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A fraction of solar active regions are observed to have current helicity of a sign that contradicts the polarity law for
magnetic helicity; this law corresponds to the well-known polarity law for sunspots. A significant excess of active regions
with the “wrong” sign of helicity is seen to occur just at the beginning of the cycle. We compare these observations with
predictions from a dynamo model based on principles of helicity conservation, discussed by Zhang et al. (2006). This
model seems capable of explaining only a fraction of the regions with the wrong sign of the helicity. We attribute the
remaining excess to additional current helicity production from the twisting of rising magnetic flux tubes, as suggested by
Choudhuri et al. (2004a). We estimate the relative contributions of this effect and that connected with the model based on

magnetic helicity conservation.

1 Introduction

According to the current consensus, the solar cycle is as-
sociated with the propagation of a magnetic-field wave, the
“dynamo wave”, somewhere in the solar convective shell.
The origin of this wave is dynamo action driven by the so-
lar differential rotation and the helicity of turbulent convec-
tive flows, which drives the “«-effect” formally introduced
by Steenbeck, Krause, and Ridler in 1966 (see Krause &
Rédler, 1980). This concept has been intensively discussed
in the literature for about 50 years, beginning with the sem-
inal paper of Parker (1955a) on the effects of cyclonic con-
vection, and many important results have been obtained.
Until recently however, the concept has remained to some
extent speculative because no direct observations or labo-
ratory confirmation of the key ingredient of the process, i.e.
the a-effect, were available. In the last 12 years or so, obser-
vations of current helicity in solar active regions (Seehafer
1990; Pevtsov et al. 1994; Longcope et al. 1998; Zhang &
Bao 1998, 1999) have presented a possibility of confronting
theoretical ideas concerning the a-effect with observational
evidence.

The point is that the a-effect consists of two contribu-
tions (Pouquet et al. 1976),

o= a?) +a7ﬂ7 (1)
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where o is determined by the mirror asymmetry of tur-
bulence and is proportional to the hydrodynamic helicity
x” = (v - curlv), while @™ is determined by the mir-
ror asymmetry of the turbulent magnetic field and is pro-
portional to the current helicity density x¢ = (j - b). Here
v is the turbulent convective velocity, b is the small-scale
magnetic field and 7 = curl b is the corresponding electric
current. (...) denotes averaging over an ensemble of con-
vective pulsations. If the turbulent convection is considered
as locally homogeneous and isotropic, x© is proportional to
the magnetic helicity density x = (a - b), where a is the
fluctuation of a magnetic vector-potential. Magnetic helic-
ity is a integral of motion in a non-diffusive system and a
topological invariant proportional to the linkage number of
magnetic field lines.

Magnetic helicity is bounded from above by a value pro-
portional to the magnetic energy (Moffatt 1978) and the ca-
pacity of the small-scale part of the magnetic spectrum is
too small to allow an effective spectral transport of mag-
netic helicity. According to the conventional scenario, the
solar dynamo begins from a state with a weak magnetic
field with correspondingly small magnetic helicity. Because
the large-scale magnetic field participating in the dynamo
wave is helical, its magnetic helicity has to be compensated
by the magnetic helicity (of opposite sign) of a small-scale
magnetic field, which also contributes to o™. Correspond-
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ingly, magnetic helicity conservation effectively constrains

the dynamo action.

On the other hand, proxies of x”* can be determined

from solar observations because the Zeeman effect as ex-
ploited observationally gives in principle three magnetic
field components. In contrast, the Doppler effect used for
velocity observations give the line-of-sight velocity only,
and it is difficult to determine x" from observations (see
however Komm et al. 2005).

Indeed, observations of x¢ in solar active regions pro-
vide the only direct observational (or experimental) infor-
mation concerning the a-effect available at the moment.
Note that a non-zero a-effect means that the electric current
averaged over convective motions has a component parallel
to the averaged magnetic field while the electric current in
conventional electrodynamics is orthogonal to the magnetic
field. This peculiar property of convection (or turbulence)
in rotating electrically conductive flows obviously requires
some observational or experimental confirmation.

Because the magnetic helicity data provide unique in-
formation concerning the key ingredient of the dynamo,
making a comparison with predictions of dynamo theory is
an attractive proposition. Such a comparison has been per-
formed by Kleeorin et al. (2003) and Zhang et al. (2006,
hereafter Paper 1) and shows that the data demonstrate
something similar to the theoretical predictions. The discus-
sions presented in these papers stress that the quality of both
the data available and the theoretical models, as well as the
length of the time series, are all rather limited and many ob-
vious questions concerning the comparison remain obscure.

In particular, current helicity is observed at the solar sur-
face while the dynamo action occurs somewhere inside the
Sun. A magnetic tube rising to the solar surface to pro-
duce an active region can be twisted by the Coriolis force
and so obtain a component of current helicity in addition to
that generated in the solar interior. It means that the current
helicity data exploited for comparison with dynamo theory
could be biased by another contribution produced during the
rise of the tube to the solar surface. Of course, the twist of
magnetic tubes is interesting in itself in context of the theory
of sunspots.

Note that the Coriolis force does not affect directly the
magnetic and current helicities (i.e. the Coriolis force does
not enter the equation for the evolution of the magnetic and
current helicities). On the other hand, the Coriolis force cre-
ates the kinetic or hydrodynamic helicity in inhomogeneous
turbulence, and the kinetic or hydrodynamic helicity enters
the equation for the evolution of the magnetic and current
helicities.

We stress that apart from the magnetic helicity conser-
vation constraint in the solar dynamo, other possibilities for
the production of current helicity production at the solar sur-
face have been discussed (see e.g. Bao et al. 2002). In partic-
ular, Longscope et al. (1988) associated the current helicity
with the twisting of a flux tube during the rise of the tube to
the solar surface. A possible way to estimate the contribu-
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tion to the current helicity connected with the tube rise was
suggested by Choudhuri et al. (2004a). They considered the
current helicity production during tube migration and pre-
dicted that this additional current helicity should dominate
just at the beginning of the cycle. According to the theoret-
ical predictions as well as the observational data, this con-
tribution to the helicity follows a version of the sunspot po-
larity law, i.e. for the major part of the active region, the
sign of current helicity in the northern solar hemisphere is
opposite to that in the southern hemisphere. We stress that
the polarity law predicts the behaviour of an average of the
data, while substantial current helicity fluctuations are ex-
pected, which are important from the viewpoint of obser-
vations, theory and direct numerical simulations (this last
conclusion is based on the work of Brandenburg & Sokoloff
(2002). Choudhuri et al. (2004a) suggest that one effect of
tube migration is to provide a substantial admixture of ac-
tive regions which violate the polarity law just at the begin-
ning of the cycle.

Note that Choudhuri et al. (2004a) defines a measure of
helicity by using a measure of the twist in the magnetic field
lines o = (curl B),/B., see their Eq. (1) and correspond-
ing explanation in the text of that paper. This definition dif-
fers from the standard definition and further clarification of
this aspect of the model is desirable.

The aim of this paper is to compare the ideas presented
in Choudhuri et al. (2004a) with the observational data for
current helicity obtained at the Huairou Solar Observing sta-
tion of the National Astronomical Observatories of China.
We show that the available data is sufficient to demonstrate
a contribution of the rise of flux tubes to the observed cur-
rent helicity. According to our estimates about 20% of ac-
tive regions at the beginning of the cycle have the “wrong”
sign of current helicity due to this flux tube effect. On the
other hand, the effect is rather moderate and localized in
time, so that overall the current helicity data retain their role
as a valuable source of information about the properties of
current helicity in the domain of field generation.

2 Current helicity data for the beginning of
the cycle

The first attempt to isolate the contribution from the rise of
flux tubes from the current helicity data now available was
undertaken in Paper I (see also Choudhuri et al. 2004b). Pa-
per I concluded however that the current helicity observa-
tions studied in that paper do not allow the isolation of the
effect of flux tube rise because the initial stage of the cycle
was not covered by the observations available at that time.
The observational data used in our analysis were ob-
tained at the Huairou Solar Observing station of the Na-
tional Astronomical Observatories of China. The magneto-
graph using the Fel 5324 A spectral line determines the
magnetic field values at the level of the photosphere. The
data are obtained using a CCD camera with 512 x 512 pix-
els over the whole magnetogram. The entire image size is
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comparable with the size of an active region, which at about
2 x 10® m is comparable with the depth of the solar convec-
tive zone.

The observations are restricted to active regions on the
solar surface and we obtain information concerning the sur-
face magnetic field and helicity only. Monitoring of solar
active regions while they are passing near the central merid-
ian of the solar disc enables observers to determine the full
surface magnetic field vector. The observed magnetic field
is subjected to further analysis to determine the value V x b.
Because it is calculated from the surface magnetic field dis-
tribution, the only electric current component that can be
calculated is (V x b). As a consequence of these restric-
tions, the derived observable quantity is
H.=(b,(Vxb).), )
where x, y, z are local cartesian coordinates connected with
a point on the solar surface, and the z-axis is normal to the
surface.

Until now, the largest available systematic dataset for
current helicity is that accumulated during 10 successive
years (1988—1997) of observations of active regions, con-
sisting of records of 422 active regions (Bao & Zhang
1998). It has been used for theoretical analysis and fur-
ther data reduction by Kuzanyan et al. (2000), Zhang et al.
(2002), Kleeorin et al. (2003), Paper I and Kuzanyan et al.
(2006).

The starting point of this paper is that we introduce new
observational data into the discussion. The new data consid-
ered here covers the three years of the beginning of the so-
lar cycle 23, namely 1998-2000. This dataset was discussed
earlier by Bao et al. (2000, 2002), and contains data for 88
active regions'. The new data are obtained by the same tech-
nique, and processed in much the same way, as the earlier
dataset of Bao and Zhang (1998) covering the ten year pe-
riod 1988—-1997, see also Zhang and Bao (1998). Thus we
feel it reasonable to merge these two sets of data and hence-
forth will consider them as a single continuous dataset for
510 active regions.

All of the available data is presented in Fig. 1. This fig-
ure shows the raw data concerning the sign of the helic-
ity presented as as a butterfly diagram. “+” denotes positive
sign of helicity and dots negative. Two consecutive cycles
are shown, and the distribution of signs more or less agrees
with the polarity law. However a substantial number of ac-
tive regions with the “wrong” sign of helicity can also be
seen.

3 Active regions with the “wrong” sign of
current helicity

Our aim in the following is to follow the dynamics of the
fraction of the active regions with “wrong” sign of helicity,

! Note that Bao et al. (2000, 2002) were interested in compariing vari-
ous observed quantities in addition to the current helicity. All the quantities
were determined for 64 active regions only. Because we focus our attention
on the current helicity, we use the whole dataset.
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Fig.1 Distribution of the sign of magnetic helicity from the ob-
servations at Huairou Solar Station at 1988-2000. Time in days
from the beginning of observations is given on the horizontal axis,
and latitude in degrees is given on the vertical axis. Signs “+” de-
note an active region with positive current helicity and circles de-
note the active region with negative current helicity. The vertical
line separates the old dataset from the new.

as identified in the data presented in Fig. 1. In principle, the
problem is nothing more than a straightforward calculation,
comparing the two types of active region. A few practical
points however have to be fixed.

The synthetic butterfly diagram. First of all, note that
the observations cover an interval that is longer than the cy-
cle length, and data from two activity cycles are included.
The important point however is that no single cycle is cov-
ered completely and the most interesting part of the cycle,
i.e. the beginning of the cycle, is known from one cycle,
while the behaviour during the main part of the cycle is
traced by the previous cycle. Thus we have to construct a
synthetic cycle from the data.

The procedure used was as follows. We separated the
data in the two cycles by a naked-eye decision. Because the
cycle separation here is sufficiently pronounced we do not
feel that anything more formal is required at the moment.
We present the result of this procedure in Fig. 2.

Then we have to shift in time the data from the second
cycle to place them at the beginning of the first cycle. The
time-shift 7" has to be chosen to be equal to the cycle length,
which is close to 11 yr, but is not known precisely a pri-
ori. We tried several values of T (see Fig. 3) and choose
T = 4000 d (a value that is remarkably close to 11 years),
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Fig.2  Separation of the active regions with known current he-
licity over two consecutive cycles. Coordinates are as in Fig. 1.
Crosses denote active regions of the first cycle, while the boxes
indicate active regions from the second cycle.

based on a naked-eye estimate of the smoothness of the syn-
thetic butterfly diagram. As a result, we arrive at the syn-
thetic butterfly diagram shown in Fig. 4, where the signs
of the current helicities are shown (again, plus signs denote
positive helicity and circles negative).

The evolution of the sign of helicity in the synthetic
cycle. Our aim in the following is to quantify the distribu-
tion shown in Fig. 4. The problem here is as follows. A con-
ventional procedure would be to divide the temporal extent
of the butterfly diagram into bins and calculate the relative
number of regions with wrong sign (taking into account the
polarity law and the hemisphere in which a given active re-
gion is located). The point however is that the data are quite
noisy. If we choose a reasonable number of bins the number
of active regions per bin drops substantially and the relia-
bility of the results is low. Thus we use a trick well-known
in statistics, but not so familiar in physics and astronomy.
We calculate the cumulative number of active regions with
the “wrong” sign of helicity as well as the total number of
active regions from the beginning of the synthetic cycle (we
are grateful to V. Tutubalin who suggested this procedure to
us). This simple method substantially reduces the noise. We
present the relative number of the active regions with the
wrong sign of helicity in Table 1.

We conclude from Table 1 that active regions with the
“wrong” sign of helicity occur preferentially at the begin-
ning of the cycle, before cycle phase t* = 0.175. Indeed,
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Fig.3  Synthetic butterfly diagrams for various time-shifts 7":
T = 3200 days (top row, left); T' = 3600 days (top row, right);
T = 4000 days (middle row); T' = 4400 days (bottom row, left);
T = 4600 days (bottom row, right). A time-shift 77 = 4000
days (panel c) has been chosen as most plausible. Notation is as
in Fig. 2.

1500 2500 3500

for t* = 0.175 we obtain p = 54% while q ~ 24% for all
t* in the Table. Note that the data before t* = 0.175 come
from the new set of observations introduced into the analy-
sis in this paper. This is why we were unable to recognize
this phenomenon in the analysis of Paper 1.

An alternative interpretation of the data in Table 1 would
be that the second cycle included in Table 1 is basically dif-
ferent from the first with respect to the polarity law for helic-
ity, and that the new cycle contains more active regions with
the wrong helicity sign than the previous. Although at the
moment we do not see any reason to adopt this interpreta-
tion, we stress that publication of current helicity data from
any additional year of observations would substantially con-
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Fig.4 Synthetic butterfly diagram with helicity signs. Notation
is as in Fig. 1.

Table 1 Here ¢* is the phase of the cycle, i.e. the fractional time
from the beginning of the cycle; t* = 0 corresponds to the begin-
ning of the cycle and t* = 1 to the end. n_ is the number of active
regions with the wrong sign that occurs before phase 7™, while
N_ means the number of active regions with the wrong helicity
sign occurring after phase ¢*. The corresponding notations for the
active regions with the “correct” helicity sign are n4 and N4. The
relative numbers of the active regions before and after phase 7™
are p and q respectively. The error bars are calculated as for the
Poisson process.

t* n— Ny P N_ Ny q
0.18 18 15 54+8% 112 364 24+2%
0.30 60 70 46 + 4% 70 309 18 +2%
0.43 8 144 37+3% 45 235 16x2%
055 101 219 32+4+2% 31 160 15+ 3%
068 112 289 28 +2% 18 90 17+4%
0.80 121 341 26=£2% 9 38 19+5%

strain the possible interpretations. Neither do we see any
reason to suggest that the observational data became much
more noisy during the last two years of observations.

Note that the analysis above of the current helicity data
differs from that undertaken in Paper 1. That paper consid-
ered active regions with known rotation rate, and separated
them into deep and shallow regions according to their ro-
tation rate. A substantial number of the active regions ob-
served have no reliable depth identification and were not
included in the analysis. As a result, in Paper I we were un-
able to follow the temporal evolution of p and ¢ in detail.

(© 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Here we do not separate the data by rotation rate/depth, but
add some new data. As a result, we can follow the evolution
of p and ¢, but must avoid discussion concerning the radial
distribution of magnetic helicity.

4 Helicity conservation at the beginning of
the cycle

The natural next step in our analysis is to decide to what
extent the increased percentage of active regions with the
“wrong” sign of helicity at the beginning of the cycle can be
instructive for understanding physical processes within the
Sun. We appreciate that the helicity data currently available
are rather crude, and that any substantial improvement of the
data probably lies in the quite remote future. Correspond-
ingly, we restrict ourself to the simplest theoretical models
(which are in fact quite non-trivial) whose complexity is, we
feel, more or less comparable with the state of the data. In
particular, we consider the model suggested by Choudhuri
et al. (2004a), alongside the model developed in Paper I, to
examine the extent to which the models are compatible with
the behaviour of the active regions with the “wrong” sign of
helicity described above.

We stress that the physical mechanisms underlying these
models are not mutually incompatible. However it is far
from obvious how to combine them into a synthetic model.
The point is that the model suggested by Choudhuri et al.
(20044a) is based on the buoyancy of the magnetic flux tubes.
Magnetic buoyancy applies (in the astrophysical literature)
to two different situations (see Priest 1982). The first corre-
sponds to a problem discussed by Parker (1966, 1979) and
Gilman (1970) who considered a magnetic buoyancy insta-
bility of a stratified continuous magnetic field and did not
use the magnetic flux tube concept. The other situation was
considered by Parker (1955b), Spruit (1981), Spruit & van
Ballegooijen (1982), Ferriz-Mas & Schiissler (1993), and
Schiissler et al. (1994), who studied the buoyancy of dis-
crete magnetic flux tubes. Paper I included effective veloc-
ities which can be considered as the small-scale magnetic
buoyancy of the continuous mean magnetic field. Therefore,
it is not clear at the moment how to combine the models by
Choudhuri et al. (2004a) and Paper I into a synthetic model.
In any case, we feel that such a step would be more than
anything justified by the data now available.

Obviously, the model suggested by Choudhuri et al.
(2004a) which focusses attention on the migration of flux
tubes to the solar surface broadly explains the behaviour
under discussion. Note however that the simulated butterfly
diagram for the sign of current helicity suggested by Choud-
huri et al. (2004b) looks exaggerated, because the active re-
gions with the “wrong” sign are obviously dominant at the
beginning of the cycle. The maximal corresponding index
from Table 1 is p = 54% =+ 8% only. The question is to
what extent the model of Choudhuri et al. (2004a) can ex-
plain the other features of the observed helicity distribution
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Fig.5 Aurtificial butterfly diagram for the current helicity ob-

tained by combining diagrams from deep and shallow domains.
Contours of positive values are shown as solid curves, negative
values are broken, and the zero contour is dotted.

investigated by Kleeorin et al. (2003) and Paper I. However,
such a study is beyond the scope of this paper.

We use below a two-dimensional axisymmetric nonlin-
ear dynamo model which includes an explicit radial coordi-
nate, and takes into account the curvature of the convective
shell and density stratification. The nonlinear model takes
into account algebraic quenching of the total a-effect and
turbulent magnetic diffusivity. We split the total a-effect
into its hydrodynamic and magnetic parts. The calculation
of the magnetic part of the a effect is based on the idea of
magnetic helicity conservation and the link between current
and magnetic helicities. In the model we use a dynamical
equation for magnetic helicity which includes production,
transport (helicity fluxes) and molecular dissipation of mag-
netic helicity (see Paper I for details).

The model of Paper I, based on magnetic helicity con-
servation, does not appear in principle incompatible with the
data (here and below we use the model suggested by Paper I
without modification). We demonstrate this by the following
simple experiment. We take two butterfly diagrams, for the
deep and shallow domains of the model of Paper I, for some
particular choice of parameters and formally combine them
with an arbitrary weighting. For example, we show in Fig. 4
the result from combining a “deep” butterfly diagram (Fig. 6
of Paper I, weighted at 0.8), with a surface diagram (Fig. 7
of Paper I with weight 0.2). This figure looks quite similar
to the data from Table 1, and as convincing as the plot pre-
sented in Choudhuri et al. (2004b). We stress however that
physically the contributions from the deep and shallow do-
mains cannot be arbitrarily combined as independent con-
tributions to a butterfly diagram, and a deeper analysis is
required.

Analysis of the data obtained from a dynamo model
computed as in Paper I for a quite typical set of values of the
governing parameters proceeds as follows. (Specifically, the
model has the dynamo number D = C,C,, with C, = —5

www.an-journal.org

Table 2  Relative cumulative volumes occupied by the current
helicity with the “wrong” sign: i_ — before the phase t*, n_ — after
the phase t*. The data are given separately for the lower domain
of the computation box (0.64 < r < 0.80) and the whole radial
extent of the computational box (0.64 < r < 1).

064<r<080 064<r<1

t* i n_ i n_
0.18 20% 15% 6% 5%
030 17% 16% 5% 5%
042 14% 19% 4% 6 %
055 13% 28% 4% 10 %
0.68 14% 0% 4% 15%
0.80 15% 56% 5% 21 %

and C,, = 6 x 10%, the relaxation time of the magnetic he-
licity varies between 5 and 5 x 10 from top to bottom of the
convection zone, and the density parameter a = 0.3. Further
details can be found in Paper 1.) From the solution in the
computational box defined by radial (), co-latitudinal (6)
and time (t) coordinates, we identify a domain associated
with a particular activity wave. We performed this identi-
fication based on common sense arguments and naked-eye
estimates. We tried several prescriptions for this separation
of the data. Because the overlapping of the activity waves
in the simulated (as well as observed) butterfly diagrams
is quite modest, the results seem quite robust with respect
to the particular choice of separation procedure. We omit
here presentation of a set of rather similar tables, but recog-
nize that a more systematic method of separation of the data
would be highly desirable.

Following Paper I, we identify the the relative number
of the active regions possessing the “wrong” sign of current
helicity with the relative volume of the computational box
possessing the “wrong” helicity sign. More precisely, we
introduce the value i_ (t*) as a relative volume of the com-
putational box with the “wrong” sign of the current helicity,
up to cycle phase t*, while n_ is the relative volume of the
computational box with the wrong sign after phase ¢*.

Of course, the values ¢_ (to be compared with p from
Table 1) and n_ (to be compared with ¢ from Table 1) de-
pend on the governing parameters of our model, but the gen-
eral shape of the behaviour seems to be quite robust. More
details concerning the computation of ¢_ and n_ are given
in Paper I. The maximal values of i_ are about 20%. We
present typical values of ¢ and n_ in Table 2.

We see from this Table that the behaviour of i_ is quite
different from that of p, e.g. p decreases with ¢t*. We were
able to find governing parameters which gives some decay
of i_ at the beginning of the cycle but ¢_ then increases at
the end of the cycle. In addition, the typical values of ¢ _ are
substantially lower then those for p. Note that i_ becomes
larger in the lower domain of the computational box (0.64 <
r < 0.80). The values of i_ become much smaller if the
whole computational box is considered (0.64 < r < 1).
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The results for n_ are naturally connected with those for
i_.

We conclude from this comparison that our model based
on the magnetic helicity conservation cannot by itself repro-
duce details of the behaviour of the index p just at the be-
ginning of the cycle. In the context of our modelling, this
behaviour must be attributed to the additional current helic-
ity produced by the rise of flux tubes to the solar surface.
Of course, we have not shown that this conclusion applies
to all possible dynamo models!

5 Results and discussion

We conclude from the above analysis, from comparison
with the model of Paper I, that the current helicity data from
solar active regions are consistent with a clear contribution
from the helicity production during the rise of magnetic
flux tubes to the solar surface in the formation of active re-
gions. Based on the data available and theoretical modelling
we can give an order-of-magnitude estimate for the various
contributions to the sign of the surface helicity. About 15%
of the cases with helicity of the "wrong” sign can be at-
tributed to helicity of the “wrong” sign originating in the
generation domain (this figure is obtained from Table 2 as
a typical value for ¢_). About 20%-30% of the cases with
the "wrong” helicity sign must be attributed to the processes
associated with the flux tube rise (estimated as a difference
between maximal and minimal values of p) and the remain-
der, about 10%, is attributed to observational noise.

The idea that the twisting of rising magnetic flux tubes
leads to the effect being discussed looks interesting and
promising in the context of the physics of active regions.
From the viewpoint of solar dynamo theory the effect ap-
pears as a bias, but its role is limited to the beginning of the
cycle, and is rather modest. The current helicity data retains
its importance as a unique source of information about the
solar a-effect. Taking into account that the domain of field
generation is spatially separated from the region observed,
and also other observational problems (see details in Klee-
orin et al. 2003 and Paper 1), the current helicity data seem
to be surprisingly useful for comparison with theoretical in-
terpretations.

Our analysis in this paper is not directed towards an in-
vestigation of the radial location of the generation domain.
Our results do however support the localization of the do-
main deep inside the convective shell (cf. left and right
hand columns of Table 2; the mechanism of Choudhuri et
al. (2004a) is also associated with a deep location of the
generation domain).

In spite of the obvious role of twisting processes, mag-
netic helicity conservation appear to be responsible for a
substantial fraction of the active regions with the “wrong”
sign of helicity. In particular, we note that an increase of ¢ at
the very end of the cycle (Table 1) might be compared with
the growth of ¢_ at the end of the cycle (Table 2).

(© 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Note that the tendency of the sign of current helicity to
reverse at the beginning of solar cycle was mentioned by
Hagino & Sakurai (2005), from current helicity data ob-
tained at the Solar Flare Telescope at Mitaka and the So-
lar 65-cm telescope at Okayama. The time variation of the
sign of current helicity was inferred from the vector mag-
netograms observed at the solar surface. They connected
this phenomenon with the inherent properties of the twisted
magnetic field originating from the solar subatmosphere.
An opposing interpretation was suggested by Pevtsov et al.
(2001) who attributed the tendency to an observational ef-
fect caused by Faraday rotation (see however the analysis
of Bao et al. 2000). We appreciate that the problem needs
further clarification and believe that a systematic compari-
son of the data obtained by various observational groups can
provide a crucial contribution towards this end.

We stress again the preliminary nature of our findings.
Our results are constrained by the limited extent and quality
of the available observational data as well as by the limited
understanding of the role of current helicity in solar activity
at the moment. Whilst recognizing that future progress in
theory and observations may well lead to a revision of our
conclusions, we nevertheless believe that the results above
can stimulate progress in the problem and, in particular, can
provide real constraints for theories of the solar cycle.
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