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ABSTRACT

Several papers provide evidences that the most probable sites of flare onset are the regions
of high horizontal magnetic field gradients in solar active regions. Besides the localization of
flare producing areas the present work intends to reveal the characteristic temporal variations in
these regions prior to flares. This study uses sunspot data instead of magnetograms, it follows
the behaviour of a suitable defined proxy measure representing the horizontal magnetic field
gradient. The source of the data is the SDD (SOHO/MDI-Debrecen Data) sunspot catalogue.
The most promising pre-flare signatures are the following properties of the gradient variation: i)
steep increase, ii) high maximum, iii) significant fluctuation and iv) a gradual decrease between
the maximum and the flare onset which can be related to the ”pull mode” of the current layer.
These properties may yield a tool for the assessment of flare probability and intensity within the

next 810 hours.

Subject headings: Sun:flares, sunspots
1. Introduction

The source of the released energy in flares is the
free magnetic energy, it is provided by the nonpo-
tential or current carrying component of the active
region magnetic field (Priest & Forbes 2002). The
large current layers cannot be observed directly,
their localization needs the detailed knowledge of
the magnetic field structure by extrapolating the
data of surface magnetic fields to the corona, this
is a complicated and time consuming task. There-
fore the recent attempts focus on directly observ-
able signatures of nonpotentiality to find diagnos-
tically reliable pre-flare properties.

The most promising observable feature is the
inversion line separating the two areas of oppo-
site polarities in the active regions. Schrijver
(2007) demonstrated on a large sample that the
occurrences of intensive flares are connected to in-
version lines of high magnetic gradient. Mason

& Hoeksema (2010) defined a parameter named
GWILL (gradient-weighted inversion line length)
and found that it increased significantly prior to
flares. They admitted, however, that GWILL is
not suitable for real time prediction. Cui et al.
(2006) considered the maximum horizontal gradi-
ent and the length of the neutral line. Along with
the neutral line and horizontal gradient the follow-
ing additional features have been studied as pos-
sible pre-flare signatures: length of strong-shear
main neutral line, net electric current arching from
one polarity to the other, and a flux-normalized
measure of the field twist (Falconer et al. 2002);
total magnetic energy dissipated in a unit layer
per unit time (Jing et al. 2006); shear (Cui et al.
2007); effective connected magnetic field (Geor-
goulis & Rust 2007); weighted (integrated) lengths
of strong-shear and strong-gradient neutral lines
(Falconer et al. 2008); spot areas, magnetic fluxes
and average magnetic field (Wang & Zhang 2008);



the total unsigned magnetic flux and the total
magnetic dissipation (Song et al. 2009); number
of singular points (Huang et al. 2010; Yu et al.
2010a).

Another group of the investigations focused
on the role of the helicity in the magnetic field.
LaBonte et al. (2007) determined a specific peak
helicity flux as a necessary condition for the occur-
rence of an X-flare. Wang (2007) also took into ac-
count helicity injection among other dynamic con-
ditions.

Besides the above features small scale struc-
tures are also considered as pre-flare conditions.
Flare occurrence may also be expected from highly
intermittent magnetic configurations, in other
terms from turbulent structures, which can be de-
scribed by fractal dimension analysis. Abramenko
et al. (2003) and Georgoulis (2005) reported char-
acteristic variations shortly prior to flares, fur-
thermore, Criscuoli et al. (2009) found correla-
tion between the generalized fractal dimension
and the flare index. At the same time Georgoulis
(2012) pointed out that the fractality and turbu-
lence properties do not distinguish flare-active and
flare-quiet active regions.

For the purpose of forecasting the structural
analysis may be insufficient in itself, the fractal-
ity results show that the pre-flare dynamics may
contain basic information about the probability of
the flares. Liu et al. (2008) introduced a quantity
for the description of the magnetic field dynamics:
E = u x B, where u is the velocity of the foot-
points of the magnetic field lines and found that
the footpoint motions may trigger flares. Mur-
ray et al. (2012) reported further pre-flare changes:
increase of the vertical field strength and current
density as well as approaching of the magnetic flux
towards the vertical by about 8°.

All of the above mentioned methods are based
on magnetograms. Our objective is a new type of
measure for the description of nonpotentiality by
using sunspot data. Sunspots are discrete entities
instead of the continuous magnetic field distribu-
tions of the magnetograms but they are locations
of high flux densities so they are presumably the
dominant components of the processes. We anal-
yse the pre-flare values and the behaviour of the
horizontal magnetic field gradient in the area of
the flare in order to find indicative values of this
behaviour in the two-three days prior to the flare

onset. The aim is to find signatures for the ex-
pected time of the onset of the flare and also for
its intensity.

2. Data and Analysis Tools

The most suitable dataset for this investiga-
tion is the SDD (SOHO/MDI-Debrecen Data), the
most detailed sunspot catalogue covering the years
of MDI operations, 1996-2010. It contains the
data of positions, areas and mean magnetic fields
for all observable sunspots and sunspot groups on
a 1-1.5 hourly basis (Gy6ri et al. 2011). This
makes possible to follow the evolution of the in-
ternal magnetic configuration of the active regions
in high spatial and temporal resolution. The SDD
contains the mean field strengths of the sunspot
umbrae and penumbrae. Figure 1 shows the de-
pendence of the average of mean magnetic field on
the umbral area within a distance of 10° from the
solar disc center. The sampling comprises 142,411
umbrae, the error bars represent the standard de-
viation of the mean magnetic field within the bins
of umbral area of 1 MSH (millionth of solar hemi-
sphere).

The curve fitted to the measured points can be
described by the following formula:

Brean = f(A) = K1 - In(A) + Ko (1)

where |K7| = 265 gauss and |Ka| = 1067 gauss.
This function renders a B mean magnetic field to
an A umbral area. Considering that both the mag-
netic field and the area should be corrected for
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Fig. 1.— Dependence of the mean magnetic field
of both polarities in umbrae on the umbral area
measured by SOHO/MDI on the solar disc center.
The data are taken from the SDD catalogue.



center-limb variation we decided to use directly
the sunspot area data which are suitably corrected
for geometrical foreshortening in the SDD. The
targeted physical quantity is the horizontal gra-
dient of the magnetic field between two areas of
opposite magnetic polarities. The magnetic field
will be represented by the total amount of mag-
netic flux enclosed within the umbra which can be
obtained by multiplying the Bean = f(A) mean
magnetic field by the A area. We define the follow-
ing proxy measure to represent the magnetic field
gradient between two spots of opposite polarities
having A; and A, areas at a d distance

oy = [ 1) A fa) |

The measured values are converted to SI units:
Wb/m. We consider this quantity as a possi-
ble proxy of nonpotentiality at the photospheric
level. It has the following advantages in compar-
ison with the quantities defined directly on the
magnetogram data. By tracking the pre-flare vari-
ations in real-time it is useful to have an as quick
procedure as possible and the above Gj; quan-
tity only needs the determination of the area and
distance data of some selected spots, this may
need a couple of minutes with a moderate com-
puting background. The other advantage is that
the correction for center-limb variation is much
more straightforward and reliable for geometric
data than for magnetic data while the (1) cali-
bration formula can (and probably should) be im-
proved in the future.

3. Pre-flare Dynamics of the Magnetic
Field Gradient
Case Studies

For case studies some energetic events have
been selected to follow the development of the
magnetic field gradient and to test the viability
of the suggested approach. The images of Fig-
ure 2 show the NOAA 9393 active region on 29
March 2001, its white-light appearance, the mag-
netogram and (in the middle) the view of the
sunspot group reconstructed from the SDD data.
This panel is just a cartoon containing circles
whose positions and areas correspond to the rel-
evant data of spots in the catalogue and their
grayscale color coding of the magnetic polarities

corresponds to that of the magnetograms. Of
course, the shapes of penumbrae cannot be recog-
nized, they only represent the areas of penumbrae.

The active region produced numerous flares,
only those cases are considered in the present work
which are stronger than M5. We assumed that the
most intense flares are in connection with the lo-
cation of the strongest magnetic gradient and the
variation in this region has been followed. This
assumption is based on the finding of Schrijver
(2007) that ’large flares, without exception, are as-
sociated with pronounced high-gradient polarity-
separation lines’. The cartoon of the active region
in Figure 2 contains three selected areas containing
spots of opposite polarities. The highest variabil-
ity was exhibited by area 2.

The upper two diagrams of Figure 2 show the
variations of GG in the selected areas 1 and 3 be-
tween 25 March and 2 April. This can be regarded
to be the behaviour of quiet areas. The third panel
of the diagrams shows the variation of the G ; flux
gradient in area 2 between 27 March and 3 April
in a cadence of 1.5 hours. In this area the spot
pair with the highest G is used. The times and
intensities of the flares are indicated.

It is conspicuous that a steep rise and a high
maximum value of the flux gradient is followed by
a less steep decrease which ends with an energetic
X1.7 flare on 29 March. Then a next gradient
increase can be seen, a next high maximum value
is followed by a steep decrease and two energetic
flares with strengths X1.4 and X20.

Regarding to the (2) definition it is also in-
formative to separate in this variation the roles
of the amount of magnetic flux and the distance.
The fourth diagram of Figure 2 shows the varia-
tion of the distance between the spots involved in
the highest Gy value, the fifth diagram shows the
variation of the amount of the involved magnetic
flux. The corresponding time intervals are sepa-
rated by dashed lines in the three lower diagrams.

It can be seen that the starting rapid increase
of the Gy (first interval) and then the slower de-
crease (second interval) are due to the increase
and decrease of flux amount, i.e. the strengthen-
ing and weakening of the spots. Then the longer
strengthening (third interval) is due to increasing
flux amounts and decreasing distances. After the
highest maximum a medium intensity flare is re-
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Fig. 2.— Images: AR NOAA 9393 on 28 March
2001 at 06:23 UT: continuum image, reconstruc-
tion from SDD, magnetogram. Diagrams: varia-
tions of Gps in areas 1 and 3; diagrams of area 2:
variations of Gy, distances, flux amounts. The
two lower axes show the LCM and the radial co-
ordinate (r) of area 2.

leased like in 28 March and the rapid decrease of
G (fourth interval) is resulted by decreasing flux
amount and receding spots until the two X class
flares.

The error of G); can be assessed as follows.
Formula (1) contains three quantities, the B mag-
netic field, (i.e. f(A)), the area A, and the distance
d. The mean (typical) value of the magnetic field
in the examined cases is 1600 Gauss, the mean
error of the magnetic field rendered to a certain
umbral area is ABmean ~ 250 Gauss. This value
is comparable to the errors presented by Watson
et al. (2011), this has the largest contribution to
the final error and it has the same constraint on all
methods using MDI data. The mean umbral area
is 3.8 - 10"®m? its mean error is 3.8 - 10'2m?. The
mean distance between the examined spot pairs is
d ~ 2-10"m its mean error is Ad ~ 1.2-10%m (con-
sidering that the error of position measurements
is 0.1 heliographic degrees). By using mean values
of these quantities and their mean errors and by
applying the formula of the propagation of error
one obtains a typical value for the error of inter-
spot gradient: AGy; ~ 1.2-10°Wb/m. This value
should be compared to the variations of Gy, see
e.g. Figure 2: the mean fluctuation in the quiet
areas 1 and 3 are about ~ 105Wb/m, in area 2
the decrease is about ~ 1.5 - 10°Wb/m and the
two increases are more than 3 - 10Wb/m. Thus
the mean error is less than 10% of the addressed
variations of Gj; which can be considered to be
significant.

The two similar variation patterns in area 2
prior to energetic flares may be signatures of the
imminent eruption. This has been checked in an-
other active region, the NOAA 9661, see Figure 3.
The meanings of panels are the same as in Figure 2
but without the comparison to quiet areas.

The events between 15-19 Oct. 2001 are as fol-
lows: the flux amount fluctuates but no continuous
trend can be observed. The introducing increase
of Gy (first time interval until the first dashed
line) is due to the approaching motion of the in-
volved spots, then the decreasing trends until the
two X1.6 flares (second and third intervals) are due
to the receding motions of spots. It is conspicuous
that in both presented cases the energetic flares
are introduced by a certain decrease of the mag-
netic field gradient after a high maximum value.

The third example is the active region NOAA
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Fig. 3.— The same images and diagrams for the
active region NOAA 9661 as in Figure 2 for NOAA
9393. The images are taken on 17 Oct. 2001 at
16:37 UT.
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Fig. 4.— Variations in the active region NOAA
10226 within the selected area 1 between 16 and
21 December, 2002, the meanings of the panels are
the same as in Figures 2 and 3. The images show
the active region on 19 December, at 16:54 UT.



10226, see Figure 4, the meanings of the panels
are the same as in Figures 2 and 3, the area of the
highest flux gradient is indicated by a rectangle.

In this case the first gradient increase (until
the second dashed line) is caused by both the ap-
proaching motions and strengthening of the spots.
After the maximum the gradient decrease (after
the second dashed line) is mainly due to the re-
ceding motions which end with an M6.8 flare.

4. Statistical Studies of the Variations

In the above case studies the following proper-
ties of the pre-flare variations of the (2) magnetic
flux gradient may be worth considering for fur-
ther statistical investigations: i) at the beginning
a steep rise ii) a high maximum, iii) decrease for
several hours, iv) strong fluctuation during the de-
crease. All flares were introduced by this series of
events.

The above characteristics have been examined
on an appropriate sampling. The selection criteria
were as follows. All groups produced a single sig-
nificant flare after the maximum, i.e. either a sin-
gle flare larger than M5 class, or an X-flare with-
out preceding flares larger than M5. In a few cases
the presented pre-flare behaviour of the G); was
also recognizable before flares weaker than class
M5 but the applicability of the method rapidly
weakens toward less intense flares. The sample
contains a few exceptions, five M4.x cases and a
single M3.5 case, these were singular events in the
given spot groups. The aim of these requirements
is that the tracked variation of G s can unambigu-
ously be rendered to a specific flare event.

The flare should have been released no further
than —40° to the East from the central meridian
(in order to see its precursors). The entire tar-
geted pre-flare variation should have taken place
within —70° and +70° from the central meridian.
Altogether 57 active regions fulfilled these require-
ments. The above restrictions mean that from the
flares in Figures 2— 4 only the X1.7 flare of AR
NOAA 9393 is included in the statistics because it
is only preceded by a moderate event, in the rest
of the cases the energetic flares are either close to
each other or beyond +70°. However, the men-
tioned trends in the behaviour of Gj; can be rec-
ognized in these cases too.

Figure 5 shows the relationships between the
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Fig. 5.— Relationships of the characteristics of
flux gradient variations with the strengths of the
produced flares: growth rate (upper panel), the
achieved maximum (second panel), the fluctuation
during its decrease (third panel) and the time be-
tween the maximum and flare onset (lower panel).
The x-axes show the maxima of flare intensities in
the 1-8 A wavelength range.

strengths of the produced flares and the follow-
ing pre-flare characteristics: the starting growth
rate and the maximum value of the flux gradient,
the time between the maximum and the flare after



some decrease, and the strength of fluctuation dur-
ing the decrease. This last quantity was computed
as the standard deviation obtained by a linear fit
to the data between the maximum and flare onset.
Instead of the GOES-classification, the strengths
of the flares are scaled in watts/ m”.
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Fig. 6.— Inverse plots of the two upper panels
of Figure 6, the intensities of the produced flares
in the 1-8 A wavelength range with respect to the
steepness of the rise of flux gradient until the maxi-
mum (left panel) and to the maximum value of the
gradient (right panel).

The relationship with the growth rate (Figure 5
upper panel) is weak, a more unambiguous rela-
tionship can be seen in the second panel between
the strength of the produced flare and the max-
imum of the Gj; flux gradient. In order to get
more suitable information for the causal connec-
tions between these quantities the inverse forms of
these two relationships are plotted in Figure 6.

The equation of the regression line in Figure 6
between the strength of the flare (Sgare) and the
maximum of the Gy flux gradient (Gprmas) can
be written as

Sfare = @+ Gprmax + 0 (3)

a=27-10"11+0.4- 10" (watts/m>)/(Wh/m)
b=3.4-10"540.7- 10 watts/m’

The fluctuations and the delay times do not
show any relationships with the strengths of the
produced flares but the distribution of the delay
times shows that in half of the cases the flares
erupt within 10 hours after the maximum of Gy,
see Figure 7.

5. Discussion

The presented phenomena preceding the so-
lar flares seem to raise new aspects of the pre-
flare conditions. The study is based on the mag-
netic fields of sunspots, rather than distributions
of magnetic fields in magnetograms. The spots
are discrete entities of the active region magnetic
fields, their high flux densities may render them
the most efficient components of the pre-flare dy-
namics of active regions. The following features
are of interest:

1) Quick growth of the Gpy magnetic flux gra-
dient defined by (2). This is not surprising, this is
the process of building up the nonpotential com-
ponent of the active region magnetic field. The
rise takes about 1.5-2 days, the steepness of the
strengthening is only weakly indicative for the
flare intensity.

2) High maximum of Gy at about 3-105 Wb/m.
This is also obvious because this is the measure of
nonpotentiality in the given region. This maxi-
mum value shows the only unambiguous relation-
ship with the intensity of the released flare. Equa-
tion (3) gives a tool to estimate the intensity of
the expected flare from the measured maximum
of the flux gradient. This equation and the right
panel of Figure 7 may be considered to be a re-
lationship between the proxies of the free energy
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Fig. 7.— Distribution of time delays between the
achieved maximum of magnetic flux gradient and
the flare onset in the 57 cases examined.



and the released energy.

3) Decrease of Gy after maximum until the
flare onset. This might be the most surprising
pre-flare signature because one could expect that
the state of strongest gradient is the most efficient
trigger of the eruption. The after-maximum weak-
ening prior to the flare may imply that the condi-
tion for the reconnection is not only the compres-
sion of the oppositely oriented flux ropes but also
a subsequent loosening.

4) The significant fluctuation during the de-
crease is also a characteristic feature of the pre-
flare dynamics, but it is not related to the flare
intensity. Its measured values are between (3 - 10°
and 6 - 10> Wb/m during the decrease prior to the
X-flares whereas it is 7.5 - 10* Wb/m in the quiet
domain No.l of active region NOAA 9393 (Fig-
ure 2).

5) The obtained characteristics are mostly sig-
natures for major flares. The flare class M5 as
a lower threshold may seem to be arbitrary, but
it can be justified with Figure 5. Its upper right
panel shows that at M4 class flares the maximum
of G is about 1-10% Wb/m, while the lower left
panel of Figure 5 shows that the fluctuation of
G may be as high as 0.7 - 105 Wb/m, thus the
temporal variation of Gj; may be covered by the
fluctuation in the case of weak flares. The recog-
nizability of the presented beaviour decreases to-
ward weaker flares at about Gy ~ 1- 105 Wb/m
and M4 class, it can be identified for flares more
intense than M5.

6) In half of the examined cases the flare took
place within 10 hours after the maximum of Gy,.

The extension of the considered area to a cen-
tral meridian distance of £70° may seem to go too
far, Schrijver (2007) focuses on an area of +45° by
using LOS magnetograms, Leka & Barnes (2007)
extend the region until £60° by using vector mag-
netograms. In our case the applicability of the
method until £70° will only depend on the pos-
sibility to determine the polarity of the relevant
spots, because the correction for the foreshorten-
ing of the umbral area can be made more reliably
than for the center-limb variation of the magnetic
field. The method is mostly limited at the east-
ern side because of a minimal necessary length of
observable pre-flare evolution.

The release of the magnetic free energy in

current-carrying domains needs some external
triggering or favourable conditions. The observed
fluctuation of the Gjs seems to be an agent in
reinforcing the reconnection event. What is more
intriguing, however, the decrease after maximum
can be an even more important process in making
possible the reconnection. A possible interpreta-
tion considers the growing distance of the spots
of opposite polarities. This may be the signature
of new flux emergence which is an important el-
ement of pre-flare conditions according to several
authors (Li et al. 2000a,b; Wang 2007; Lee et al.
2012; Schrijver et al. 2005), whereas this emer-
gence injects helicity into the given domain of
the magnetic field structure (LaBonte et al. 2007;
Wang 2007). The injected helicity is also part of
the nonpotential component of the active region
magnetic field (LaBonte et al. 2007). Luoni et al.
(2011) pointed out that the specific elongations
of the emerging bipolar regions, the ”magnetic
tongues”, are observable signatures of the helic-
ity carried by the emerging flux so the growing
distance of the spots of opposite polarities may
imply simultaneous flux emergence and helicity
injection.

Another possible explanation of this observed
decrease is given by the theoretical study carried
out by Kusano et al. (2012). They proposed that
the reconnection on a current sheet is caused by
the coronal diverging flows that remove magnetic
flux and plasma from the reconnection site. If the
photospheric diverging flow can work so, it could
explain why the decrease of GGj; is associated with
the trigger of flares. Yamada (1999) also mentions
this process as a ”pull mode” in laboratory exper-
iments on reconnection.

Equation (3) shows that the gauge of nonpo-
tentiality makes possible to estimate the expected
flare energy. Falconer et al. (2009) found that the
free energy content of any active region has a max-
imum attainable level which is in relationship with
the total magnetic flux, the plot of this relation-
ship is called "main sequence” by the authors. The
produced flares and CMEs are fed from this free
energy reservoir. If the active region is close to the
free energy limit then flare eruption and CME are
highly probable. It should be admitted that the
presented statistical results refer to a single flare in
an active region or the first member of a series of
flares. Falconer et al. (2012) showed that previous



major flares may modify the forecast chance.

The investigations listed in the introduction use
different properties of the active region magnetic
fields to assess the probability of flare onset (Schri-
jver 2009) and the validity of their predicting ca-
pabilities may also be different. The spatial range
of the considered object seems to be related to
the temporal range of the prediction capability.
The longest timescale belongs to the cyclic varia-
tion, the shortest timescale, 15-20 minutes is typi-
cal in the studies using the quick variations in the
fine structure of the magnetic field, the fractality
(Abramenko et al. 2003). The analyses of the en-
tire active regions on the magnetograms focusing
on the neutral line or the gamma-configuration are
capable to foresee and estimate the flare probabil-
ity for a couple of days ahead.

The authors are indebted to Kanya Kusano
for kind encouragements and helpful comments.
The research leading to these results has received
funding from the European Community’s Seventh
Framework Programme (FP7/2012-2015) under
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