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ABSTRACT

Context. The emission of Ca and H� is correlated for the Sun, but this does not seem to be true for other stars. We previously demon-
strated that this lack of correlation could be due to the presence of �laments.
Aims. We aim to establish a link between the activity level, the magnetic con�guration, and the number of �laments, and therefore
with observables of other stars that the Sun.
Methods. We studied the relationship between the �laments and the magnetic con�guration using a large scale approach on
MDI/SOHO magnetograms and a large sample of �laments. We validated the reconstruction of synthetic time series of �lament
surface coverage representative of the magnetic con�guration, and then apply it to observations over a full solar cycle.
Results. We derived quantitative criteria that relates the presence of �laments to the properties at polarity inversion lines, hereafter
PIL, magnetic �eld gradient, and unipolar areas on the solar surface (size and distance to these areas). We also observed that the
number of PIL pixels is anti-correlated with the activity level, and the increase in �lament surface coverage is due to the modi�cation
of the PIL pixel properties. We reconstructed synthetic time series of �laments that are in good agreement with observations.
Conclusions. This work validates our method, which will later be applied to solar and stellar simulations.

Key words. Sun: chromosphere – Sun: activity – Sun: �laments, prominences – Sun: magnetic topology – stars: activity –
stars: chromospheres

1. Introduction

Meunier & Delfosse(2009) showed that a lack of correlation
between the Ca and H� emission of the Sun (i.e. a slight depar-
ture from a correlation of 1) as well as for other stars may be
due to the presence of �laments. Filaments are structures of cool
dense plasma in the solar corona that appear as dark features
in H� but whose contrast is very low when observed in the Ca
lines (hereafter Ca refers to the Ca II H and K lines). A sun-like
spatio-temporal distribution of �laments and active regions im-
plied a correlation not belowŠ0.4. However,Cincunegui et al.
(2007) observed a few stars with correlation close toŠ1. Our ob-
jective is therefore to study magnetic con�gurations that would
di� er su� ciently from the solar one to allow for these anti-
correlations.

To produce such a model, it is important to understand the
relation between the magnetic con�guration and the �laments.
It is well-known that �laments tend to be located on polarity in-
version lines (hereafter PIL), as shown byBabcock & Babcock
(1955) andMartres et al.(1966) for example. The PIL divides
the regions of positive and negative magnetic �ux, and they
can be de�ned on smoothed magnetograms as zero �ux lines
(Durrant 2002). On stars other than the Sun, magnetic activity
can be characterized in several ways. Chromospheric activity is
usually characterized by an index derived from spectroscopic
observations in the Ca II H and K lines (e.g.Baliunas et al.
1995). Photometry also provides information about the activ-
ity level, being sensitive to the residual contributions between
bright plages (and network) and dark spots (e.g.Radick et al.
1998; Lockwood et al. 2007). In a few cases, the global magnetic

con�guration can be obtained using Zeeman-Doppler spectropo-
larimetry (e.g.Donati & Collier Cameron 1997), which has only
been applied to a small amount of stars so far but future ap-
plications of which promise to cover the HR diagram. However,
these indicators are related to spots and plages, not �laments. We
therefore wish to establish a relationship between available ob-
servables for other stars and the possible presence of �laments.

The present work aims to answer the following questions.
Is the number of PIL pixels representative of the �lament sur-
face coverage? Given a magnetic �eld map, can we predict the
number of �laments that would exist, at least statistically, and
over which timescales would such a prediction be correct? Is the
general activity level – for example determined by the average
�ux over the surface, in absolute value – su� cient to predict
a �lament surface coverage? What determine the percentage of
the PIL occupied by �laments at a given time? Our objective
is therefore to 1/ more clearly understand the link between the
�laments and the magnetic con�guration using this large-scale
approach and a large sample of �laments, 2/ validate the recon-
struction of synthetic time series of �laments coverage from the
magnetic con�guration, 3/ apply this reconstruction to observa-
tions of the full solar cycle, 4/ and apply it in addition to sim-
ulations of both the Sun and other stars. In this paper, we are
interested in the three �rst questions, in order to test, calibrate
and validate our method. The fourth question will be the subject
of a future paper.

The outline of this paper is as follows. We review in Sect. 2
our current knowledge of this association between �laments
and PIL. In Sect. 3, we present the data analysis: the �lament
determination, the PIL determination, and the computation of
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complementary variables for further analysis (for example, the
proximity to unipolar regions). In Sect. 4, we �rst analyse the
properties of �laments, especially in terms of their distance to
the PIL, and we then provide a detailed study of the proper-
ties of PIL pixels, which we �nd depends on their association
with �laments. We emphasize the possible solar cycle variations
of these properties. Following this characterization, we devise a
method to reproduce the observed �lament surface coverage as
a function of variables derived from the magnetic maps. We also
reproduce H� and Ca emissions to establish a comparison with
our previous workMeunier & Delfosse(2009). In Sect. 5, we
then apply this method to a long time series of magnetograms
covering a solar cycle, for which we derive a synthetic surface
coverage of �laments and the corresponding correlation between
the H� and Ca emission.

2. Filaments and the magnetic conÞguration

To extrapolate our analysis to other stars, we �rst need to devise
and test a way of linking stellar observables and �laments in the
solar case. We now brie�y review previous studies that can help
us to establish this relationship.

Duvall et al.(1977) qualitatively studied the association be-
tween the �laments and the PIL. More recently,Durrant(2002)
derived the distance between polar �laments and the PIL as a
function of the spatial smoothing applied to the magnetograms
(see alsoDurrant et al. 2001; McCloughan & Durrant 2002) and
found the agreement to depend on the proximity to active re-
gions. They also studied the relationship between the distance
to the PIL and the �lament height, as projection e� ects could
lead to a signi�cant departurefrom the PIL for high �laments.
Ipson et al.(2005) then studied various spatial smoothings (with
standard deviations up to 30 arcsec) and identi�ed a sample of
551 �laments in 14 images. They also studied the relationship
with their height. The distancebetween PIL and �laments peaks
at � 10 arcsec (� 7 Mm), although that is also the size of their
bin, and most values are smaller than 18 arcsec (13 Mm).Ipson
et al. (2009) also applied this approach to a few images. There
have therefore been a few studies of the relation between the �l-
aments and the distance to the PIL, either on a small sample of
�laments or speci�c �laments (polar �laments).

Furthermore, most PIL locations are not associated with a
�lament. According to the review byMartin (1990) for exam-
ple, there are several necessary conditions to form �laments,
i.e. the presence of coronal loops connecting the opposite po-
larities on each side of the PIL, the existence of long-term con-
verging �ows associated with patches of opposite polarities to-
wards the PIL (see alsoRoudier et al. 2008, for their role in
�lament eruption) and cancellation of these patches close to the
PIL. Martin (1998) con�rms these conditions, in addition to con-
ditions related to small-scale �ows, chirality, and quadrupolar
con�gurations. Models of the formation of �laments have been
developed to take these conditions into account (e.g.Mackay
et al. 2008). Filament channels, de�ned as regions of the chro-
mosphere where the �brils are aligned with the PIL, are neces-
sary conditions for the formation of �laments. There are however
few observations of their formation (e.g.Gaizauskas et al. 1997,
2001), and it is not clearly understood why they form all over the
Sun (see for example the review byMackay et al. 2010). They
also point out that the precise localization of the �lament forma-
tion along the PIL is still an open question. For quiet Sun �la-
ments (in which we are mostly interested in this paper),Mackay
et al.(2010) show that the dominant role is probably played by
converging �ows leading to �ux cancellation and reconnexion

(see alsoMackay 2005, for the role played by these converging
motions). Unfortunately, these criteria cannot be applied to sin-
gle magnetograms and are too complex to be useful for other
stars. That �laments form in very di� erent magnetic environ-
ments on the Sun also increases the complexity of the problem.

Therefore, even if we know that �laments are closely related
to the magnetic con�guration and are associated with PIL, no
study in the literature provides a deep enough understanding to
allow us to predict how the surface can be covered by �laments
at a given time, given a global magnetic con�guration, as for ex-
ample represented by a certain distribution of the magnetic �ux
over the surface. We therefore seek other criteria that would be
easy to apply to single magnetograms (next section).Shelke &
Pande(1983); Maksimov & Ermakova(1985), andMaksimov &
Prokopiev(1995) found that the magnetic �eld gradient normal
to the PIL had to be smaller than a threshold for the PIL to be as-
sociated with a �lament. The threshold however depends on the
spatial resolution of the magnetograms (Maksimov & Prokopiev
1995). In our work, we also consider the unipolar patches close
to the PIL and their distance to the PIL.

3. Data analysis

3.1. Filaments and H� spectroheliograms

Filaments are extracted from the 676 H� Meudon spectroheli-
ograms as described inMeunier & Delfosse(2009): centre-to-
limb correction, determination of an intensity threshold from in-
tensity distributions, thresholding and thinning algorithm, and
structure extraction from the segmented images. We use images
between 1996 May 5 and 2002 September 21 (this covers the
period between the minimum and the maximum of cycle 23).
In this paper, we consider all �laments detected within 0.85R�
of the disk center. This is necessary to avoid uncertain identi-
�cations of �laments close to the limb due to the strong limb-
darkening contribution (see also next section). We are mostly in-
terested in the surface covered by �laments, hence our analysis
is less complex than the one performed byFuller et al.(2005);
Ipson et al.(2005); Bernasconi et al.(2005); Aboudarham et al.
(2008), or Scholl & Habbal(2008), as we do not attempt for
example to reconstitute the whole �lament skeleton (including
matching smaller pieces of a single �laments) nor to track them
in time. This leads to 8602 �laments (or elements of �laments in
a few cases).

3.2. Magnetogram analysis

The polarity inversion line (PIL) is determined from magne-
tograms, which provide the line-of-sight magnetic �eld. We
select magnetograms obtained by MDI/SOHO (Scherrer et al.
1995) close in time to the H� spectroheliograms (� t < 1 day),
the latter allowing us to derive the �lament coverage. We anal-
yse only pixels that are closer than 0.85R� from disk the center.
In addition to the limit related to the identi�cation of �laments,
strong projection e� ects as well as the presence of noise in MDI
magnetograms far from disk center a� ect the determination of
the polarity inversion line. We use the following method to de-
termine the PIL pixels. We �rst smooth the magnetograms with
a gaussian �lter ofFWHM 44 Mm (i.e. about 60 arcsec on av-
erage, which represents a good compromise between the di� er-
ent values studied byDurrant 2002). On the resulting map, we
identify the pixels for which both negative and positive polar-
ity adjacent pixels exist. We then perform a thinning operation
in order to keep the skeleton only. This results in a number of
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Fig. 1. Upper left panel: example of a full sun magnetogram during a low activity period, with PIL pixels superimposed (solid line) and �laments
(red patches). The dotted circle indicates a distance of 0.85R� . Upper right panel: for the same magnetogram, positive polarity (white) and
negative polarity (black) unipolar areas (see text for more details) are superimposed on the PIL (dotted line). The gray circle indicates the position
of the limb.Lower panels: same as upper panels but for a high activity period.

pixel Npil , which is normalized according to the mean solar ra-
dius over our series. Two examples, taken during low and high
activity periods, are illustrated in Fig.1 (left panels).

To characterize more reliably the local conditions, we anal-
yse unipolar areas de�ned as regions above 3 G on the smoothed
map. For each PIL pixel, we compute the distance to the closest
positive polarity unipolar region and retrieve the size of that re-
gion. We do the same for the negative polarity area (see Fig.1,
right panels). In the following, we average the positive and neg-
ative polarity values for each PIL pixel, which provide, for each
PIL pixel, a distanceDuni (in Mm) and a sizeAuni (hereafter
in fractions of the solar hemisphere), whereDuni is measured
between the PIL and the closest pixels belonging to the unipo-
lar area. These variables help usto characterize each PIL pixel.
We also derive from the smoothed map a local gradient in the

magnetic �eld (in G/m), � Bpil . Table1 summarizes the de�ni-
tion of these parameters.

3.3. Relation between the Þlaments and the magnetograms

Finally, each map of �laments (derived from the H� spectro-
heliograms) is remapped onto the magnetogram, correcting for
the rotation and image size and position. For each PIL pixel, we
compute the closest distance to a �lament pixel, hereafterD�l .
Similarly, for each �lament, we determine its closest distance to
the PIL,Dpil (i.e. the distance bewteen the edge of the �lament
to the closest PIL pixel), as wellas this distance averaged over
all �lament pixels,D�

pil . Table1 summarizes the de�nition of all
parameters used.
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Table 1.Variables derived from the magnetogram and H� spectroheliogram analysis.

Variable De�nition
Npil Number of PIL pixels on each image
Duni Distance between the current PIL pixel and the closest unipolar area (Mm)
Auni Size of the closest unipolar area to the current PIL pixel (fraction of solar hemisphere)
� Bpil Gradient of the magnetic �eld at the PIL pixel location derived from the smoothed map (G/Mm)
D�l Distance between the current PIL pixel and the closest �lament (Mm)
Dpil For each �lament, distance to the closest PIL pixel (Mm)
D�

pil For each �lament, distance averaged over the �lament to the closest PIL pixel (Mm)

Table 2.Average �laments properties (see Table 1 for de�nitions and units).

Filaments N % �Dpil � � D�
pil � � Auni� � Duni� �� Bpil�

Superimposed1 5465 63.5% 0 8.7 0.040 25.5 0.30
Dpil < 30 Mm 8247 95.9% 3.1 13.0 0.038 27.6 0.31
Dpil < 50 Mm 8482 98.6% 4.1 14.0 0.038 27.9 0.34

4. Filaments and the magnetic conÞguration

4.1. Filament properties

4.1.1. Average properties

Figure2 shows the size distribution for our 8602 �laments. The
average value is around 300 ppm(part per million of the so-
lar hemisphere). Most �laments are superimposed1 on the PIL
(63.5%), and 96% are located within 30 Mm of the PIL. We
therefore con�rm the close association between �laments and
the PIL, which has been known for a long time (Babcock &
Babcock 1955; Martres et al. 1966). For comparison, when con-
sidering all pixels on the disk (and averaging over the cycle),
only 50% are within a distance to the PIL of 30 Mm. Figure2
also shows the distribution of the distances between the �laments
and the PIL, which in some ways is similar to that ofIpson et al.
(2005), in particular a maximum of theD�

pil distribution around
5 Mm. Finally, the lower panel of Fig.2 shows the distribution
of the magnetic �eld (in absolute value) averaged over each �l-
ament. Unsurprisingly most �laments correspond to a very low
magnetic �ux, as they are located close to the PIL. We note that
the noise level of these magnetograms is about 15 G, which is
close to the minimum value in this plot. In the following, our cri-
teria for determining whether a �lament is associated with a PIL
will be the distanceDpil < 30 Mm, which allows us to recover
96% of our whole sample of �laments. This distance is close to
the supergranulation scale, and may be related to the role played
by the converging motions represented by supergranules in the
�lament evolution (Roudier et al. 2008).

Table2 shows the properties of the PIL pixels closest to the
�laments (one PIL pixel for each�lament), for various �lament
categories (�rst column) depending on their distance to the PIL.
These variables are related to the global magnetic con�guration.
The unipolar areas closer to the PIL have an average sizeAuni
of the order of 4% of a solar hemisphere, which corresponds
to � 122 000 Mm2 (or a radius of 196 Mm assuming circular
shapes), and they are located at� 25 Mm from the PIL (which
is also close to the supergranulation scale). The gradient� Bpil is
in the range 0.30–0.34 G/Mm. We do not observe any signi�cant
variation with the distance to the PIL (but see next section).

Finally, we �nd that Auni and Duni do not exhibit any sig-
ni�cant trend with the size of the �lament, although there is a
small de�cit of smallDuni for large �laments. On the other hand,
the gradient� Bpil decreases on average as the size increases (by

1 The term superimposed means that they have one pixel in common
at least, 1 pixel representing a distance of about 1.4 Mm.

about a factor of two between the smallest and the largest �la-
ments): this decrease is mostly due to the presence of a long tail
in the distribution of� Bpil values toward there being large gra-
dients for small �laments. Finally,D�

pil increases strongly (by a
factor of three on average) between the smallest and the largest
�laments, because of a strong de�cit in smallD�

pil for large �la-
ments, showing that the distance to the PIL may be related to the
height of �laments, owing to projection e� ects (Durrant 2002;
Ipson et al. 2005). This means that the selection of �laments su-
perimposed on the PIL is probably slightly biased toward smaller
�laments.

4.1.2. Temporal variations

We now consider the temporal variations in the �lament proper-
ties. We de�ne a low activity period (�rst 163 days of our time
series) and a high activity period (the 513 last days of our time
series). The average number of �laments is about 8.3/day dur-
ing the low activity period and 14.1/day during the high activity
period. Figure3 (panel G) shows the surface coverage of the
�lament over time (one value per day), which should be com-
pared with the variation in the total magnetic �ux (panel A, red
dots). The two series are correlated, but only weakly (correlation
of 0.31), probably because of the large small-scale dispersion of
�laments. In conclusion, there are more �laments (and a wider
�lament surface coverage when considering the whole disk) dur-
ing cycle maximum, as well as a larger dispersion in the �lament
number on short timescales.

However, we do not observe any signi�cant variation in the
�lament properties (size and distance to PILDpil ) versus time.
On the other hand, the properties of the PIL pixels associated
with �laments (the closest pixelfor each �lament) vary over the
solar cycle: the averageAuni corresponding to PIL pixels asso-
ciated with �laments is smaller at cycle minimum (0.012) than
at cycle maximum (0.045) by a factor of almost four, whileDuni
is larger at cycle minimum by about a factor of two and� Bpil
is smaller during cycle minimum. We later discuss (Sect. 4.2.2)
the implication of these variations. Owing to the limit at 0.85R�
(see Sect. 3), the most polar unipolar zones (corresponding to
the polar crown �laments) may be missing.

4.2. PIL analysis

In the previous section we studied the properties of the PIL pix-
els closest to �laments. We now consider all PIL pixels identi�ed
on the magnetograms, and study their properties. In particular,

A18, page 4 of14



N. Meunier and X. Delfosse: Filaments and the magnetic con�guration. I.

Table 3.Average PIL pixels properties (see Table 1 for de�nitions and units).

Pixels N % �D�l � � Auni� � Duni� �� Bpil�
All PIL pixels 4762793 100% 188 0.026 47.5 0.40
Superimposed 103117 2.2% 0 0.042 25.4 0.29
D�l < 30 Mm 522810 11.0% 11.3 0.039 29.2 0.29
D�l < 50 Mm 768593 16.1% 20.5 0.037 31.2 0.32

Fig. 2. Upper panel: surface distribution of �laments (ppm of the solar
hemisphere).Middle panel: distribution of the average distance from
�lament to PIL D�

pil , in Mm (solid line) and of the closest distanceDpil

(dashed line).Lower panel: distribution of the magnetic �eld (absolute
value) averaged over each �lament (G).

we compare the properties of those associated with �laments
with the properties of all PIL pixels.

4.2.1. Average properties

Table3 shows the number of PIL pixels in each category, i.e. de-
pending whether they are associated with a �lament. Out of the

almost �ve million PIL pixels for the whole data set (about 7045
on average per day), only 2.2% are superimposed on a �lament.
However, when using the distance criteria derived from the �l-
ament analysis described in the previous section, we �nd that
11% of the PIL pixels have a �lament within 30 Mm, and 16%
have a �lament within 50 Mm, which therefore accounts for al-
most all �laments (see Table2). For comparison, 6% of all disk
pixels (over the whole cycle) are at a distance of within 30 Mm
from a �lament (compared to 11% for PIL pixels).

As shown in Table3, the PIL pixels associated with �laments
have quite di� erent properties on average from the rest of the
pixels. While the averageAuni for all PIL pixels is about 0.026
(i.e. 79 000 Mm2), it is larger for PIL pixels associated with �l-
aments (between 0.037 and 0.042 depending on the category).
On the other hand,Duni is larger (about 47 Mm) for all PIL pix-
els (i.e. dominated by the pixelsnot associated with a �lament),
and smaller (of the order of or below 30 Mm) when there is a
�lament nearby. Therefore, PIL pixels associated with �laments
tend to be closer to unipolar area, which are also larger than av-
erage. We therefore note a general anti-correlation betweenAuni
and Duni (correlation ofŠ0.37). The gradient� Bpil is smaller
when the pixel is associated with a �lament.

Figure 4 shows the number of pixels as a function of the
three variablesAuni, Duni, and� Bpil , for all PIL pixels and for
occupied PIL pixels (de�ned aspixels that are at a distanceD�l
smaller than 30 Mm from a �lament). The lower panels show the
percentage of occupied pixels for each bin, indicating that some
conditions on the PIL pixels are more likely to produce �laments
than others. The strong percentage at lowAuni is not however sig-
ni�cant, as it corresponds to a very small number of pixels. PIL
pixels close to a large unipolar region are more likely to be as-
sociated with a �lament: forAuni > 0.02 the percentage is above
average (11%). It is above 5% forAuni > 0.002. As forDuni, the
highest e� ciency is reached around 10 Mm, and the percentage
of occupation is above average forDuni between 3 and 40 Mm.
The� Bpil peak e� ciency is about 0.3 G/Mm, with an e� ciency
above average for values between 0.1 and 1 G/Mm. Shelke &
Pande(1983); Maksimov & Ermakova(1985), andMaksimov
& Prokopiev(1995) showed that the gradient had to be smaller
than a certain threshold to have a �lament, which also implies
that a small gradient is associated with a �lament. As shown in
Table3, smaller gradients are associated with �laments, but the
size distribution does not show a clear cuto� . However, the per-
centage is signi�cantly below 3 G/Mm, although there are still
PIL pixels associated with �laments above that value. These cor-
respond to very small values ofDuni (below 2.5 Mm) and rela-
tively largeAuni, which are both probably associated with active
regions. The distribution does not drop as much on the small
gradient side, because for very small gradients the percentage is
still around 5%. On the other hand, a strongAuni and a smallDuni
(more likely to be associated with �laments) are naturally asso-
ciated with a larger gradient, as shown in Fig.5 (see also Table4
showing the average values during the periods of low and high
activity). For largeAuni, the tail of the distribution of� Bpil to-
wards large values is stronger. AsDuni decreases, the distribution
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