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ABSTRACT

One puzzling observed property of coronal loops is that they are of roughly constant thickness along their length.
Various studies have found no consistent pattern of width variation along the length of loops observed by TRACE
and SOHO. This is at odds with expectations of magnetic flux tube expansion properties, which suggests that loops
are widest at their tops, and significantly narrower at their footpoints. Coronal loops correspond to areas of the
solar corona which have been preferentially heated by some process, so this observed property might be connected
to the mechanisms that heat the corona. One means of energy deposition is magnetic reconnection, which occurs
along field lines called separators. These field lines begin and end on magnetic null points, and loops forming
near them can therefore be relatively wide at their bases. Thus, coronal energization by magnetic reconnection
may replicate the puzzling expansion properties observed in coronal loops. We present results of a Monte Carlo
survey of separator field line expansion properties, comparing them to the observed properties of coronal loops.
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1. INTRODUCTION

Coronal loops are bright EUV and X-ray plasma structures
constituting the “one-dimensional atmospheres” of which the
solar corona is composed (Rosner et al. 1978). Each of these
thin loops is believed to trace out a bundle of magnetic flux. Their
cross-sectional areas, A, are therefore inversely proportional to
the local field strengths, B, so that the resulting flux, Φ = BA,
is constant.

In both potential and force free models of the solar corona,
field strength decreases with height, leading to significant
expansion of the loop with respect to the footpoints. Though we
lack direct measurements of loop cross-section, it is reasonable,
on average, to expect A to scale with the square of the sky plane
projected loop width, d. To the extent that coronal loop length
and height are correlated, a correlation is also expected between
loop length and the degree of expansion from footpoint to loop
top.

These simple predictions are not borne out by observation.
Klimchuk (2000) and Watko & Klimchuk (2000) measured the
ratios of footpoint to midpoint width (called expansion factors)
for coronal loops observed in soft X-rays and EUV, and found
them to be near unity. Moreover, Watko and Klimchuk found no
statistically significant correlation between loop length and ex-
pansion factor. These results were reinforced by López Fuentes
et al. (2006), who compared observed loops with potential and
linear force free extrapolations from the corresponding photo-
spheric fields.

Many explanations have been proposed for the lack of
observed expansion in coronal loops. López Fuentes et al.
(2006) proposed that tangled or braided magnetic fields might
constrain the expansion of the field with height. They also
find loops that are significantly non-circular, which can lead
to loops with constant observed (i.e., line-of-sight) width but
varying cross-sectional area. In the nanoflare model of Parker
(1988), braiding leads to heating of the corona by reconnection,
which could explain why the loop structures are brighter than
the background. Klimchuk et al. (2000) examined the role
of twist in a nonlinear force free model, but were unable to

reproduce the low measured expansion factors of coronal loops.
DeForest (2007) proposed that the loops may be narrower than
they appear, and that a combination of telescope point-spread
function, solar background, and noise obscure the expansion
of the loops. This proposal has initiated an extended debate at
conferences and in published literature. López Fuentes et al.
(2008) have provided a careful error analysis, concluding that
the loop width measurements are robust.

This paper takes an alternative approach to the constant width
loop problem. Coronal loops are brighter than the rest of the
corona, so there must be some mechanism energizing them.
Such a mechanism is likely to prefer some field lines over
others. If the corona is heated by reconnection, then the heating,
enhanced emission and coronal loops should be associated
with magnetic separators (Longcope 1996, for instance). Since
separators have magnetic nulls at both ends, we hypothesize
that the field on or near a separator would not decrease much
with height. Separator loops would therefore have more uniform
cross-section than general field lines.

Our objective is to test this hypothesis without reference
to a specific solar context (e.g., quiet sun or active region).
We therefore perform a Monte Carlo survey of randomly
generated potential field models, comparing the properties of
separators to those of randomly selected field lines. Section 2
describes the model that generated both the separator loops and
a control population of random potential loops. The distribution
of properties of the resulting loops, including length, height
and expansion factor, are analyzed in Section 3. In Section 4
we conclude that separator field lines correspond closely to the
observed properties of coronal loops.

2. NUMERICAL SIMULATION

2.1. Charge Distribution Generation:

In this work, simulated coronal fields are generated by thin
flux tubes emerging from the photosphere, while the corona
itself is current-free. Such a configuration of flux tubes is well
described by a planar arrangement of point sources, so the

108

http://dx.doi.org/10.1088/0004-637X/706/1/108


No. 1, 2009 SEPARATOR LOOP EXPANSION 109

resulting coronal field is given by Coulomb’s law:

B(r) =
N∑

i=1

qi

r − ri

|r − ri |3
. (1)

In order to assess the properties of coronal fields under this
approximation, we generated many such charge distributions
with randomized charge parameters.

1. The total number of charges in a distribution, N, was varied
uniformly between 10 and 20.

2. The charge positions, ri , were uniformly distributed over a
square plane.

3. The charges qi on each monopole were drawn from an
exponential distribution, with randomly chosen sign. The
total charge was then set to zero by rescaling all charges of
the polarity with less total flux.

The configuration of the field is scale invariant, so our results
will be independent of any specific choice for the dimensions
of the plane, and of the average magnitude 〈|q|〉 of the charge
distribution.

For each of these charge configurations, we found magnetic
null points and traced the separator field lines connecting them
(see Figure 1), using algorithms described in Longcope (1996).
Magnetic field strength and arc length as functions of position
were recorded for each separator field line. On average, we
found about three separators per charge configuration and have
data for 1250 separators in all.

Is ∼3 separators per charge configuration reasonable, given
our simulation? We tested this result using the relation
(Beveridge & Longcope 2005) NS ≈ ND − N + 1, between
the numbers of separators (NS), flux domains (ND), and flux
sources (N) in a configuration. The average number of connec-
tions between flux sources in a charge configuration (typically
equal to the average number of flux domains) was determined
by tracing a number of random field lines for each source and
tracking which other sources they connected it to. The aver-
age number of connections per configuration was found to be
ND ∼ 20, with an average number of sources per configuration
of N ∼ 15. The average number of separators per configura-
tion ought then to be NS ∼ 6, about double the number found.
The separator finding algorithm searches across the fan surface
(Longcope 1996; Barnes et al. 2005). Where the fan field lines
are long, the angle between neighboring separators will be small.
Such long separators are therefore expected to elude our search
more frequently.

This raw data set was further processed to make it more
comparable to coronal loop observations. The loop footpoints
were defined to be at a height zct, which was at 5% of the
total dimensions of the distribution and ∼30% of the height
of a typical separator. To facilitate comparisons between loops,
linear interpolation was used to resample the magnetic field
strength and height for 500 evenly spaced points along each
field line. Also recorded was the total arclength, L, of the
loop segment lying above zct. At each point on the loop, the
approximation d ∝ 1/

√
B was used to relate the magnitude of

the magnetic field, B, to the loop diameter d.1 Left and right
expansion ratios, Rl and Rr, were computed for each field line.
These were defined as the ratios of the mean loop diameter d
on the central 15% of the field line to the mean width of the

1 This can be a poor proxy for the observed width for loops with more
complicated cross-sections: see López Fuentes et al. (2006).

Figure 1. Example charge configuration. Point charges are represented by plus
signs and separators begin and end on null points (represented by triangles). All
other field lines were randomly chosen. Separators have been rendered with a
heavier line than random field lines.

15% nearest its left and right footpoints, respectively (Compare
Watko & Klimchuk 2000).

We found that many of the separators observed had signifi-
cantly asymmetric field strengths. In order to better understand
the effects of this, we arranged all of the field lines so that the
side with higher field (on average) was always on the right.
Thus, our field lines are systematically wider on their left sides
than on their right, and the resulting left side expansion ratios
are smaller than the right side expansion ratios.

2.2. Random Field Line Generation

We also generated a representative “control” sample from
the overall population of field lines. The most obvious choice
for a representative population of field lines would give equal
weight to equal flux. Such a “flux-weighted” population of field
lines may be generated by picking a source, weighted by the
magnitude of its charge, stepping a short distance away from
the charge in a random direction, and then tracing the field from
that point.

The flux-weighted approach was rejected, however, because
such field lines tended not to extend significantly above the
charge plane. This is unsurprising, since the fields will be
strongest close to the plane. We therefore note that most field
lines (weighted by flux) do not resemble coronal loops.

In light of this, we generated a new population of random
field lines whose heights were picked based on a histogram
of the separator heights. This was accomplished by choosing
random initial points, r0, from a distribution uniform over the
field region, tracing the field lines in both directions and then
discarding members of the resulting population until the final
set had roughly the same height distribution as the previously
generated population of separators.

For each of these random field lines, we recorded the same
field line properties as for the separators. As with the separator
field lines, the random field lines were arranged so that the side
with higher field was on the right.

3. SIMULATION RESULTS

To give an idea of the typical width profile of these field lines,
Figures 2 and 3 show loop widths as a function of fractional



110 PLOWMAN, KANKELBORG, & LONGCOPE Vol. 706

Separator Loop Width vs. Arc Length
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Figure 2. Separator loop width as a function of fractional arc length. Each loop
scaled so that the mean width is unity. The solid line is the median width at that
length coordinate.

Random Loop Width vs. Arc Length
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Figure 3. Random loop width as a function of fractional arc length. Each loop
is scaled so that the mean width is unity. The solid line is the median width at
that length coordinate.

arc length for separator and random field lines, respectively.
The median curves in these plots (i.e., the solid lines) show
that the separator field lines tend to have a much smaller range
of widths than the random field lines, and that the separators
have some significant tendency toward skewness (one side of
the field line is significantly wider than the other, as discussed
in Section 2.1), while the random field lines do not. The median
separator width plot has an intriguing resemblance to Figure 9
of Watko & Klimchuk (2000).

The separators generally have much lower expansion ratios
than the random field lines. Median expansion ratio for the
left and right separators were 0.69 and 1.65, respectively,
while those for the random field lines were 2.74 and 4.35.
Histograms of these expansion ratios are shown in Figures 4
and 5. The expansion factors divide the separators and the
random field lines into distinct populations, with random field
lines having expansion ratios appreciably greater than one, while
the separator expansion ratios are clustered around unity. By this
measure, the separator field lines resemble the coronal loops
observed by Watko & Klimchuk (2000), while the random field
lines are distinctly different.

Separator Expansion Ratio Histogram
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Figure 4. Expansion ratio histograms for separator loops. Left expansion ratios
are in black, right expansion ratios in gray.

Random Field Line Expansion Ratio Histogram
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Figure 5. Expansion ratio histograms for random loops. Left expansion ratios
are in black, right expansion ratios in gray.

Watko & Klimchuk (2000) compare expansion ratio to
length for 15 non-flare coronal loops, and find no statistically
significant correlation. We compared our simulated data sets
with these findings by checking for correlation of expansion
ratio with loop length, for both separator and random field lines.

In order to make our analysis correspond more closely with
small data set analyses such as Watko & Klimchuk (2000), we
operated on sets of 15 field lines drawn at random from the
overall population (Figures 6 and 7 show example draws for
separator and random field lines, respectively). With each set
of field lines, we used a Kendall’s tau statistic to check for
correlation of expansion ratio (either left or right, chosen at
random for each field line) with loop length. This was repeated
5000 times to make full use of the data set.

In both the random and separator field line cases, the analysis
revealed a weak correlation between expansion ratios and loop
lengths. The median of the tau statistics for separators was 0.25,
while that for random field lines was 0.33. These tau values
correspond, respectively, to an 82% and 92% confidence level.
While Watko & Klimchuk (2000) do not list confidence levels,
we have extracted the expansion ratios from their Figure 15 and
reproduced their confidence levels. We find that the tau statistic
is for the 171 angstrom measurements is −0.325, corresponding
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Separator Loop Expansion vs. Arc Length
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Figure 6. Plot of expansion factor vs. loop length for 15 separator loops.

Random Loop Expansion vs. Arc Length
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Figure 7. Plot of expansion factor vs. loop length for 15 random loops.

to a 91% confidence level. Lack of correlation like that observed
by Watko & Klimchuk (2000) is therefore consistent with both
the random loops and the separator loops in our data set.

What are we to make of these correlations, or lack thereof?
In the case of the separator loops, lack of expansion is expected,
as they are wide at both midpoint and footpoint. But why is
the correlation also weak for our random loops? Recall that
expectations of correlation between expansion and length are
based on the following assumptions.

1. Field strength falls off with height, and has an inverse
relationship with the width along the loop. Therefore, taller
loops should have more expansion.

2. Inspection of coronal loops suggests that loop length scales
with loop height.

3. If expansion is correlated with height and height is corre-
lated with length, then expansion should be correlated with
length.

Inspection of our simulated data set suggests that the second
of these assumptions is only weakly satisfied by random loops.
While there is a correlation between loop length and height,
and the median Kendall’s tau for 15-element data sets is 0.62
(∼99.9% significance), visual inspection of the data set suggests
(see Figure 8) that it is due largely to the obvious geometrical

Figure 8. Scatter plot of loop length vs. loop height for all random field loops.
Included for reference are lines corresponding to the tallest possible loop of
length l, h = l/2, to a semicircular arc, h = l/π , and to the tallest circular arc
of length l, h ≈ l/2.76.

Figure 9. Scatter plot of loop length vs. loop height for all separator field lines.
Included for reference are lines corresponding to the tallest possible loop of
length l, h = l/2, to a semicircular arc, h = l/π , and to the tallest circular arc
of length l, h ≈ l/2.76.

constraint that the loop length must be at least twice the loop
height. These random field line data fill the parameter space
almost uniformly below h = l/2.76, which corresponds to the
tallest possible circular arc. The first of the above assumptions
was also found to be weakly satisfied by the random loops, with
the 15-sample Kendall’s taus for correlation between expansion
factor and height having a median value of 0.50 (also ∼99%
significance).

When the same properties were checked for separator loops,
height was not found to be significantly correlated with ex-
pansion factor: the median 15-sample Kendall’s tau was 0.20,
corresponding to a 74% significance. This is as expected, given
the separator loop’s relatively small footpoint diameter. Loop
length scales very nicely with height, however, with a linear
trend that is readily apparent in a scatter plot of the whole data
set (Figure 9), and 15-sample median Kendall’s taus of 0.77
(99.994% probability of correlation). Thus, the separators are
consistent with the observationally motivated intuition relating
loop length and height, in addition to being consistent with the
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observed low expansion factors and lack of correlation between
expansion and loop length.

Mathematically, the third of the above assumptions is only
true in the presence of “strong” (Kendall’s tau significantly
greater than ∼0.5) correlations. Mere statistical significance,
in the sense of falsifying the null hypothesis (that expansion is
independent of height, and that height is independent of length),
is not sufficient to ensure a correlation between expansion and
length. In the case of the random loops, both the correlation of
expansion with height and the correlation of height with length
are weak, so the resulting weak correlation between expansion
and length is unsurprising. In the case of the separators, even
though the correlation between length and height is quite strong,
the correlation between height and expansion is very weak, and
therefore there is no significant correlation between length and
expansion.

4. CONCLUSION

This potential field study demonstrates that separator loops
possess expansion factors near unity (no significant expansion),
consistent with observations of the solar corona. Like coronal
loops, the separators stand tall, with a strong correlation between
arc length and height. Random loops chosen purely on the basis
of flux weighting usually do not extend to any significant height
above their footpoints. This indicates that coronal loops are not
representative of the overall population of coronal field lines.
A second random control population, with heights constrained
to more closely resemble coronal loops, had typical expansion
factors between 3 and 4, also inconsistent with observed coronal
loop expansion properties.

We found that both loop populations were consistent with
the lack of correlation between expansion factor and loop width
observed by Watko & Klimchuk (2000). While there was no
statistically significant correlation between expansion ratio and
loop length for small 15-element samples such as those observed
by Watko & Klimchuk (2000), a weak correlation was present
for larger sample sizes. This suggests that the lack of correlation
observed by Watko & Klimchuk (2000) and other similar studies
may be attributable to the small size of the observational
data sets, rather than a lack of any significant correlation in
coronal loop populations. Among the randomly chosen loops,
the low degree of correlation between length and expansion

corresponds a lack of physically significant correlation between
length and height. By contrast, the low correlation between
length and expansion among separator loops corresponds to the
separator loop expansions being narrowly distributed around
unity.

We have modeled coronal fields using point charges in (or
perhaps below) the photosphere. Real coronal fields arise from
a continuous distribution of flux. Instead of separatrices, such
fields exhibit quasi-separatrix layers (QSLs), where the spatial
gradients in the connectivity map are very steep (Priest &
Démoulin 1995; Demoulin et al. 1996). Hyperbolic flux tubes
(HFTs; Titov et al. 2003) are QSLs with x-shaped cross-sections.
A detailed analogy between HFTs and magnetic separators
has been established using submerged-charge models, which
form a logical bridge between magnetic charge topology to
the topology of continuous flux distributions (Titov et al. 2002).
Specifically, as the submerged charges are brought to the surface,
it turns out that the HFTs terminate with nulls at both ends. The
separator loops in our study exhibit little expansion because
separators terminate at nulls. We therefore anticipate that a loop
closely following the intersecting core of an HFT may have
similar properties. This hypothesis remains to be tested.

This work was supported in part by NASA grant
NNX07AI01G.
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