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ANALYSES OF VECTOR MAGNETOGRAMS

JINGXIU WANG
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ABSTRACT (1) Current techniques may now permit an acceptable res-
olution of the 180 degree ambiguity in determining the direction of trans-
verse fields. (2) The non-potentiality of active regions can be described by
parameters of angular shear, source field, line-of-sight current, force-free
factor and force-free current. A 2-dimensional description of angular shear
is necessary, and an alternative, FFT method of calculating the line-of-
sight current seems recommendable. (3) For a sampling region, the degree
of non-potentiality quantified by all the parameters shows great enhance-
ment right before a 1M flare, and reduces somehow during the flare. (4) A
highly intermittent distribution of force-free factor with fully mixed signs
is obtained, consistent with a theoretical approach.

INTRODUCTION

Measurements of solar vector magnetic fields are of particular significance with
regard to the studies of solar activities (Hagyard, 1990). The earliest map-
ping of vector magnetic fields was made by Dollfus (1950). A pioneer work of
vector magnetic field measurements was done by Severny and his colleagues at
Crimean Astrophysical Observatory from 1960’s to 1970’s. Since early 1980’s,
great achievement in measurements and analyses of vector magnetic fields, as
well as in understanding the non-potentiality of active regions has been obtained
by Hagyard and her co-workers at Marshall Space Flight Center.

Now a number of new vector magnetographs and Stokes polarimeters are
operated by many groups, such as Huairou (Ai and Hu, 1986, Ming et al. 1988),
Big Bear (Cacciani, Varsik and Zirin, 1989), Mees (Mickey and Canfield, 1989),
Sac Peak (O’Byrne, Rust and Harris, 1989), HAO (Lites et al., 1993), Lockheed
(Title, 1993), Mitaka (Ichimoto et al., 1993) and so on. It seems timely to
exchange ideas and results in vector magnetogram analyses.

In this paper, current techniques and results in analyses of vector mag-
netograms are briefly reviewed, and various approaches are tested with a time

sequence of vector magnetograms obtained at Huairou Solar Observing Station
(HSOS) for an active region.

OBSERVATIONS OF THE VECTOR FIELD AT HSOS

Measurements of the vector magnetic field at Huairou have been made on a daily
basis since 1988 (Ai et al., 1990). Vector magnetic fields of approximately 100
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regions per year are mapped with the Solar Magnetic Field Telescope at HSOS.
Among them, approximately 40 regions are mapped for more than 4 days. Thus
a great source of time sequences of vector magnetograms is available.

The calibration of Huairou magnetograms is based on the relations calcu-
lated for some empirical atmospheric models:

BI=C'1-%
1
B o (8 + ) o

where the I, V, Q and U are the Stokes parameters transmitted by the filter.
The calibration for the line-of-sight component is also empirically examined, like
Shi, Wang and Patterson (1986) did for the Big Bear system.

Usually, a 2" x2" smooth-average is made; after that, the noise level for the
line-of-sight magnetogram with 255 frame-pair integrations is ~ 10 gauss; for the
transverse magnetogram with the same integrations, <50 gauss at the 3 o level.

METHODS OF REMOVING THE 180 DEGREE AMBIGUITY

1. The Nature of the Ambiguity

The 180 degree ambiguity in determining the transverse field direction is a seri-
ous barrier to an accurate understanding of the non-potentiality of active regions.
Harvey (1969) is the first author who thoroughly considered this problem. Re-
views on this were given by Aly(1989), Gary and Hagyard (1990).

It should be emphasized that the ambiguity is an intrinsic defect of Zee-
man measurements. The only way to resolve this ambiguity is to introduce an
additional constraint on the field azimuth either from other theoretical consid-
erations, or from independent observations.

A strategy of removing this ambiguity might be recommended. First, a
basic resolution can be obtained by an objective method from theoretical con-
siderations, such as the potential field approximation (Harvey, 1969; Sakurai
et al., 1985), the force-free approximation (Krall et al., 1982; Wu, 1993), or
the divergence-free constraint (Harvey, 1969; Wu and Ai, 1991). Secondly, the
resolution should be corrected by more decisive constraints from independent
observations, such as H, fibrils, sunspot penumbra or superpenumbra, as well
as the history of the field evolution. Usually, a synthesized means (Wang and
Lin, 1993), or a multi-step strategy (Canfield et al., 1992) are required for a
satisfactory resolution of the ambiguity.

2. An Alternative Way to Remove the Ambiguity

Gary et al. (1987), Gary and Hagyard (1990) resolved the ambiguity by assuming
that the transverse field flowed away from (to) local positive (negative) fields.
This can be modified to an objective method. It is assumed that at each pixel
in the magnetogram there is a magnetic charge with strength B;. To determine
the transverse azimuth, a unit test charge is introduced at a given point. The

net Coulomb’s force, FC, felt by the test charge from nearby charges, say within
5 to 10 arcsec, would specify the transverse azimuth by
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Fig. 1.  An ambiguity-removed vector magnetogram (upper part) in compari-
son with the potential configuration extrapolated from the observed line-of-sight
field. The transverse field is represented by arrows with the length proportional
to the relative field strength. The line-of-sight field is represented by isogauss
contours with solid (dashed) line for positive (negative) polarity. The contour
levels are +160, 320, 640, 960, 1280, and 1600 gauss. Flare ribbons are super-
posed by grey patches.
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The way of adopting magnetic charges and Coulomb’s Law is equivalent to the
potential field approximation. However, as only the field of a surrounding area
is used in the calculation, the local distortion of the global field is taken into
account. Therefore, the method is valid for the case of strong magnetic shear.
The primary resolution is corrected by the topology constraints revealed from
independent observations using an interactive computer program.

The final resolution seems to be fairly satisfactory. In Figure 1, an exam-
ple of a vector magnetogram of AR 6233 on August 30, 1990 with ambiguity-
removed azimuth is shown in comparison with the potential configuration ex-
trapolated from the observed line-of-sight field. The line-of-sight component is
represented by isogauss contours with solid (dashed) lines for positive (negative)
polarity. The contour levels are +£160, 320, 640, 960, 1280, 1600 gauss. The
transverse component is represented by arrows with length proportional to the
field strength. The grey patches superposed are Hg flare ribbons at the closest
time of the magnetograms.

NON-POTENTIALITY OF ACTIVE REGIONS

1. Angular Shear A ¢ and Source Field B,

To extract the non-potentiality of magnetic field is a central task of vector mag-
netogram analyses.

One well-known non-potential parameter is the angular shear, A ¢, defined
by Hagyard et al. (1984). The angular shear is unique because of its indepen-
dence of the calibration. It is better to retain this uniqueness, and not to weight
the angular shear with other uncertain guantities. In previous studies, only the
angular shear on the magnetic neutral line is considered, and the observed az-
imuths are often chosen so that | A¢ |< 90°. However, by definition the shear
obviously has a 2-D distribution, and its values can extend much beyond +90
degrees.

The time sequence of angular shear of AR 6233 from 01:00 to 05:07 UT of
August 30 is shown on the left of Figure 2. Zones of strong magnetic shear with’
| A¢ |> 85° are presented by thick iso-shear contours with dashed (solid) lines
for negative {positive) angular shear. The line-of-sight fields are shown by only
+250 gauss contours to emphasize the gross magnetic structure. Flare ribbons
are superposed as grey patches.

The following results are revealed.

(1). Strong shear zones extend from the neutral line to both sides. A
dominant negative sign is found.

(2). One of the earliest brightenings of the 1M flare, indicated by an arrow,
appears at the site within a zone of strong shear. Flare ribbons later take place
on outer sides, or bracket strong shear zones.

{3). The shear achieves its maximum development with an extreme value
of approximately +160 degrees and its largest area in the earliest phase of the
1M flare; while in the late phase, the relevant strong shear zones are separated
into rather smaller pieces and reduced in area slightly.

A parameter related to the angular shear is the source field which is defined
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Fig. 2. Time sequences of angular shear (on the left) and source field (on the
right). Zones of strong magnetic shear with | A¢ |> 85° are presented by thick
iso-shear contours with dashed (solid) line for negative (positive) angular shear.
The line-of-sight fields are shown by only +250 gauss contours. Flare ribbons
are superposed as grey patches.
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by Hagyard et al. (1981) as the vector difference between the observed transverse
field and the calculated potential one based on the boundary condition of the
line-of-sight field. The source field and angular shear are related by

tg(A ) = By, — Bz, (3)

where By, and Bj, are the weighted x, y components of the source field.

The deduced source field of the sampling active region is illustrated on the
right of Figure 2 together with the observed line-of-sight magnetic field and the
flare ribbons. Two bundles of strong source field are identified. As expected,
each bundle of strong source fields corresponds to a set of strong shear zones.
Flares do take place on both sides of the bundles of strong source field.

2. Line-of-Sight Current J,

The line-of-sight current has been extensively studied (Moreton and Severny,
1968; Krall et al., 1982; Deloach et al., 1984; Hagyard et al., 1985; Haisch et
al., 1986; Ding et al., 1987; Lin and Gaizauskas, 1987; Hagyard, 1988; Chen and
Zhang, 1992; Lin, Wei and Zhang, 1993; Canfield et al., 1991, 1992; Leka et al.,
1992; de La Beaujardiete, Canfield and Leka, 1992). Generally speaking, some
degree of correlations between the location of line-of-sight current concentrations
and various manifestations of solar activity is plainly revealed. Canfield et al.
(1992) elucidated the physics of the correlations.

The line-of-sight current is calculated from numerical derivatives of the ob-
served transverse field which has a relatively large noise level. The numerical
derivatives of noisy data become even noisier and highly uncertain when adopting
different numerical methods. However, in the Fourier domain,

l.sin(Z”T’”)]“ 3. (m,n, z)[l - sin(222)

Jz (mv n, Z) =By (m’n7z)[ /thz T] (4)

A A A
where, By, By and J, are the relevant Fourier transformations, m,n are Fourier
variables, h,,h, are distances between adjacent pixels, I, J are dimensions of

the magnetograms in x and y directions, and [ = (—1)%. Then, J, is readily
calculated by the reverse transformation. As direct derivatives are avoided and
the high frequency noise is reduced, this technique seems recommendable.

The current images deduced are rich in fine structures. The maximum
current is found at 04:00 UT, the earliest phase of the major flare. It is as strong
as 1.1x10° A km~2. The current evolution is shown on the left of Figure 3
with bright (dark) patches representing the current flowing up (down), and the
brightness is scaled from -2.5x10% to 2.5 x 10* A km™2.

The spatial relations between current concentrations and flare ribbons are
complicated. Flare ribbons generally appear on the edges of concentrated cur-
rents. Some flare ribbons do occur in between current concentrations of the same
sign. As Canfield et al. (1992) argued, this supports a flare model of interacting
flux loops, e.g., the model presented by Gold and Hoyle (1962).

The temporal relationship between current evolution and flare occurrence
is revealed for the first time. Great enhancement of the line-of-sight current is
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Fig. 3. Time sequences of line-of-sight current (on the left) and force-free factor
(on the right). The brightness is scaled from -2.5x10% to 2.5x10* A km~2 for
current, and -8.5x10~% to 8.5x10™* km™! for force-free factor. Flare ribbons
are presented by isophotes.

https://doi.org/10.1017/50252921100029559 Published online by Cambridge University Press


https://doi.org/10.1017/S0252921100029559

432 J. WANG

identified preceding the 1M flare. This can be seen clearly from 00:57 to 04:00
UT in the figure. During the flare, currents reduce in magnitude, but extend in
area.

As pointed out by Hagyard (1988, 1991), the source field might provide clues
to identify the current path. Each set of strong source field illustrated in Figure 2
indicates a major current system flowing from concentrations of positive current
to those of negative ones. The direction of the source field and the distributions

of the current present a consistent picture of two major current systems in AR
6233.

3. Force-Free Factor o

The force-free factor o provides the mapping of magnetic footpoints, and the
information of current helicity (Ai and Kong, 1982; Gary et al., 1987; Wilkinson,
Emslie and Gary, 1989; Seehafer, 1990; Cuperman, Ofman and Semel, 1990).
In a previous study (Wang, 1992), a differential equation describing the time
evolution of o has been deduced. Ignoring the Ohmic diffusion, and assuming

v. I7= 0, the equation is reduced to

da 1 = PO _ T .OD
wo B B [(curl-a)(B-VV -V -V B). (5)

This equation highlights the physics of & changes. The non-potentiality devel-
opment is clearly of local nature. Many kinds of plasma motions might be as
effective as shear motions in generating the magnetic shear. Moreover, it can be
proved that for a large volume, the average changes of a should be zero. Starting
from a potential field, a mixed sign distribution of a@ would be expected. The
o tends to be strengthened at those sites where the gradients of magnetic and
velocity fields are strongest.

By the technique suggested in section 2 above, the 2-D distribution of the
force-free factor is obtained. On the right side of Figure 3, the a time sequence is
shown by greyscale maps. The brightness is scaled from -8.5x107% to 8.5 x 1074
km~1. As expected, the o is highly intermittent with fully mixed signs and’
concentrated on the magnetic neutral line. Great enhancement is observed right
before and during the 1M flare. The extreme value of a falls in the range of
+(5~ 10) x 1073 km™1.

CONCLUDING REMARKS

(1). Current techniques might already enable an acceptable resolution of
the 180 degree ambiguity in determining the direction of transverse fields.

(2). A 2-D description of angular shear is necessary for getting accurate
information of the non-potentiality. The discrete FFT techuique for calculating
the line-of-sight current is worthy to be recommended. Consistent calibrations
for B; and B, are essential for evaluating the source field, force-free factor, and
force-free current.

(3) In the sampling region, the degree of non-potentiality quantified by
all the above parameters shows great enhancement right before a major flare,
then reduces somewhat slowly. Flares do appear within, or on both sides of the
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extensive zones of strong angular shear, or bundles of strong source field. Flare
ribbons generally appear on the edges of current concentrations.

(4) A highly intermittent force-free factor with mixed signs is obtained.
This indicates that the twisting of lines of force in active regions is topologically
complicated.

(5) The following efforts are of particular importance in further studies.
(A) Coordinated and comparative observations with vector magnetographs and
Stokes polarimeters will be of great help for a better understanding of the vec-
tor magnetogram data. (B) Complete sets of time sequences of vector magne-
tograms with high spatial and temporal resolution will be extremely valuable
for studying the development of non-potentiality and the relationship between
non-potentiality and flares. (C) A practical reconstruction of full 3-D structures
of the magnetic field in active regions from the vector magnetograms is urgently
needed. A non-constant force-free field is more relevant to the observations.
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