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ABSTRACT

Tilt and twist are two measurable characteristics of solar active regions which
can give us information about subsurface physical processes associated with the
creation and subsequent evolution of magnetic flux tubes inside the Sun. Us-
ing Mees Solar Observatory active-region vector magnetograms and Mt. Wilson
Observatory full-disk longitudinal magnetograms we measure the magnetic twist
and tilt angles of 368 bipolar active regions. In addition to two well-known phe-
nomena, Joy’s law and the hemispheric helicity rule, this dataset also shows a
lesser-known twist-tilt relationship — which is the focus of this study. We find
that those regions that closely follow Joy’s law do not show any twist-tilt depen-
dence. The dispersion in tilt angles and the dispersion in twist are also found to
be uncorrelated with each other. Both of these results are predicted consequences
of convective buffeting of initially untwisted and un-writhed flux tubes through
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the Y-effect. However, we find that regions that strongly depart from Joy’s law
show significantly larger than average twist and very strong twist-tilt dependence
— suggesting that the twist-tilt relationship in these regions is due to the kinking
of flux tubes which are initially highly twisted, but not strongly writhed. This
implies that some mechanism other than the Y-effect (e.g., the solar dynamo it-
self or the process of buoyancy instability and flux tube formation) is responsible
for imparting the initial twist (at the base of the solar convection zone) to the
flux tubes that subsequently become kink-unstable.

Subject headings: Sun: magnetic fields — sunspots — Sun: activity

1. INTRODUCTION

The strong toroidal fields that ultimately form active regions (ARs) are believed to
be created in a strong shear layer in the rotation beneath the base of the solar convection
zone (SCZ) by the solar dynamo. These toroidal fields are subject to buoyancy instability
once they are brought out into the base of the SCZ — collapsing to form flux tubes and
subsequently rising as Q2-shaped loops to the surface (Parker 1955) forming sunspots or ARs.
During their buoyant rise to the surface the toroidal flux tubes are acted upon by a variety of
forces, notably the Coriolis force and turbulent convective buffeting. Both of these physical
processes imprint their signatures, in the form of tilt and twist, on the rising magnetic fields.
Studying the tilt and twist of solar ARs and their inter-relationship, therefore, can be a
diagnostic of the afore-mentioned sub-surface processes. The tilt angle of solar ARs is the
angle that its axis (i.e., the line connecting the centroid of the two bipolar spots constituting
the AR) makes with the east-west direction. The twist of a AR flux system is a measure of
how wrapped the magnetic field lines are around the flux tube axis (i.e., of its helical pitch).

Tilt of solar ARs, which are directly related to the writhe (spatial deformation or turning
of the axis) of the flux tube, have been observed to follow a systematic dependence on latitude
known as Joy’s law (Hale et al. 1919). Theoretical simulations of the buoyant rise of flux
tubes from the base of the SCZ have firmly established that this tilt is due to the effect of the
Coriolis force on the expanding plasma within these rising tubes (D’Silva & Choudhuri 1993;
Fan, Fisher, & McClymont 1994). A large scatter in the tilt values around Joy’s law is also
observed. This scatter is explained by considering the effect of turbulent convective buffeting
of the rising flux tubes during the course of their journey through the SCZ (Fisher, Fan, &
Howard 1995; Longcope & Fisher 1996). Tilt of solar ARs constitute a vital ingredient in
many models of the solar dynamo, contributing to the creation of the solar poloidal field
through the decay of tilted bipolar ARs (see Nandy & Choudhuri 2001 and references therein)
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and also influencing the heliospheric field evolution (Wang & Sheeley 2003).

Compared to observations of AR tilt, studies of the magnetic twist of solar ARs are
relatively new, though significant advances have been made in the last decade. The twist
in the magnetic field lines of a solar AR is a component of the magnetic helicity associated
with the AR flux system (writhe being the other component). In practice, observational
estimates of the parameter o associated with the force-free field equation V x B = aB are
taken to be a measure of the twist associated with a AR flux system (for a straight and
uniformly twisted cylindrical flux tube, the parameter o can be shown to be proportional to
the twist per unit length). Hereby, we shall refer to the magnetic twist in the field lines of
solar ARs (as observationally quantified by the parameter «) simply as the AR twist. Like
tilt, AR twist also show a hemispheric (or latitudinal) dependence and considerable scatter
around the mean values (Pevtsov, Canfield, & Metcalf 1994, 1995; Pevtsov, Canfield, &
Latushko 2001). The dynamo itself may create twisted magnetic fields, though preliminary
estimates of the twist imparted by the dynamo point to a mean value much less than that
observed (Gilman & Charbonneau 1999; Longcope et al. 1999). Since magnetic helicity
(having contributions from both twist and writhe of magnetic fields) of a flux system is a
conserved quantity, the creation or change in one component of it, necessarily changes the
other, if this evolution happens in a close to ideal magnetohydrodynamic system. Twist can
be acquired as a consequence of helicity conservation when Coriolis force writhes a rising
flux tube. However, the writhing of flux tubes due to Coriolis force is insufficient to explain
the observed amplitudes of the twist (Longcope et al. 1999; Fan & Gong 2000). It turns out
that the buffeting of rising magnetic flux tubes by helical turbulent convection, a process
termed as the Y-effect, predicts the correct sign as well as amplitude of the observed twist
values (Longcope, Fisher, & Pevtsov 1998; Longcope et al. 1999). Twist (which is a measure
of the stress associated with a AR flux system and the presence of field-aligned currents)
and its evolution in magnetic flux systems play an important role in the explosive activity
of solar ARs such as flaring and initiation of CMEs (Canfield, Hudson, & McKenzie 1999;
Nandy et al. 2003).

Although tilt and twist have been studied separately for many years, only recently has
attention been focussed in studying the inter-relationship between these two parameters.
From a theoretical viewpoint, the Y-effect model for the creation of twist predicts that there
is no correlation between twist and tilt, other than a very small one due to the influence
of the Coriolis force on plasma material within the rising flux tubes (Fan & Gong 2000) or
a larger one due to the mutual dependence of twist and tilt (or writhe) on latitude. The
latter is trivial; using the sign conventions discussed in Section 2, the hemispheric helicity
rule (Seehafer 1990, Pevtsov, Canfield, & Metcalf 1994; Pevtsov, Canfield, & Latushko 2001)
and Joy’s law describe the statistical tendencies for both twist and tilt to be negative in the
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northern hemisphere and positive in the southern hemisphere (following our sign convention
a negative tilt corresponds to right-handed or positive writhe and vice-versa). Hence, the
correlation due to mutual latitudinal dependence between tilt and twist would be positive
(while that between twist and writhe would be negative). The Y-effect also predicts that the
dispersion in the tilt and twist around their mean values would be un-correlated with each
other.

The kink instability can also introduce a dependence between tilt and twist. Un-writhed
but twisted flux tubes that are close to a certain critical twist value are susceptible to kink
instability during their buoyant rise (Linton, Longcope, & Fisher 1996; Linton et al. 1999).
Through this instability, rising flux tubes undergo kinking (developing a bend in its axis),
trading some of its twist for writhe. In this case, helicity conservation arguments lead to the
conclusion that the twist and writhe would be positively correlated with each other (while
twist and tilt would be negatively correlated), thereby distinguishing this process from the
Coriolis force and the Y-effect. The kink instability is important because it is believed to
result in the formation of d-spot ARs which show significantly higher flaring activity as
compared to normal ones (Tanaka 1980; Sammis & Zirin 1998).

On the observational front, Canfield & Pevtsov (1998) and Pevtsov & Canfield (1999)
studied the correlation between tilt and twist of 99 ARs observed by the Haleakala Stokes
Polarimeter (HSP). Canfield & Pevtsov (1998) found that regions significantly deviating
from Joy’s law showed a weak negative correlation, contrary to the expected dependence
introduced by the action of the Coriolis force on a rising flux tube. Hence, Pevtsov and
Canfield (1999) concluded that at least some twist of the photospheric fields is due to the
subphotospheric dynamo. On the other hand, Tian et al. (2001) compared the sign of tilt
and twist and found a positive correlation. Hence, Tian et al. (2001) concluded that the
twist observed in the photosphere is the result of the Coriolis force distorting the apex of
emerging (2-loops — which introduces both twist and writhe in originally untwisted magnetic
fields. In a subsequent study of 86 flare-productive solar ARs, Tian & Liu (2003) find
evidence of kink instability. More recently, Lépez Fuentes et al. (2003) studied the evolution
of 22 ARs and found evidence of kinking in about 35% of these regions, while 41% of these
regions showed a twist-tilt relationship indicative of having resulted from the Coriolis force.
These contradictory results and the important role played by twist and tilt in solar dynamics
warrant a more closer look at the tilt-twist relationship in a much larger data set — which is
the basis of our current investigation. In addition, the earlier study by Canfield & Pevtsov
(1998) employed HSP magnetograms for determining AR tilt, which could have affected the
tilt measurements because of their limited field of view.

In this paper we study the observed relationship between the tilt and twist of active
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regions and compare it to that predicted by the various aforementioned mechanisms. In
Section 2 we combine two datasets to relate tilt and twist. We recover Joy’s law and the
hemispheric helicity rule, and document a complex relationship between twist and tilt. In
Section 3 we show a statistically significant correlation between tilt and twist, which is not
due to their mutual dependence on latitude. We find that the Y-effect model explains the
observed lack of a twist-tilt correlation in regions that closely follow Joy’s law, while some
other mechanism (arguably kinking) comes into play in anomalous regions. We conclude in
Section 4, discussing the implications of our results for subsurface physical processes that
govern the creation and subsequent evolution of twist and tilt in solar AR flux systems.

2. Datasets

We have compiled a combined dataset, consisting of 368 active regions, from two in-
dependent datasets, one for twist and the other for tilt. The Mees Solar Observatory
dataset consists of vector magnetograms from the Haleakala Stokes Polarimeter (Mickey
1985) obtained in 1988-1995. From these vector magnetograms, values of the best-fit overall
twist of active regions apes; were extracted following Pevtsov, Canfield, & Metcalf (1995).
Their method is based on the deduction of the constant a in the force-free field equation
V x B = aB, though it does not explicitly assume the field to be force-free. From the
observed vertical magnetic field, the x and y components of the horizontal magnetic field
are computed using the force-free magnetic field equation assuming a particular value of «.
The parameter « is then varied until the difference between the x and y components of the
computed (horizontal) force-free field and the observed horizontal field is minimized (using
only those pixels for which |Bqns| > 300 Gauss because the noise level in the magnetograms
is typically less than 100 Gauss for the transverse field), giving the best fit value apes;.

The limited field of view of the Haleakala Stokes Polarimeter (HSP) is adequate for
the calculation of yes, since the strong-field regions on which it must be based (Leka &
Skumanich 1999) are not spatially extended. However, for calculation of active region tilt,
a larger field of view is desirable. Hence, we use the Mt. Wilson dataset for this purpose.
This dataset (Howard 1989) consists of line of sight, full disk magnetograms collected from
1967 to 1995. The Mt. Wilson dataset identifies the magnetic flux-weighted centroids of the
two polarities within each active region. We define the tilt angle 6 to be the angle (positive
counterclockwise up to 180°) between the local parallel of latitude and the line joining the
centroids of the two polarities, and d to be the distance between them. This definition of tilt
is similar to Pevtsov and Canfield (1999), but it is opposite (in sign) to Tian et al. (2001).

We associate corresponding active regions in the HSP and Mt. Wilson datasets using
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the daily NOAA active region lists, checking for consistency in latitude (£+5°) and central
meridian distance (+5°) after correction for solar rotation. Knowing that the twist patterns
within solar ARs evolve on characteristic time scales of about 27 hours (Pevtsov, Canfield,
& Metcalf 1994), we accepted up to 12 hours time difference for matching purposes. We
further sort the data by excluding regions that do not obey the Hale-Nicholson polarity
law (Hale & Nicholson 1925) because we cannot unambiguously measure tilt in these non-
Hale regions. Regions that obey the Hale-Nicholson polarity law comprise 91.9% of the Mt.
Wilson dataset. The final combined dataset contains overall active-region twist apes, tilt 6,
polarity separation d, and latitude ¢ for 368 regions.

As expected, our combined dataset shows various well-known relationships. Figure 1
shows the dependence of /d on latitude, reflecting what is commonly called Joy’s law (Hale
et al. 1919); positive tilt values dominate in the south, and negative in the north, with consid-
erable scatter. The heavy solid line in Figure 1 shows a linear fit to our results. Our dataset
is much smaller than the full Mt. Wilson dataset studied by Wang & Sheeley (1991), and in
comparison contains fewer small active regions, because the HSP data acquisition strategy
favored larger (flare-productive) ones. Nevertheless, our fit to the latitude dependence of tilt
agrees with Fan’s (1993) fit to Wang & Sheeley (1991) at the ~ 30 level.

Hereby, our analysis is motivated by a simple model of a straight and uniformly twisted
cylindrical flux tube where the force-free field parameter « is related to the twist per unit
length. Since we are interested in the relationship of twist to tilt, we choose a measure (0/d)
for the tilt that has the same dimensions as a.. Note that geometric considerations also point
to 6/d as a better proxy for writhe, containing more information about the morphology of
the flux tube than # alone. As discussed in Section 4, the fact that 6/d is better correlated
with « than € alone, supports the interpretation given here.

In Figure 2, where we plot the twist parameter s versus latitude, we see that our
dataset shows the well-known hemispheric helicity rule (Pevtsov, Canfield, & Latushko 2001),
where negative (left-handed) values dominate in the northern hemisphere and positive (right-
handed) in the southern, again with considerable scatter. The solid line in Figure 2 shows
a linear fit to our results. This fit agrees with Pevtsov, Canfield, & Latushko (2001) at the
~ 30 level.

In addition to these well-known trends, Figure 3 shows that §/d and apes; are negatively
correlated with each other. Active regions that are positively tilted tend to have negative
twist. This is surprising given that their mutual latitudinal dependence would point to a
positive correlation between twist and tilt. The £30 error bands show that although the
scatter is large, the correlation is significant. The scatter is real, which led Longcope et al.
(1998) to attribute it to the stochastic nature of turbulent convection. This scatter does not
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originate uniquely in either the 6/d or a5 data. It is not reduced when regions with values
of separation much less than the average value (< d >~ 9 x 10"m) are removed from the
combined dataset (d has earlier been used as a proxy for flux and the observed scatter in tilt
values is known to be larger for lower flux, see e.g., Fisher, Fan, & Howard [1995]). We now
concentrate on the twist-tilt correlation, which is the main focus of this paper.

3. Analysis: The Twist-Tilt Relationship

Let us begin by dismissing the trivial relationship between twist and tilt that arises
due to the mutual dependence of these quantities on latitude. Consider the dependence of
0/d and opes; on latitude shown in Figures 1 and 2. In the northern hemisphere both 6/d
and ayes; tend to be negative, and in the southern hemisphere, positive. Hence, we expect
hemispheric dependence to produce a positive correlation. On the contrary, the correlation
shown in Figure 3 is negative. Thus, the mutual dependence of 6/d and apes; on latitude
cannot explain their observed relationship. We now turn to two different techniques to
quantitatively remove the effect of mutual latitudinal dependence to see how this affects the
correlation.

We first take a strictly statistical approach to the interrelationships among 6/d, cpest
and latitude. Kendall’s rank correlation coefficient (7) tells us the strength of the correlation
between two quantities (Daniel 1990). Table 1 shows values of 7 for /d vs latitude, qpes; vs
latitude and 6/d vs cpes;. From this analysis we can see that the correlation between 6/d and
latitude holds the highest confidence (the chance of occurrence in an uncorrelated dataset is
~ 10722). This is hardly surprising given the past work on Joy’s law cited earlier. Twist and
latitude have a weaker, but still very significant correlation. Significantly, the confidence
level for the correlation between 0/d and apes; is very high; the chance of occurrence in
an uncorrelated dataset is ~ 107%. We use Kendall’s partial correlation coefficient, 7,, to
quantify this correlation between 6/d and « while holding latitude constant (Daniel 1990).
If the correlation between /d and apes+ were due to their mutual latitude dependence, ||
would be significantly less than |7|. In fact, we find that |7,| > | 7| (see Table 1.)

We next take a more intuitive approach to eliminating the influence of the mutual
dependence of 6/d and aues; on latitude — we simply subtract the fitted latitudinal trends
of Figures 1 and 2 from our individual §/d and apes; values. Figure 4 shows the relation
between these 0/d and s residuals. As a check, recalculating 7 using these residuals
(Table 1) confirms that (a) the 6/d and apes;: residuals hold no significant correlation with
latitude and (b) the #/d residuals show a strong correlation with the g residuals, of even
greater magnitude than in the raw data, and 7, ~ 7. This more intuitive approach further
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confirms that the negative correlation between 6/d and apes; is not due to their mutual
latitudinal dependence and originates via some mechanism other than the Coriolis force.

Now we turn to the relationship between the dispersion in twists and tilts about their
mean values. One of the predictions of the Y-effect model for the creation of twist is that
the dispersion in twist would be un-correlated with the dispersion in the tilt. This is because
the amount of dispersion in twist and tilt depends on the amplitude of turbulent fluctuation,
which is believed to be spatially isotropic with respect to latitude. Thus if one calculates the
dispersion in twist and tilt across different latitudes one would expect these two quantities
to be un-correlated with each other. We now explore this prediction in our data set. To
do this we first bin the combined data into 10 latitudinal bins containing equal number of
points and then calculate the mean and standard deviation of twist (denoted by (apes:); and
A(vpest)i, respectively) and tilt (denoted by (6/d); and A(0/d);, respectively) in each bin
(here i is an index for the bins, with i = 1, 10). The dispersion around the mean twist and
tilt are the quantities A(apest); and A(6/d);. We plot these two quantities with respect to the
median latitude of each bin in Figure 5 (top) to show how the binning was done. When these
two quantities are plotted against each other in Figure 5 (bottom) we find that they don’t
appear to correlate very well. The linear-correlation coefficient between these two quantities
is found to be insignificant at 89.95%. However, there could be a weak non-linear dependence
between these two quantities. To check for this possibility, we also calculate the Spearman’s
rank correlation coefficient (which measures the correlation based on a distribution of ranks
and hence is not limited to only linear relationships [Press et al. 1986]) between A(aupest);
and A(f/d); and find it to be 94.13%. Therefore we rule out any significant correlation
between the dispersion in twists and tilts in our dataset.

We return now to the twist-tilt correlation and search for clues that tell us how this
relationship might arise. We know that the statistical basis for Joy’s law is very strong. How
does the twist-tilt relationship depend on the extent to which individual regions obey this
law? The first two rows of Table 2 compare two subsets of our combined dataset; those with
/d values that follow the best-fit “Joy’s law” line in Figure 1 to within + 60 and those
that deviate by greater amounts. We find that although the subsets are of comparable size,
there is no statistically significant relationship between twist and tilt for those regions that
obey Joys law to this extent (first row in Table 2), whereas there is a statistically strong
relationship for the regions that depart more from it (second row in Table 2). This means
that the main contribution to the observed negative correlation between twist and tilt comes
from ARs that significantly depart from Joy’s law (at the 60 level) — also characterized by
a higher average twist (see second row in Table 2).

We further explore this trend by considering those regions that depart so much from
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Joy’s law that they disobey the Hale-Nicholson polarity law. To do this we assume that the
absolute magnitudes of the tilt angles of such regions range only between 90° and 180° (i.e.,
regions whose polarity orientation is opposite to that given by the Hale-Nicholson polarity
law). The last row of Table 2 shows that for these non-Hale regions the Kendall 7 coefficient
is relatively high and has opposite sign. Unfortunately, this subset comprises only 12 regions,
and the confidence level of this correlation is barely significant. A much larger dataset will
be required to determine whether these trends are real. However, it is noteworthy that the
mean value of overall twist |apes:| is atypically large in this subset — a result that is more
robust than the correlation analysis, since it does not rely on our assumption about the range
of tilt values for non-Hale regions.

4. Discussion

We have analyzed the tilt and twist of ARs from a combined dataset of Mt. Wilson
full disk magnetograms and HSP vector magnetograms. In this dataset we recover the well
known trends found in larger datasets of tilts and twists, namely their respective hemispheric
and latitudinal dependence. Our main emphasis in this paper has been to study the tilt-
twist relationship to explore what physical process (or processes) determines this dependence.
We find a complex relationship between the tilt angle and overall magnetic twist of solar
active regions. Although mutual latitudinal dependence would point to a positive correlation
between twists and tilts of solar ARs, we recover a negative correlation in their values.
However, of the large majority of regions that obey the Hale-Nicholson polarity law, those
that most obediently conform to Joy’s law show no significant interdependence of twist and
tilt. Nor are the dispersion in twists and tilts related to each other in the whole dataset.
These results confirm the predictions of the Y-effect model (Longcope, Fisher, & Pevtsov
1998), which describes the creation of twist due to the buffeting of initially untwisted and
rising flux tubes by helical turbulent convection, taking into account helicity conservation.

Those regions that significantly depart from Joy’s law (by more than 60) show both
stronger than average twist and a strong interdependence of twist and tilt and it is this
latter subset of ARs that mainly contribute to the negative correlation between twist and
tilt that we find in our data. Such properties would most plausibly result from the kinking
of buoyantly rising flux tubes that are initially highly twisted but un-writhed. Simulations
of the dynamics of such flux tubes (Linton, Longcope, & Fisher 1996; Linton et al. 1999)
have shown that an initial twist is required for them to be susceptible to kink instability, but
the origin of this initial twist remains unknown. As a demonstration of the kink instability
scenario, consider a flux tube at the base of the convection zone which has a high negative
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helicity H in the form of twist 7 but no writhe W (say e.g., in the northern hemisphere).
If the tube kinks, it trades some of that twist for writhe, and helicity conservation requires
that 67 = —dW. In the example above, 7 > 0 so 0W < 0. Thus this will result in the
flux tube axis acquiring a left-handed or negative writhe and following our convention this
will correspond to tilt/separation 6/d > 0. Thus we see that kinking of strongly twisted but
unwrithed flux tubes will produce a negative correlation between 6/d and s, as observed.
Note that this flux tube in the northern hemisphere which gains a negative writhe and
hence positive tilt (in general, flux tubes that follow Joy’s law have a right-handed writhe
corresponding to a negative tilt [in our sign convention| in the northern hemisphere) would
display an anomalous tilt highly departing from Joy’s law, as also we recover from our
dataset.

A final bit of evidence for kinking comes from the effect of including the active region
characteristic length scale in the analysis. Table 1 shows that 6/d is extremely well correlated
with apess (7 = —0.156; chance of random occurrence 1078). Although we find that 6 is also
well correlated with apes; (T = —0.145), the chance of random occurrence (1077) is an order
of magnitude larger. Theoretical investigations of kink instability show that flux tubes are
most unstable to kink perturbations having scales close to the twist in the field lines (Linton,
Longcope, & Fisher 1996; Linton et al. 1999). Therefore, when the tube kinks, it picks up
a writhe which is of similar scale to that of the twist. This may be the underlying cause of
why twist correlates more significantly with the parameter tilt per unit length (6/d) — that
has the same dimensions as twist.

In summary, we conclude that a substantial fraction of ARs in our dataset show evidence
of having been subject to kink instability. We note that Tian et al. (2001) drew an opposite
conclusion having found a positive correlation between tilt and twist (after correcting for
their definition of tilt which results in a sign opposite to that of ours) in their dataset of 286
ARs. The Tian et al. (2001) analysis did not take out the mutual latitudinal dependence
between twist and tilt and therefore we believe that any signatures of kink instability would
have been suppressed in their dataset.

Finally, we outline here a framework that binds together our observations with past
theoretical work on flux tube dynamics. Numerical investigations of flux tube dynamics
have shown that a certain amount of initial twist is required for flux tubes to maintain their
integrity (against fragmentation) during their buoyant rise from the base of the SCZ (Emonet
& Moreno-Insertis 1998; Fan, Zweibel, & Lantz 1998). Coupled with this, theoretical studies
of kink instability point out that for the flux tubes to be kink unstable, they should have
a high twist close to or greater than a certain critical twist value (Linton, Longcope, &
Fisher 1996; Linton et al. 1999). Presumably, not all flux tubes that form at the base of
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the SCZ have these properties. Consequently some of them do not survive the buoyant rise
to the surface and instead fragment. There would be a subset of flux tubes which have a
small initial twist to make them rise coherently to the surface, but not enough twist to make
them kink. We hypothesize that this subset (possibly those constituting the first row in
Table 2), which is weakly twisted initially, picks up a more significant amount of twist from
the X-effect during their rise, therefore exhibiting properties predicted by the X-effect model.
There would be a second subset that have high enough twist to be kink unstable and exhibit
properties of having undergone kinking, e.g., show a negative correlation between tilt and
twist (those contributing to the second row in Table 2). Going back to our demonstrative
scenario for kink instability discussed earlier in this section, one can deduce that a flux
tube (in the northern hemisphere) having a atypically large negative twist (initially) will
be writhed much more than usual in the left-handed sense and hence pick up positive tilt,
if it undergoes kink instability. If the initial twist is large enough, then it may rotate the
flux tube axis counter-clockwise by an angle 180° more than the local Joy’s law angle. It
is straightforward to deduce then that this angle corresponds to a negative sign (in our
convention) and also to a non-Hale region with the leading and following polarities reversed.
This demonstrates that non-Hale regions, which were very highly twisted initially, may show
a positive correlation between tilt and twist after having undergone a severe kink instability.
We believe that these properties are exhibited by the subset in the third row of Table 2.
Note however, that this last explanation for the positive correlation found for non-Hale ARs
is only one of the possible scenarios. Some non-Hale regions are also likely to have tilt
angles falling within the 90° to 180° range, in which case one would still find a negative
correlation between tilt and twist. Perhaps our subset of 12 non-Hale regions do not span
the full distribution of possible tilt angles and mainly contains highly kinked regions. For a
comprehensive study of the evolution of a non-Hale AR, and alternative interpretations, see
also Lépez Fuentes et al. (2000).

In conclusion, our dataset lends indirect observational evidence for the presence of an
initial twist in flux tubes at the base of the SCZ, even before they begin their buoyant rise.
We may note here that the X-effect imparts twist to rising flux tubes mainly during the
late phase of their rise at the upper-half of the SCZ (Longcope, Fisher, & Pevtsov 1998).
Certainly therefore, there must be some alternative physical mechanism for imparting twist
to flux tubes at the base of the SCZ and this begs the question; what is this mechanism?
While the solar dynamo can in principle generate twist at the core-envelope interface where
it creates the strong toroidal flux ropes (Gilman & Charbonneau 1999), it has not yet been
convincingly demonstrated that the dynamo can produce sufficiently high twist required to
make the flux tubes kink-unstable (Longcope et al. 1999). An alternate mechanism that may
introduce twist is the formation process of the flux tube itself, involving buoyancy instability
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and helical motion — a process believed to be able to produce a dynamo a-effect at the base of
the SCZ (Ferriz-Mas, Schmitt, & Schiissler 1994). However, the flux tube formation process
is even less understood and the ideas discussed in this paragraph remain mere speculation.
While we can say confidently at this point in time that there must be some mechanism for
the creation of twist at the base of the SCZ, what mechanism, is a question that remains to
be answered.
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Table 1. Data Correlation

Quantities T Confidence (%) T
Tilt/Separation-Latitude -0.336 99.99
Twist-Latitude -0.077 97.33 .
Tilt/Separation-Twist -0.156 99.99 -0.193
Tilt/Separation Residuals-latitude -0.017 36.66
Twist Residuals-Latitude -0.018 39.8
Tilt/Separation Residuals-Twist Residuals -0.204 99.99 -0.205

Table 2. Tilt-Twist correlation

Data T Confidence  Mean |apes;|  Active

subset (%) (1078m~1)  regions
Joy + <60 -.071 86.2 1.1 194
Joy £ > 60 -.178 99.9 1.6 174

Non-Hale 45 95.8 2.5 12
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Fig. 1.— The latitude dependence of active region tilt/separation (reflecting Joy’s Law)
in our combined dataset. In this and all subsequent figures the solid line indicates the
linear least-squares fit to our data and the dashed lines show the +£30 error bands. Fit:
6/d = —0.0164268¢ — 0.0907248
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Fig. 2.— The latitude dependence of the overall twist ap.s; of the magnetic fields of the

active regions in our combined dataset. Fit: apess = —0.0110040¢ + 0.106473
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Fig. 3.— The correlation between raw twist (aues;) and tilt/separation values in our combined
dataset. Fit: apesy = —0.67707760/d + 0.00802131
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Fig. 4.— The correlation between values of twist ayes; and tilt/separation in our combined
dataset, after subtraction of the trends shown in Figures 1 and 2. Fit: apes(residuals) =
—0.81201560/d(residuals) — 0.0171826
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Fig. 5.— Top: Shows the binned values of the dispersion in tilt A(f/d); (denoted by cross
signs) and twist A(apest); (denoted by plus signs) plotted against the median latitude of each
latitudinal bin. Bottom: A(apest) in each bin plotted against its corresponding A(6/d) value
— the correlation recovered is not significant (see Section 3).



