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ABSTRACT

In this paper, we review recent studies on the magnetic helicity changes of solar active regions
by photospheric horizontal motions. Recently, Chae(2001) developed a methodology to determine the
magnetic helicity change rate via photospheric horizontal motions. We have applied this methodology
to four cases: (1) NOAA AR 8100 which has a series of homologous X-ray flares, (2) three active
regions which have four eruptive major X-ray flares, (3) NOAA AR 9236 which has three eruptive
X-class flares, and (4) NOAA AR 8668 in which a large filament was under formation. As a result, we
have found several interesting results. First, the rate of magnetic helicity injection strongly depends
on an active region and its evolution. Its mean rate ranges from 4 to 17 x10%° Mx% h™!. Especially
when the homologous flares occurred and when the filament was formed, significant rates of magnetic
helicity were continuously deposited in the corona via photospheric shear flows. Second, there is a
strong positive correlation between the magnetic helicity accumulated during the flaring time interval
of the homologous flares in AR 8100 and the GOES X-ray flux integrated over the flaring time. This
indicates that the occurrence of a series of homologous flares is physically related to the accumulation of
magnetic helicity in the corona by photospheric shearing motions. Third, impulsive helicity variations
took place near the flaring times of some strong flares. These impulsive variations whose time scales
are less than one hour are attributed to localized velocity kernels around the polarity inversion line.
Fourth, considering the filament eruption associated with an X1.8 flare started about 10 minutes before
the impulsive variation of the helicity change rate, we suggest that the impulsive helicity variation is
not a cause of the eruptive solar flare but its result. Finally, we discuss the physical implications on

these results and our future plans.
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I. INTRODUCTION

There have been many reports on the helical struc-
tures of solar and heliospheric magnetic fields; for ex-
ample, photospheric magnetic fields (Pevtsov & Can-
field 1999), coronal X-ray images (Canfield & Petsov
1999), solar filaments (Chae 2000), coronal mass ejec-
tions (Rust 1999), and interplanetary magnetic fields
(Burlaga 1988). So far most observational studies of
the helicity in solar active regions have focused on the
current helicity, defined as [ B -JdV, and its sign (or
the linear force-free coefficient «), mainly because they
can be directly inferred from photospheric vector mag-
netograms (Pevtsov & Canfield 1999). The current he-
licity is a measure of the topological properties such as
twist and mutual linkages of the lines of electric cur-
rent. On the other hand, magnetic helicity, defined as
JA-BdV, is a measure of twist and linkage of mag-
netic field lines (DeVore 2000). The magnetic helicity is
a physically more useful concept than the current helic-
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ity, because magnetic helicity is fairly well-conserved in
a closed volume. So it is considered as a robust invari-
ant in space plasmas such as the solar corona. However,
the magnetic helicity has rarely been measured because
of the difficulty in determining the topological connec-
tion of field lines in a 3D space. Instead, there have
been efforts to determine its rate in an open volume.

Since the solar corona is an open volume with the
photosphere as a boundary with normal flux, the mag-
netic helicity can be transported across the boundary
by velocity fields in the photosphere. According to
Berger & Field (1984), the Poynting theorem for mag-
netic helicity in an open volume is given by

dH

E = 2%(B ' Ap)'Uz ds — 2%(7] . Ap)Bz dS, (1)

where A}, is the unique vector potential of the potential
field satisfying the following conditions:

VxA, - z2=DB,, V-A,=0, A,-2=0. (2)

Eq.(1) tells that the magnetic helicity in an open vol-
ume can change either by the passage of field lines
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through the surface (first term, which is called advec-
tion term) or by the horizontal motions of field lines
(second term or shear term). Recently, Chae (2001)
developed a direct method of deriving the shear term
from observations.

We have applied this methodology to several active
regions associated with solar flares and filaments: (1)
NOAA AR 8100 which has a series of homologous X-
ray flares (Moon et al. 2002a, Paper I), (2) three
active regions which have four eruptive major X-ray
flares(Moon et al. 2002b, Paper II) (3) NOAA AR
9236 which has three eruptive X-class flares (Moon
et al. 2003, Paper ITI) and (4) NOAA AR 8668 in
which a large filament was under formation (Chae et
al. 2001, Paper TV). For this we have used 1-min ca-
dence SOHO/MDI (Scherrer et al. 1995) longitudinal
magnetograms. In this paper we review the main re-
sults of these applications together with other related
studies and discuss their physical implications.

II. DATA ANALYSIS

To determine the second term of Eq.(1), we need
three physical quantities: longitudinal magnetic field,
vector potential of the potential field, and horizontal
velocity vector. For the estimation of these quantities,
we have used sets of MDI 1 minute full-disk or high res-
olution longitudinal magnetograms. The field of views
of magnetograms that we analyze were taken to cover
the whole active regions under consideration. The noise
level in the 1-min cadence data is found to be about 10
G per pixel from a comparison of two successive mag-
netograms. All the magnetograms were aligned by the
non-linear mapping, which takes into account the solar
differential rotation effect (Chae et al. 2001). This pro-
cedure is also effective in correcting for the geometrical
foreshortening originating from the spherical geometry
of the Sun. To increase the signal-to-noise ratio, we
have taken time averages by adopting median values of
five successive magnetograms. Since the active regions
under consideration for most cases were located near
solar disk center during the observations, the effects of
off-center projection should be regarded to be small. A
detailed quantitative discussion on the effects was given
in Paper IV. Detailed procedures for data analysis were
well described by Chae(2001) and Paper I.

The horizontal velocity field has been determined
from the lateral displacement of magnetic flux concen-
trations using local correlation tracking method (here-
after, LCT) described in November & Simon (1988).
For the LCT, there are two important input parame-
ters: FWHM of the apodization window and the time
interval between two images for comparison. We se-
lect the FWHM of 8", four times the spatial sampling
size of the MDI full disk data. The time interval for
horizontal velocity measurement is set to 20 minutes,
which corresponds to about 0.34 pixels when a mag-
netic flux element moves with a speed of 0.2 kms™ .
To reduce the contribution of noises, we set to zero the
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Fig. 1.— Temporal evolution of the magnetic helicity

rate (solid line) by horizontal photospheric motions and the
GOES intensity (dotted line) in 1-8 A bands. The GOES
intensity is referenced to the right vertical axis and the ar-
rows indicate the X-ray intensity peak of homologous flares.

horizontal velocity in the regions with low flux densi-
ties (less than 10 G) or low cross-correlation value (less
than 0.9). The criterion of a high correlation value is
made for preventing from unrealistic variations such as
the change of spectral lines associated with flaring pro-
cess. Vector potential A, of the potential field is deter-
mined using the Fourier transform method described
in Chae(2001). To minimize the effect of a periodic
boundary condition in the computation of Ay, we em-
ployed 2D computational boxes that are several times
as large as the regions of interest.

III. MAGNETIC HELICITY INJECTION
(a) Helicity Injection Rate

Figure 1 shows the temporal variation of magnetic
helicity change rate of NOAA AR 8100 for 6.5 hours
(Paper I). In this active region, there were a series of ho-
mologous flares during the period (Table 1 of Paper I).
The magnetic helicity injected by shear flows for the pe-
riod is AH =1 x 10*2 Mx? and its mean helicity injec-
tion rate is about | < dH/dt > | = 1.7 x 104 Mx? h™t.
Table 1 summarizes major characteristics of the mag-
netic helicity injections by photospheric horizontal mo-
tions from several literatures including our four papers
(Paper I-1V). Except for the first case having no flare
event, the absolute value of mean helicity injection rate
ranges from 4 to 17 x10%® Mx* h™". All of these events
were associated with solar eruptive events such as solar
flares and coronal mass ejections (CMEs). It is hard
to estimate the portion of the magnetic helicity contri-
bution by shear flows as given in Table 1 in the total
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TABLE 1
SUMMARY OF MAGNETIC HELICITY INJECTION BY PHOTOSPHERIC HORIZONTAL MOTIONS.

Date NOAA  Period AH < dH/dt > Related Events Reference
AR (hr) (10*Mx?)  (10%°Mx?h~1)

1997 Jan. 17 8011 39 0.7 0.02 no event Chae(2001)
1997 Nov. 3 8100 6.5 -100 17 homologous flares Paper 1
1998 Apr. 29 8210 6 30 5 M6.8 flare/CME Paper 11
1998 May 2 8210 7 90 13 X1.1 flare/CME Paper 1T
1999 Aug. 16 8668 50 -300 -6 a filament formation Paper IV
2000 June 6 9026 35 20 6 X2.3 flare/CME Paper 11
2000 Sep. 14 9165 96 -600 -6 several flares/CMEs  Nindos and Zhang(2002)
2000 Nov. 24 9236 22 157 7 three flares/CMEs Paper III
2000 Nov. 25 9236 10 40 4 X1.9 flare/CME Paper II1

amount of helicity change, since the first term of Eq.(1)
has not been estimated. However, it is very likely that
the magnetic helicities accumulated during the observ-
ing periods play important roles in some physical pro-
cess such as the occurrence of homologous flares (Paper
1) and the formation of a filament in AR 8668 (Paper
IV), as will be discussed more in the following subsec-
tions.

Tt is noted that the magnetic helicity supply by pho-
tospheric shearing motions is much larger than that
by solar differential rotation, as previously demon-
strated by several authors(Chae 2002; Nindos and
Zhang 2002; Paper I; Paper IV). In this regard, De-
moulin et al.(2002a) studied possible sources of the
magnetic helicity injection into the solar corona and
then concluded that differential rotation (e.g., DeVore
2000) is not efficient enough for supplying the magnetic
helicity of active regions and CMEs. Demoulin et al.
(2002b) further argued that photospheric shearing mo-
tions are relatively inefficient to bring magnetic helicity
into the corona compared to the helicity carried by sig-
nificantly twisted flux tubes. On this basis, they sug-
gested that the contribution by emerging fluxes (first
term of Eq.(1)) may be more important than that by
photospheric horizontal motions (second term). Here
note that they did not estimate the contribution of the
shearing motions that we have estimated, which are dif-
ferent from differential rotation. Our results are con-
sistent with Demoulin et al. (2002a,b) conclusion that
differential rotation is not efficient. But we think it is
too hasty to exclude all kinds of photospheric shearing
motions from the list of possible sources of the magnetic
helicity injection. Our opinion is that the relative im-
portance between the two terms depends on an active
region as well as its evolution. According to Kusano et
al.(2002), both terms are comparable each other in AR
8100 in magnitude but with opposite signs.

(b) Helicity Injection Vs Flaring Flux

Using the results of Figure 1, we have examined a
relationship between the helicity accumulated by pho-
tospheric horizontal motions during the flaring time in-
terval and the integrated X-ray flux of the subsequent
flare (for details, see Paper I). Figure 2 shows a strong
positive correlation between two quantities. Interest-
ingly enough, the X-ray flux increases logarithmically
with the helicity deposit. This indicates that the oc-
currence of a series of homologous flares in NOAA AR
8100 is physically related to the accumulation of mag-
netic helicity in the corona by photospheric shearing
motions. This observation also supports Choe & Cheng
(2000) who demonstrated using resistive MHD simula-
tions, that a series of homologous flares can be induced
by continuing shearing motions. Our results strongly
indicate that photospheric shearing motions did play
an important role in generating the homologous flares
that occurred in this active region. In addition, this
correlation seems to support an energy storage and
release” model in which flaring energy is continuously
stored and then released catastrophically.

Regarding the flaring time interval (waiting time)
and the corresponding GOES X-ray fluxes of flares,
Wheatland(2000) and Moon et al.(2001) showed that
there is no clear correlation between the waiting time
and the corresponding flare X-ray flux. This result was
regarded to support the self-organized criticality (SOC)
model of the solar corona because in a self-organized
critical state the size of any output incidence is inde-
pendent of the driving mode. However, our results in-
dicates the strong positive correlation between the flare
X-ray flux and the accumulated helicity for the homol-
ogous flares, which is somewhat different from the SOC
picture.



540 MOON ET AL.

(c¢) Impulsive Helicity Injection

As seen in Figure 1, there was an impulsive helicity
injection around the peak time of GOES M4.1 flare.
Figure 3 shows a comparison of photospheric horizon-
" tal velocities between before and at the peak time of the
impulsive helicity injection. Major changes of the pho-
tospheric motions were found around the circled areas.
This fact implies that localized shear flows are mainly
responsible for the impulsive helicity injection. Fig-
ure 4 shows another example of the impulsive helicity
injections associated with three X-class eruptive flares
in NOAA AR 9236 (Paper III). A comparison of the
helicity change rate and GOES X-ray flux shows that
impulsive helicity injections occurred only around the
peak times of these flares. Our studies (Paper I-T1I)
have shown that such an impulsive helicity injection
is quite common in strong flares such as X-class. So
far we have found eight impulsive helicity injections
near the peak times of associated flares and/or CMEs.
As we did in Paper II, we decompose the time varia-
tion of the helicity change rate into two components:
a smoothly varying background component (dH/dt)yg
that has a time scale longer than an hour and an impul-
sively varying component that has a time scale shorter
than an hour. Then the helicity change contributed
only by the impulsive component is obtained from the
time integral

tstAE g dH
AHim, = = dt,
P /t dt < dt )bg 3)

where ¢, is the starting time of the impulsive variation
and At is its time duration. The background compo-
nent during the impulsive variation (dH/dt)ug 18 ap-
proximated to be equal to the average of several back-
ground values taken just before and after the impulsive
variation. Using these definitions, we summarize the
characteristics of the impulsive helicity injections for
the eight events in Table 2. The helicity change by the
impulsive component ranges from 6 to 24x10%"Mx>.
These impulsive helicity changes are much less than
the typical loss of magnetic helicity associated with the
eruption of a CME that is about 2 x 1042 Mx? (De-
moulin et al., 2002a). Therefore, the impulsive varia-
tion of the helicity change rate may not be important
at least in the balance of magnetic helicity in active
regions. Its importance may rather lie in a good possi-
bility that it can be evidence for the dynamical coupling
of flare activity in the corona and and magnetic field
changes in the photosphere.

There have been several previous observations which
reported sudden changes of photospheric motions and Jor
magnetic fields associated with solar flares. Harvey
& Harvey(1976) analyzed magnetograms and Doppler-
grams of MacMath region 10385 taken in the Ha and
Fe I 6569 A lines. They found oppositely moving fast
velocity structures near the flaring times, particularly
as the active region approaches to the limb. These ver-
tical motions should be interpreted as strong horizontal
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Fig. 2.— Absolute value of the magnetic helicity induced
by photospheric horizontal motions accumulated during the
flaring time interval vs the corresponding GOES X-ray flux
integrated over the flaring time.

Fig. 3.— Vector maps of photospheric horizontal flows
superposed on MDI magnetograms. The upper panel was
taken at 02:15 UT and the lower panel taken at 02:45 UT,
near the peak time of the M4.5 flare. In the lower panel,
the largest arrow corresponds to 1.2 km s



MAGNETIC HELICITY CHANGES 541

TABLE 2
SUMMARY OF THE IMPULSIVE VARIATIONS OF MAGNETIC HELICITY.

Date NOAA  Helicity X-ray® (dH/dt)pear” (dH/dt)pg® Atd AHimp® Reference
AR Sign : (10°Mx*h~1)  (10*°Mx*h~1)  (hr)  (10%°Mx?)

1997 Nov. 4 8210 (=) M4.1 -33 ~15+t4 0.7 6 Paper 1
1998 Apr. 29 8210 (+) M6.8 -12 5+2 0.7 -6 Paper 11
1998 May 2 8210 (+) X1.1 -27 15+6 0.6 -15 Paper 11
2000 Jun. 6 9026 (=) X2.3 -29 15+5 1.0 -23 Paper 11
2000 Nov. 24 9236 (—) X2.0 28 —-10+4 0.5 10 Paper I11
2000 Nov. 24 = 9236 (-) X2.3 45 —1544 0.5 15 Paper 111
2000 Nov. 24 9236 -y X18 39 5+4 0.5 8  Paper III
2000 Nov. 25 9236 (-) X1.9 62 —15+6 0.6 24 Paper 11

#X-ray flare class observed by GOES

bPeak value of impulsive variation.

“Background value of the helicity change rate at the time of flare and the standard deviation of its temporal
fluctuation.

dTime duration of impulsive variation.

°Helicity change by the impulsive component.

motions when seen against the solar disk center. An-
war et al. (1993) examined proper motions of sunspots
associated with an X1.5 flare occurred on 15 November
1991 and showed that the onset of a sunspot motion
coincided with a rapid flare brightening. Herdwijaya
et al. (1997) also examined proper motions of 276 in-
] dividual sunspots and showed that about 70% of fast
‘ﬁ drift motions were related to the occurrence of flares.
¥
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It should be noted that such observations of the large
proper motions are never affected by the variation of
spectral lines associated with flaring processes. On the
other hand, Wang et al.(1994, 2002) reported impulsive
and permanent increases of magnetic shear associated
with X-class flares at the time scale of several minutes
to one hour. Similar sudden changes associated with
strong flares were also reported in linear force-free co-
i . : efficients (Pevtsov et al. 1995). We summarize major
40- he P results of these observations in Table 3.
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(d) Helicity Injection And Filament Forma-
tion

P 0 O s O P
0 5 10 15 20

Time (UT) Paper IV examined the magnetic helicity change rate
of NOAA AR 8668 in which a large filament was under
formation, and then found that there was a persistent
pattern of shearing motions in the neighborhood of the
filament. Total helicity accumulated for about 50 hours
is found to be AH = —3 x 10*? Mx?, which is compa-
rable to the magnetic helicity of a typical coronal mass
ejection (Demoulin et al. 2002a). This result may im-
ply that the formation of a prominence is associated

Fig. 4.— Temporal change of magnetic helicity change
rate (thick solid line), GOES X-ray intensity (dotted line),
and the sum of the norms of the photospheric velocity vec-
tors (thin solid line) expressed in an arbitrary scale. The
X-ray intensity is referenced to the right Y-axis.
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TABLE 3
PREVIOUS OTHER OBSERVATIONS RELATED TO THE IMPULSIVE HELICITY INJECTIONS

Type of Observation

Related Events,

References

Strong Doppler shift

Large sunspot motions

Sudden change of o*

Abrupt increase of magnetic shear

Limb flares

X1.5 flare
solar flares

strong flares

X-class flares

Harvey & Harvey (1976)

Anwar et al.(1993)
Herdiwijaya et al.(1997)

Pevtsov et al.(1995)

Wang et al.(1994, 2002)

al,inear force-free coefficient

with magnetic helicity injection by shear flows, which
supports Choe & Lee’s (1992) work on the prominence
formation.

(e) Timescales Of Shear Flows And Their Ori-

gins

Figure 4 shows different time scales of helicity injec-
tion rates which mainly originate from different types
of photospheric shear flows. In Table 4, we categorize
the observed shear flows into three types according to
their time scales: (1) localized flows, (2) fluctuating
flows, and (3) large scale flows. First, the localized
shear flows whose time scale is less than 1 hour are
mainly responsible for the impulsive helicity injections
(for summary, see Table 2) associated with strong flare
and/or CME events. One interesting question is that
such an impulsive injection is a cause of a CME-flare
event or its result. Regarding this question, Paper III
compared the temporal variation of magnetic helicity
change rate and the initial speed of a filament associ-
ated with X1.8 flare, and then found that the eruption
of the filament started about 10 minutes before the im-
pulsive variation of the helicity change rate. This fact
may imply that the observed impulsive helicity change
is not a cause of the eruptive solar flare but its re-
sult, i.e., photospheric response to the coronal field re-
structuring. A similar argument was made by Anwar
et al.(1993) who estimated the magnetic force exerted
to the photosphere using pre-flare and post-flare vec-
tor magnetograms. Second, the observed fluctuation
flows were observed in the all active regions that we
have studied. Their time scale is approximately a few
hours. These flows may be related to background shear
flows around the active regions. In terms of the helic-
ity budget associated with solar eruptive events, large
scale shear flows are most interesting to us. They were
found in AR 8100 associated with the occurrence of ho-
mologous flares (Paper I), in AR 8668 related with a
filament formation (Paper IV), and in AR 9165 which

has several CME/flare events (Nindos and Zhang 2002).
Their time scales are several hours for the homologous
events and a couple of days for the others. Regard-
ing their origin, Chae et al. (2003) suggested from
Parker’s (1974) original idea that the observed shear
flows may be driven by the torque produced by the ex-
pansion of the coronal segment of a twisted flux tube
that is rooted deeply below the surface. By applying a
simple relation between the coronal expansion param-
eter and the amount of helicity transferred via shear
flows to NOAA AR 8668, they found that the amount
of helicity change is quantitatively consistent with the
observed expansion of coronal magnetic fields seen in
Yohkoh SXT images. This process may also explain the
localized shear flows as a result of abrupt expansion of
magnetic flux tubes associated with the initial phase of
strong CME and/or flare events.

IV. SUMMARY AND FURTHER WORKS

In this paper, we have reviewed the magnetic helicity
changes of several solar active regions by photospheric
horizontal motions. Our results have shown that the
magnetic helicity changes in the active regions are in-
timately associated with solar eruptive events such as
flares and/or CMEs as well as the formation of a fila-
ment.

Our results that have presented in this paper are
based on the estimations of the second term of Eq.(1).
Recently, Kusano et al. (2002) suggested a way to de-
termine both terms of Eq.(1) by obtaining the vertical
velocity component indirectly from the induction equa-
tion, but the practicality of the method is still in de-
bate. We are considering alternative way to determine
both terms by using magnetic vectors estimated from
the inversion process of full Stokes profiles and vertical
velocity from their zero-shifts. For this we are analyz-
ing polarimetric data of an active region by Advanced
Stokes Polarimeter (ASP). Another plan of ours is to
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TABLE 4
CLASSIFICATION OF THE OBSERVED SHEAR FLOWS RELATED TO THE MAGNETIC HELICITY INJECTIONS.

Type Characteristic Period Related to References Suggested Origin
Localized Less than Strong flares Paper I-IIT  Photospheric response
flows 1 hour & CMEs to CME-flare events
Fluctuting flows A few hours All regions Paper I-1V Background flows
Large scale Hours to Homologous flares & Paper 1 Helicity pumping by
flows Several days Prominence formation  Paper IV flux tube expansions

examine the long term evolution of magnetic helcity in-
jection in terms of helicity balance in the solar corona:
supply (from subphotosphere) and loss {via CMEs).
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