majority ofty, [ remains larger tharf,,

conditions. L . .
Similar conclusions can be drawn from Figure which indicating the pos_S|bIe_ occurrence of an eruption. For some
shows the same evolution §f,, (t) for the noneruptive active cases, the ya_lue qfo_30|llat¢s abou_t the threshplq, although it
ax @lways exhibits signicant time periods where it is above the

regions. In simulations which use projected magnetograms, th ; .
evolution of [, (t) tends to deviate from the reference tnreshold. For active regions AR 11561, AR 11261, and AR

simulation following the slope at the time when projected 11504, the predictions df result in higher[ compared to the
magnetograms are introduced. The evolution[gf (t) can ~ Simulation wherd = t. This occurs when ux emergence is
differ substantially when projected magnetograms are intro-ONgoing in the active region at the time we switch from
duced; however, the simulation results diverge less from theobserved to projected magnetograms. This is due to the simple

reference simulation dg approaches. projection technique applied, which leads to a continuous
Another goal of applying a projected evolution is to identify, increase of magneticux and magnetic stress. When magnetic

in advance, active regions that will erupt. In Sect&rnwe ux is not emerging, the values ¢fcan be predicted more

concluded that the parametgi(the time average of; . (t)) accurately in advance. To improve the accuracy of this

best discriminates eruptive from noneruptive active regions.approach signicantly, a projection technique that mitigates
Therefore, we compare the value ¢f obtained for the the effect of magneticux emergence over long periods of time
simulations using only observed magnetograms with the onesnust be developed.
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Figure 10. The evolution of[,,, (t) for the eruptive regions in our data ¢a@erived from nonnormalized quantifieShe timet, when we switch from observed to
projected magnetograms is var{gtue curvey The red curve represents the evolution for the reference simulationstyvhetieand the dashed red curve represents
the evolution in the ramp-up phase. The green curves show the evolutiortywhén— 10 tandtp= t; — 5 t.

Figure 13 shows the same plot for the noneruptive active

regions, conrming that the nal value of[ can be estimated

several time steps before theal magnetogram. In general, the
entire set of predictive simulations shows a behavior consiste
with the simulation using only observed magnetograms, wher
the value of[ remains lower than the threshold value. Again,

we nd some values dfy where the predicted value dfis
signi cantly different from the simulation & = t;, but they

are rather isolated or occur over the longest predictive
timescales, where the use of observational information is'YP

limited.

Figuresl2 and13show that the paramet@can consistently

4.3. Projections with Random Noise Component

To test the robustness of this modeling technique, we run
rlt’;\dditional simulations where projected magnetograms are
eperturbed 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 (eruptivd and AR 11813(nhone-
tive). As described in Equatigii4), the quantity that drives

the variation of the lower boundary is the electréd. First,

we compute the two components of the surface elec#fid,

identify eruptive from noneruptive active regions. With some Ex(X, ¥) andEy(x, y) (i.e., the right-hand side in Equati(i¥))
limitations, this is also true when we replace observed from the nal two observed magnetograms. In the previous
magnetograms with projected ones. This result emphasize§imulations presented in Sectign2 Ex(x, y) and Ey(x, y)

the potential of the technique i) selecting which active
regions are most or least likely to erupt(idy comparing the

were kept constant in time over the projected evolution. In

contrast, to introduce a randomly varying electetd, we next
likelihood of eruptions between two active regions. In order to compute the mean value &(x, y) and E/(x, y), and the
further assess the robustness of this approach, in the nexdtandard deviation g, and g, of the electric eld. These

section, we investigate the role of additional random noise invalues are computed over the whole computational domain,
simulations during the timeframe of the projected where we note that the strongld regions only occupy a small
magnetograms. subset of the domain. Finally, a random noise component is
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Figure 11.The evolution off, (t) for the noneruptive regions in our data @kdrived from nonnormalized quantifieShe timet, when we switch from observed to
projected magnetograms is var{etue curvep The red curve represents the evolution for the reference simulationstyvhereand the dashed red curve represents
the evolution in the ramp-up phase. The green curves show the evolutiortigwhén— 10 tandtp =ty — 5 t.
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Figure 12. The value c_>fT for each eruptive active region as a functiortgfi.e., when we switch from observed to projected magnetograms. The dashed curve

represents the value @

0.028 The red asterisk represents the simulation wyith t;, and the green asterisks represent the simulationstykey — 5 tand

to=t— 10 t.
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Figure 13.The value off for each noneruptive active region as a functiot,dfe., when we switch from observed to projected magnetograms. The dashed curve
0.028 The red asterisk represents the simulation tyith t;, and the green asterisks represent the simulationstykety — 5 tand

represents the value §f

to= tf—10 t.

added toE,(x, y) andEy(x, y) at each pixel where the random and g, are approximately two orders of magnitude smaller
component is varied at the magnetogram acquisition cagence than the electric eld values in the active region center. This is

i.e., 96 or 60 minutgslt should be noted that the values @ a consequence of computing these values over the full domain,
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