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ABSTRACT

Context. The emission of Ca and He 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 filaments.

Aims. We aim to establish a link between the activity level, the magnetic configuration, and the number of filaments, and therefore
with observables of other stars that the Sun.

Methods. We studied the relationship between the filaments and the magnetic configuration using a large scale approach on
MDI/SOHO magnetograms and a large sample of filaments. We validated the reconstruction of synthetic time series of filament
surface coverage representative of the magnetic configuration, and then apply it to observations over a full solar cycle.

Results. We derived quantitative criteria that relates the presence of filaments to the properties at polarity inversion lines, hereafter
PIL, magnetic field 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 filament surface coverage is due to the modification

of the PIL pixel properties. We reconstructed synthetic time series of filaments 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: filaments, prominences — Sun: magnetic topology — stars: activity —

stars: chromospheres

1. Introduction

Meunier & Delfosse (2009) showed that a lack of correlation
between the Ca and Ha 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 filaments. Filaments are structures of cool
dense plasma in the solar corona that appear as dark features
in Ha 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 filaments and active regions im-
plied a correlation not below —0.4. However, Cincunegui et al.
(2007) observed a few stars with correlation close to —1. Our ob-
jective is therefore to study magnetic configurations that would
differ sufficiently 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 configuration and the filaments.
It is well-known that filaments tend to be located on polarity in-
version lines (hereafter PIL), as shown by Babcock & Babcock
(1955) and Martres et al. (1966) for example. The PIL divides
the regions of positive and negative magnetic flux, and they
can be defined on smoothed magnetograms as zero flux 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
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configuration 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 filaments. We
therefore wish to establish a relationship between available ob-
servables for other stars and the possible presence of filaments.

The present work aims to answer the following questions.
Is the number of PIL pixels representative of the filament sur-
face coverage? Given a magnetic field map, can we predict the
number of filaments 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
flux over the surface, in absolute value — sufficient to predict
a filament surface coverage? What determine the percentage of
the PIL occupied by filaments at a given time? Our objective
is therefore to 1/ more clearly understand the link between the
filaments and the magnetic configuration using this large-scale
approach and a large sample of filaments, 2/ validate the recon-
struction of synthetic time series of filaments coverage from the
magnetic configuration, 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 first 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 filaments
and PIL. In Sect. 3, we present the data analysis: the filament
determination, the PIL determination, and the computation of

Al18, page 1 of 14


http://dx.doi.org/10.1051/0004-6361/201116834
http://www.aanda.org
http://www.edpsciences.org

A&A 532, A18 (2011)

complementary variables for further analysis (for example, the
proximity to unipolar regions). In Sect. 4, we first analyse the
properties of filaments, 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 find depends on their association
with filaments. We emphasize the possible solar cycle variations
of these properties. Following this characterization, we devise a
method to reproduce the observed filament surface coverage as
a function of variables derived from the magnetic maps. We also
reproduce He and Ca emissions to establish a comparison with
our previous work Meunier & 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 filaments and the corresponding correlation between
the Ha and Ca emission.

2. Filaments and the magnetic configuration

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

Duvall et al. (1977) qualitatively studied the association be-
tween the filaments and the PIL. More recently, Durrant (2002)
derived the distance between polar filaments and the PIL as a
function of the spatial smoothing applied to the magnetograms
(see also Durrant 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 filament height, as projection effects could
lead to a significant departure from the PIL for high filaments.
Ipson et al. (2005) then studied various spatial smoothings (with
standard deviations up to 30 arcsec) and identified a sample of
551 filaments in 14 images. They also studied the relationship
with their height. The distance between PIL and filaments 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 fil-
aments and the distance to the PIL, either on a small sample of
filaments or specific filaments (polar filaments).

Furthermore, most PIL locations are not associated with a
filament. According to the review by Martin (1990) for exam-
ple, there are several necessary conditions to form filaments,
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 flows associated with patches of opposite polarities to-
wards the PIL (see also Roudier et al. 2008, for their role in
filament eruption) and cancellation of these patches close to the
PIL. Martin (1998) confirms these conditions, in addition to con-
ditions related to small-scale flows, chirality, and quadrupolar
configurations. Models of the formation of filaments have been
developed to take these conditions into account (e.g. Mackay
et al. 2008). Filament channels, defined as regions of the chro-
mosphere where the fibrils are aligned with the PIL, are neces-
sary conditions for the formation of filaments. 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 by Mackay et al. 2010). They
also point out that the precise localization of the filament forma-
tion along the PIL is still an open question. For quiet Sun fila-
ments (in which we are mostly interested in this paper), Mackay
et al. (2010) show that the dominant role is probably played by
converging flows leading to flux cancellation and reconnexion
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(see also Mackay 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 filaments form in very different magnetic environ-
ments on the Sun also increases the complexity of the problem.

Therefore, even if we know that filaments are closely related
to the magnetic configuration 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 filaments
at a given time, given a global magnetic configuration, as for ex-
ample represented by a certain distribution of the magnetic flux
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), and Maksimov &
Prokopiev (1995) found that the magnetic field gradient normal
to the PIL had to be smaller than a threshold for the PIL to be as-
sociated with a filament. 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 Ha spectroheliograms

Filaments are extracted from the 676 Ha Meudon spectroheli-
ograms as described in Meunier & 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 filaments detected within 0.85 Ry
of the disk center. This is necessary to avoid uncertain identi-
fications of filaments 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 filaments, hence our analysis
is less complex than the one performed by Fuller 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 filament skeleton (including
matching smaller pieces of a single filaments) nor to track them
in time. This leads to 8602 filaments (or elements of filaments 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 field. We
select magnetograms obtained by MDI/SOHO (Scherrer et al.
1995) close in time to the Ha spectroheliograms (Af < 1 day),
the latter allowing us to derive the filament coverage. We anal-
yse only pixels that are closer than 0.85 R from disk the center.
In addition to the limit related to the identification of filaments,
strong projection effects as well as the presence of noise in MDI
magnetograms far from disk center affect the determination of
the polarity inversion line. We use the following method to de-
termine the PIL pixels. We first smooth the magnetograms with
a gaussian filter of FWHM 44 Mm (i.e. about 60 arcsec on av-
erage, which represents a good compromise between the differ-
ent values studied by Durrant 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 filaments
(red patches). The dotted circle indicates a distance of 0.85 R.. 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 Ny, 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 defined 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 distance Dy, (in Mm) and a size A,y (hereafter
in fractions of the solar hemisphere), where Dy, is measured
between the PIL and the closest pixels belonging to the unipo-
lar area. These variables help us to characterize each PIL pixel.
We also derive from the smoothed map a local gradient in the

magnetic field (in G/m), VBp;. Table 1 summarizes the defini-
tion of these parameters.

3.3. Relation between the filaments and the magnetograms

Finally, each map of filaments (derived from the He 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 filament pixel, hereafter Dg;.
Similarly, for each filament, we determine its closest distance to
the PIL, Dy (i.e. the distance bewteen the edge of the filament
to the closest PIL pixel), as well as this distance averaged over
all filament pixels, D;)il' Table 1 summarizes the definition of all

parameters used.
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Table 1. Variables derived from the magnetogram and Ha spectroheliogram analysis.

Variable Definition

Npii Number of PIL pixels on each image

Dy 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)
VB Gradient of the magnetic field at the PIL pixel location derived from the smoothed map (G/Mm)
Dy Distance between the current PIL pixel and the closest filament (Mm)

Dy For each filament, distance to the closest PIL pixel (Mm)

D’ For each filament, distance averaged over the filament to the closest PIL pixel (Mm)

pil

Table 2. Average filaments properties (see Table 1 for definitions and units).

Filaments N % Dpiy (D) {Awi)  {Duni)  (VBpi)
Superimposed' 5465  63.5% 0 8.7 0.040 255 0.30
Dy < 30 Mm 8247  95.9% 3.1 13.0 0.038  27.6 0.31
Dyii <50 Mm 8482 98.6% 4.1 140 0038 279 0.34

4. Filaments and the magnetic configuration
4.1. Filament properties
4.1.1. Average properties

Figure 2 shows the size distribution for our 8602 filaments. The
average value is around 300 ppm (part per million of the so-
lar hemisphere). Most filaments are superimposed! on the PIL
(63.5%), and 96% are located within 30 Mm of the PIL. We
therefore confirm the close association between filaments 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. Figure 2
also shows the distribution of the distances between the filaments
and the PIL, which in some ways is similar to that of Ipson et al.
(2005), in particular a maximum of the D’ distribution around
5 Mm. Finally, the lower panel of Fig. 2 shows the distribution
of the magnetic field (in absolute value) averaged over each fil-
ament. Unsurprisingly most filaments correspond to a very low
magnetic flux, 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 filament is associated with a PIL
will be the distance Dy < 30 Mm, which allows us to recover
96% of our whole sample of filaments. 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
filament evolution (Roudier et al. 2008).

Table 2 shows the properties of the PIL pixels closest to the
filaments (one PIL pixel for each filament), for various filament
categories (first column) depending on their distance to the PIL.
These variables are related to the global magnetic configuration.
The unipolar areas closer to the PIL have an average size Ay
of the order of 4% of a solar hemisphere, which corresponds
to ~122000 Mm? (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 VB, is
in the range 0.30-0.34 G/Mm. We do not observe any significant
variation with the distance to the PIL (but see next section).

Finally, we find that Ay, and Dy, do not exhibit any sig-
nificant trend with the size of the filament, although there is a
small deficit of small D,y; for large filaments. On the other hand,
the gradient VB, decreases on average as the size increases (by

! The term superimposed means that they have one pixel in common
at least, 1 pixel representing a distance of about 1.4 Mm.
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about a factor of two between the smallest and the largest fila-
ments): this decrease is mostly due to the presence of a long tail
in the distribution of VB, values toward there being large gra-
dients for small filaments. Finally, D;}il increases strongly (by a
factor of three on average) between the smallest and the largest
filaments, because of a strong deficit in small Dl'Jil for large fila-

ments, showing that the distance to the PIL may be related to the
height of filaments, owing to projection effects (Durrant 2002;
Ipson et al. 2005). This means that the selection of filaments su-
perimposed on the PIL is probably slightly biased toward smaller
filaments.

4.1.2. Temporal variations

We now consider the temporal variations in the filament proper-
ties. We define a low activity period (first 163 days of our time
series) and a high activity period (the 513 last days of our time
series). The average number of filaments is about 8.3/day dur-
ing the low activity period and 14.1/day during the high activity
period. Figure 3 (panel G) shows the surface coverage of the
filament over time (one value per day), which should be com-
pared with the variation in the total magnetic flux (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
filaments. In conclusion, there are more filaments (and a wider
filament surface coverage when considering the whole disk) dur-
ing cycle maximum, as well as a larger dispersion in the filament
number on short timescales.

However, we do not observe any significant variation in the
filament properties (size and distance to PIL Dy;) versus time.
On the other hand, the properties of the PIL pixels associated
with filaments (the closest pixel for each filament) vary over the
solar cycle: the average A,y corresponding to PIL pixels asso-
ciated with filaments is smaller at cycle minimum (0.012) than
at cycle maximum (0.045) by a factor of almost four, while Dyy;
is larger at cycle minimum by about a factor of two and VB
is smaller during cycle minimum. We later discuss (Sect. 4.2.2)
the implication of these variations. Owing to the limit at 0.85 R
(see Sect. 3), the most polar unipolar zones (corresponding to
the polar crown filaments) may be missing.

4.2. PIL analysis

In the previous section we studied the properties of the PIL pix-
els closest to filaments. We now consider all PIL pixels identified
on the magnetograms, and study their properties. In particular,
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Table 3. Average PIL pixels properties (see Table 1 for definitions and units).

Pixels N %

(Dii)  {(Auni)  (Duni)  (VBpi)

All PIL pixels 4762793  100%
Superimposed 103117 2.2%
Dy < 30 Mm 522810 11.0%
Dg <50Mm 768593 16.1%

188 0.026

0 0.042
11.3  0.039
20.5  0.037

47.5
254
29.2
31.2
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Fig. 2. Upper panel: surface distribution of filaments (ppm of the solar
hemisphere). Middle panel: distribution of the average distance from
filament to PIL D;ﬂ, in Mm (solid line) and of the closest distance Dy
(dashed line). Lower panel: distribution of the magnetic field (absolute
value) averaged over each filament (G).

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

4.2.1. Average properties

Table 3 shows the number of PIL pixels in each category, i.e. de-
pending whether they are associated with a filament. Out of the

almost five million PIL pixels for the whole data set (about 7045
on average per day), only 2.2% are superimposed on a filament.
However, when using the distance criteria derived from the fil-
ament analysis described in the previous section, we find that
11% of the PIL pixels have a filament within 30 Mm, and 16%
have a filament within 50 Mm, which therefore accounts for al-
most all filaments (see Table 2). For comparison, 6% of all disk
pixels (over the whole cycle) are at a distance of within 30 Mm
from a filament (compared to 11% for PIL pixels).

As shown in Table 3, the PIL pixels associated with filaments
have quite different properties on average from the rest of the
pixels. While the average A,y; for all PIL pixels is about 0.026
(i.e. 79000 Mm?), it is larger for PIL pixels associated with fil-
aments (between 0.037 and 0.042 depending on the category).
On the other hand, D,y is larger (about 47 Mm) for all PIL pix-
els (i.e. dominated by the pixels not associated with a filament),
and smaller (of the order of or below 30 Mm) when there is a
filament nearby. Therefore, PIL pixels associated with filaments
tend to be closer to unipolar area, which are also larger than av-
erage. We therefore note a general anti-correlation between Ay
and Dy, (correlation of —0.37). The gradient VBp; is smaller
when the pixel is associated with a filament.

Figure 4 shows the number of pixels as a function of the
three variables Ay, Duni, and VB, for all PIL pixels and for
occupied PIL pixels (defined as pixels that are at a distance Dy
smaller than 30 Mm from a filament). 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 filaments
than others. The strong percentage at low A,y; is not however sig-
nificant, 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 filament: for Ay,; > 0.02 the percentage is above
average (11%). It is above 5% for Ayy; > 0.002. As for Dy, the
highest efficiency is reached around 10 Mm, and the percentage
of occupation is above average for Dy,; between 3 and 40 Mm.
The VB, peak efficiency is about 0.3 G/Mm, with an efficiency
above average for values between 0.1 and 1 G/Mm. Shelke &
Pande (1983); Maksimov & Ermakova (1985), and Maksimov
& Prokopiev (1995) showed that the gradient had to be smaller
than a certain threshold to have a filament, which also implies
that a small gradient is associated with a filament. As shown in
Table 3, smaller gradients are associated with filaments, but the
size distribution does not show a clear cutoff. However, the per-
centage is significantly below 3 G/Mm, although there are still
PIL pixels associated with filaments above that value. These cor-
respond to very small values of Dy (below 2.5 Mm) and rela-
tively large Auni, 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 strong Ay, and a small Dyy;
(more likely to be associated with filaments) are naturally asso-
ciated with a larger gradient, as shown in Fig. 5 (see also Table 4
showing the average values during the periods of low and high
activity). For large Ay, the tail of the distribution of VB to-
wards large values is stronger. As Dyy,; decreases, the distribution

Al8, page 5 of 14


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201116834&pdf_id=2

A&A 532, A18 (2011)

50 T ] T
r : A 1 1.2x10* 4 ;“
S H 3 . a’ﬁ& .
E 1 r iﬁ =
F 1w
40— -1 T LOXWO‘fE e 15
s 120 g
P 1 g Py
kS
s B a1 % LB
< F 4 5 8ox10°— ¥ K
g F 4 3 Lo oaed
= .C 1 € Eg
30— - 5 o
C . ] 2
r - T I o
r ! 6.0x10%— g
25— 5 #7 F
L L S
20C I 7 40x10°L I I I I
1996 2006 2008 1996 1998 2000 2002 2004 2006 2008
Years
0.12[ T ] T
r . . C ]
010 . . —
. ;'L .“.»l .
L - ’r;ﬁ. ]
L . EA ]
0.081— = k —
- L S LI .’Q,f:. ] -
S = a“ L 4 o5
o L R " ] ©
% 0.06 ; A . s
° F » ¥ E S
gt <2 1 e
< L 4 K
0.04 —
L . ]
0.02 =, i é —
[ s iy L ]
0.00L - . o ] 0 | | | . .
1996 1998 2000 2002 2004 2006 2008 1996 1998 2000 2002 2004 2006 2008
Years Years
1.20 T 0.15 T
1o § ]
- F s T i 1
£ o8- 5 010 A . —
L s g P
~ < L bl S T R 4
St o T T T
- L £ F . Bk ;80,:3'-!": SEY b
L = i+ - x
o 06 s L il o TEE® o m i
o L 8, H .""‘.:5.{&,' . A
S 3 . e H 4
e T . 2 L 3R L N )
T 0.4 H o 0.051— wgoxorEe R ety g —
< r 3 S L o S R i
[ 3 [ BT ¥ * "
r ] F Cr o . B
0.2 N 4 L. 5_. IR ]
il - ]
0.0l . . . . . oool L} ¥¥ . . . .
1996 1998 2000 2002 2004 2006 2008 1996 1998 2000 2002 2004 2006 2008
Years Years
1.2x10% T ] 40 T T |
G ] g ' H E
__1.0x10 — E - ]
5 f w 30 B
< 4 s F E
3 — X - -
E 8.0x10 ] a F E
g o F E
= ] 2 F b
31 | o c |
S 6.0x10° - 2 20 -
© B s ]
H ] 2 F E
3 s E B
- s ] ° : 1
£ 4.0x10 N s F ot E
§ 1 Moo ) =
© 20x10° . Foo atp - B
R §
] :
] E = - - 3
ol | | O bl el i | | ]
1996 2004 2006 2008 1996 1998 2004 2006 2008

Fig. 3. Panel A): average magnetic flux over the disk (daily values) versus time (years), in ppm of the solar hemisphere. Dots in red correspond to
the time series studied in Sect. 4 (days for which we know the filament coverage) and dots in black correspond to the full time series studied in
Sect. 5 (study of the magnetograms only). Panel B): same for the number of PIL pixels. Panel C): same for the average A,y,;. Panel D): same for the
average D,,;. Panel E): same for the average VBy. Panel F): same for the Ca plage filling factor (from Meunier & Delfosse 2009). Panel G): same
for the surface coverage of the filaments, in ppm of the solar hemisphere. Panel H): same for the percentage of occupied PIL pixels, corresponding

to PIL pixels that are at a distance smaller than 30 Mm from a filament.

of VB, shifts toward smaller values. This means that there must
be a trade off, as on the other hand large gradients do not have a
large efficiency. This also explains the low correlation (0.18) be-

of filaments.

tween Ay, and VBp;. Finally, the peak percentage is similar for

all three variables (about 20%), so at this stage all parameters
seem important, and the gradient is not a sufficient parameter to
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teristic distance of 30 Mm;

describe the conditions that would be best to allow the formation

To summarize, we have derived the following properties:

— we confirm the proximity of filaments to PIL, with a charac-
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Fig. 4. Upper right panel: number of PIL pixels versus Ay, for all pixels (solid line) and for pixels associated with a filament (dashed line).
Lower right panel: percentage of occupied PIL pixels (i.e. Dg < 30 Mm) versus Ay, (solid line). The horizontal dahsed line shows the average
percentage, and the dotted line the 5% level. Middle panels: same for D;. Right panels: same for VB,y;.

Table 4. Average PIL pixels properties for two periods (see Table 1 for
definitions and units).

Period (Aumi)  (Duni)  (VBpip)
Low activity ~ 0.006 79 0.14
High activity ~ 0.035 33 0.52

PIL pixels associated with filaments are close to large unipo-
lar regions (i.e. small Dy,; and large Ayyi);

independently of the unipolar size and distances, the PIL
pixels associated with filaments correspond to relatively low
magnetic field gradients VB, with a peak of the distribution
around 0.3 G/Mm for our data;

the peak efficiency is 20%.

4.2.2. Temporal variation of the parameters

We now consider the temporal variations between cycle mini-
mum and cycle maximum, i.e. covering the full range of activity
levels. We analyse the variation in the PIL pixels properties as-
sociated with filaments over that period.

First of all, Fig. 3 shows that the number of PIL pixels N
decreases as the activity level increases, while the percentage of

occupied pixels (at a distance to a filament smaller than 30 Mm)
increases. The decrease in Ny is caused by no large unipolar re-
gions being produced by the decay of active regions at low activ-
ity level, but instead many small unipolar regions, as illustrated
in Fig. 1: this leads to a large total length of PIL. As we observe
a larger number of filaments at cycle maximum, it is therefore
logical to observe a strong increase in the proportion of occu-
pied pixels. Our interpretation is confirmed by the plots in the
lower panels of Fig. 3: Ay, is indeed increasing as the activity
level increases and D,,; decreases. As filaments are associated
with larger Ayy and smaller Dyy;, it is also consistent with the
larger proportion of occupied pixels at cycle maximum, as the
conditions necessary to form filaments are more adequate for a
larger proportion of the PIL pixels.

Figure 6 shows the variation in Ay, Duni, and VBp;, with
time for various categories of PIL pixels. Ayy; is always increas-
ing and D,,; always decreasing, either for all pixels or for oc-
cupied pixels (for distances to filaments smaller than 30 Mm).
Values are averaged over one year bins. It should be kept in mind
that the distributions are far from being gaussian distributions.
Furthermore, at all times, Ayy; is larger for pixels associated with
filaments and D,,; is smaller, but the closer the filament is to
the PIL the stronger the difference from the global average is.
The behaviour of VB is a little more complex. VBy; always
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Fig. 5. Upper panel: number of pixels versus VB, for three A,,; ranges:
A > 0.1 (solid line), 0.01 < A,y < 0.1 (dashed line), and A,,; <
0.01 (dotted line). The vertical lines represent the corresponding VB,
averages. Lower panel: same for three D,,; ranges: Dy, < 3 Mm (solid
line), 3 < Dy, < 40 Mm (dashed line), D,; > 40 Mm (dotted line).

increases with time for occupied pixels, but not as much as for
the whole data set: VB for occupied pixels is below average
(as seen previously) only during the period of high activity. It
is the opposite during the quiet period. The reason is probably
the difference with the Ayy; variation, as there is a need for large
Ayni and small gradients to produce a filament, but large values
of Ay, are generally associated with large gradients. This may
constrain the number of filaments at a given time.

4.2.3. Parameter distributions and percentages of occupied
pixels

If the conditions vary over time, then we naturally expect the
global percentage of occupied pixels to vary accordingly. The
top panel of Fig. 7 indeed shows that the PIL properties vary
over time, with there being a larger proportion of PIL pixels
with large A, What is not illustrated here is that there is also a
larger proportion of small D,,; pixels at cycle maximum, and a
drop in the number of pixels with large Dy, as well as a strong
increase in large VB values at cycle maximum. The resulting
distribution of A,y for occupied pixels is therefore different for
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Fig. 6. Upper panel: A, versus time (Julian days minus ¢, = 2450 000)
for all PIL pixels (solid line), pixels superimposed on filaments (dashed
line), pixels at distances of smaller than 30 Mm from a filament (dotted
line), pixels at distance smaller than 50 Mm from a filament (dashed-
dotted line). Averages are computed over 1 year periods. The minimum
activity period correspond to the left of the curves, and the maximum
activity period to the right. Middle panel: same for Dy,;. Lower panel:
same for VByy;.

the two periods (middle panel). We assume for a moment that the
percentage of occupied pixels versus A,y; does not vary, and con-
sider the solar minimum values. If we apply these percentages to
the number of PIL pixels at cycle maximum, we obtain the dot-
ted curves in the middle panel of Fig. 7. This curve is quite close
to the observed number of occupied PIL pixels at cycle maxi-
mum, showing that the modification of the general PIL property
distribution accounts for most of the variation. The same result
can be observed for the other two variables (Dy,; and VBj).
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ber of PIL pixels during the high activity period and the proportion
of occupied pixels during the low activity period. Lower panel: per-
centage of occupied PIL pixels (distance smaller than 30 Mm from a
filament) during periods of low activity (solid line) and high activity
(dashed line).

The remaining difference is caused by a slight variation in
the fraction of occupied pixels versus Ay, for example, and an
increase in efficiency for smaller A,y at cycle maximum (see
lower panel of Fig. 7). This may be because we have consid-
ered the three criteria independently: if Ay, seems to play the
dominant role on the filament presence, it is necessary to con-
sider the three parameters together to understand second order
effects. In the A, domain where the percentage is larger than

average for example, it does not vary by more than a factor of
1.5 for example between low and high activity periods. A vari-
ation of a factor of 2 between the two periods is observed only
for small percentages, below 5%. On the other hand, the percent-
age of occupation for the other two variables varies by a larger
amount. We consider for example the variation in the mean val-
ues of the three variables between low and high activity periods
for Aypi in the range [1073=3 x 1073]: the percentage of occupied
pixels increases from 3.6 to 6.5%, Dy, decreases from 78 to
43 Mm, and VB, increases from 0.08 from 1.13. For Dyy;, the
peak of the percentage of occupied pixels shifts toward larger
values when the activity level increases: during the high activity
period, the efficiency is multiplied by ~1.5-2 for Dy,; between
15 and 50 Mm, leading to larger than average values for addi-
tional values of D,;,; compared to the low activity period (i.e. be-
tween 30 and 50 Mm). If we consider for example the pixels for
which Dy is in the range 20-25 Mm, for which the percentage
of occupation changes significantly with time (factor of two), the
gradient VB remains stable, while A, increases by a factor of
three, which may be due to a larger impact of A,y;. Similarly, the
peak efficiency for V By shifts toward low gradients, by a strong
factor as well.
To summarize, we have derived the following conclusions:

— Ay seems to play a dominant role in the presence of fila-
ments. This is interesting because the surface of unipolar re-
gion will have an impact on chromospheric index and there-
fore may be related to a stellar observable (see Fig. 3 for a
plot of the plage filling factor in the chromosphere);

— the other parameters Dy,; and VB, also play a role, but the
most efficient conditions according to these criteria seem to
vary along the solar cycle, maybe in correlation with the Ayy;
conditions.

4.2.4. Dispersion in the number of filaments versus time

Finally, the large dispersion in the number of filaments at small
temporal scales (see for example the upper left panel of Fig. 3)
shows that it will probably be difficult to reproduce exactly the
surface coverage of filaments at these scales. Periodograms of
the filament surface coverage time series show that the peak cor-
responding to the rotation for example is not as obvious as for
other variables (for example the total magnetic flux), as there is
a lot of power on all short timescales. We also attempted to study
the cross-correlation function between the filling-factor time se-
ries and for example the average flux, in order to see whether
some systematic effects caused by a time lag, could be observed,
but no variation was significant. This may be because even if
there is a delay between the emergence of the magnetic flux in
active regions and the formation of these filaments, that these
delays cover a wide range of values of between a few days and a
month (see for example the review by Mackay et al. 2010). We
therefore expect our reconstruction to be valid only statistically
on short timescales.

4.3. Synthetic filament series

In addition to characterizing more clearly the relation between
the filaments and the PIL pixels, we also wish to be able at least
statistically, to reconstruct the surface covered by filaments for a
given magnetic configuration. We now use the results obtained in
the previous sections to build and test several ways of analysing
this time series, for which we know how many filaments were
actually observed. Given the larger dispersion in the observed
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mial fit on the 676 points. Lower panel: filament coverage (in ppm of
the solar hemisphere) versus the number of occupied pixels (distance
to a filament smaller than 30 Mm). The solid line is a second degree
polynomial fit to the 676 points.

surface coverage on short timescales, we do not reproduce the
signal precisely, but at least wish to be able to reconstruct a sig-
nal with similar properties. In both methods, we assume that we
are able to characterize the magnetic configuration as studied
previously, i.e. by defining the PIL pixels and the unipolar area,
as well as the magnetic flux.

4.3.1. First method

Our first recipe is the simplest. We consider the relationship be-
tween the percentage of occupied pixels (here we use the criteria
filaments closer than 30 Mm) versus the number of PIL pixels, as
illustrated in Fig. 8 (upper panel). We model this relation using
a second degree polynomial. From this relation and a number of
PIL pixels, we can reconstruct the number of occupied pixels.
We then need to normalize this number of occupied pixels with
the observed filament coverage S, as illustrated in the lower
panel. We also model this relation with a second degree poly-
nomial. This allows us to compute a surface coverage, which is
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text).

analysed with either time or average magnetic flux>. When us-
ing only these two relations, we obtain a very small dispersion,
much smaller than the observed one. For example, the correla-
tion between the observed S g and the average flux is only about
0.31, while in this simulation the correlation would be 0.72. We
therefore add an additional noise component that depends on the
number of PIL pixels: the use of a white noise is justified because
we observe power on all short timescales in the periodogram.
For temporal bins of 200 days, we compute the rms of S, and
then make a linear fit to these rms versus the average N, in
each bin. The resulting reconstructed filament coverage S f_mod1
is shown in Fig. 9 (middle panel) versus the average flux. The
correlation between the two time series (filament coverage and
magnetic flux) is 0.32, as for the observation. The dispersion in
Sa1 and S f1_modr 1s similar, and the average filament surface cov-
erage is about 0.0044 for S g moa1 and 0.0048 for S during the
low activity period, and, respectively, 0.0081 and 0.0080 during

2 When computed directly from the absolute value of the magnetic
field over the disk, this provides a good idea of the global activity level,
see panel A of Fig. 3.
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the high activity period. This provides very good agreement be-
tween our simulation and observations.

4.3.2. Second method

Alternatively, we can take into account that all PIL pixels are
not equivalent, as some of them are more likely to be associated
with filaments. This method is therefore more realistic than the
previous one, although when applied to stellar cases we have to
assume properties similar to the solar ones, since the efficiency
depends on Ay and Dy, We chose not to introduce the mag-
netic field gradient at this stage as it is correlated with Dy,;. For a
given Ay and Dy, we know the probability of each pixel being
occupied by a filament, because this equals the fraction of occu-
pied pixels for such Ay, and Dyy; values. We then multiply this
probability with the number of PIL pixels in that A,y and Dyp;
bin, and then sum the values over all Ay, and Dy,; bins to obtain
a total number of occupied pixels. Figure 9 (lower panel) shows
the resulting time series S g1 mod2- The correlation between the
two time series (filament coverage and magnetic flux) is 0.40 (of
the same order as the observation). As in the previous method,
the agreement with observation is very good (similar dispersion,
similar average levels during the low and high activity periods).

4.4. Synthetic Ca and Ha emissions series

We define synthetic Ca and Ha emission as in Meunier &
Delfosse (2009)

Ecy = Cca X ﬂ:Ca
Ey, = CHQ X ﬂ:Ha - Cﬁl X ffﬁl~

We use the contrast values determined in Meunier & Delfosse
(2009), i.e. Cc, = 0.20 (plage contrast in Ca), Cy, = 0.13 (plage
contrast in Ha), and C; = 0.30 (filament contrast in Ha). The
filling factors for plages in both Ca (ffc,) and He (ffy,) and for
filaments (ffg)) is either the observed one (in this section only,
for validation of the reconstructed one) or a reconstructed one.
The reconstructed filling factor for filaments is derived from the
previous section (S g for the observed time series, S fi_mod1 and
Sl mod2 for the reconstructed ones). We derive ffc, from the
magnetograms. Following Schrijver (2001), we derive a calcium
map as |B|*¢, smooth it, and then apply a threshold that provides
a filling factor normalized to the observations. We then derive
ffy, from ffc, using a polynomial fit to the observations made in
Meunier & Delfosse (2009) over 1690 daily values

o = 0.433fFc, + 1.228fF2,.

Figure 10 shows the results for the observation, compared to the
two reconstructions of the emissions (one for each filament re-
construction). The correlation between the two temporal series
ffy, and ffc, is 0.74 for the observation, i.e. slightly different
from the 0.80 value of Meunier & Delfosse (2009) because here
we consider a significantly shorter time series (which does not
give the same weight to all phases of the solar cycle), while it
is 0.80 for the first simulation and 0.81 for the second simula-
tion. The reconstruction therefore tends to slightly overestimate
the correlation. This is probably due to the necessary uncertainty
when dealing with the dispersion in the filament surface cover-
age. In the next section, we use both methods.

5. Analysis of magnetograms over the cycle

We analyse 3594 magnetograms covering a full solar cycle, be-
tween April 1996 and October 2007. In the previous section, we
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Fig. 10. Upper panel: observed He emission versus the observed Ca
emission. Middle panel: same for reconstructed emissions (first method,
see text). Lower panel: same for reconstructed emissions (second
method, see text).

estimated the corresponding number of filaments, whereas here
we study only the magnetograms. We therefore derive the pa-
rameters studied before to characterize the magnetic configura-
tion and then apply our method (Sects. 4.3 and 4.4) to estimate
the number of filaments over time.

5.1. PIL pixels

We analyse the magnetograms as described in the previous sec-
tion (Sect. 2.2), and determine for each day the PIL pixels (lead-
ing to the daily number of PIL pixels Npjj) and for each of them
Ayni and Dyy,;. The results are shown in Fig. 3 (black dots). As
observed before, the number of PIL pixels is anticorrelated with
the magnetic flux on the disk (correlation of —0.68), although it
has a smaller dispersion at cycle maximum and a larger disper-
sion at cycle minimum. The daily A,y time series are correlated
with the magnetic flux (correlation of 0.74), with a similar dis-
persion, while Dy,; is anticorrelated with a smaller dispersion
(correlation of —0.85). Figure 11 also shows Ny versus the av-
erage magnetic flux. We observe a saturation at high magnetic
fluxes (typically above 30 G, corresponding to the lowest value
observed during cycle maximum): despite the correlation, the
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number of PIL pixels does not continue to decrease at high mag-
netic fluxes. That same saturation is observed for Dy,;. It does
not prevent the formation of a larger amount of filaments, as A y;
can have larger values during cycle maximum (Fig. 11).

There is a general good correlation between the mean flux,
Npit, Auni» Duni» and VBy;. However, if we average over bins of
180 days for example, and plot these last four variables versus
the mean flux, we observe a different behaviour between the as-
cending phase of the cycle and the descending phase of the cycle,
except for the gradient, as shown in Fig. 12. During the descend-
ing phase, N, does not increase as fast as expected if it were
symmetric. Similarly, A, does not decrease as fast as expected
either. Because large values of A,;; are associated with more fil-
aments, this could mean that the number of filaments should not
decrease as fast as expected during the descending phase. On
the other hand, Dy, increases faster than expected during the
descending phase of the cycle, which could mean that we ex-
pect the number of filament to decrease more rapidly. A, and
Dy therefore seem to oppose each other. Mackay et al. (2008)
counted the number of external filaments during four phases of
the cycle four measurements and found that there are a smaller
number of filaments during the descending phase of the cycle
than for the ascending phase, for a similar activity level. The
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surface coverage determined from Meudon data by Meunier
et al. (2008) provides similar results (although the descending
phase does not correspond to the same cycle, so the comparison
must be made with care). This means that the values of Dy,; also
have a significant effect on the filament number. This is a second
order effect, but it is interesting to understand more clearly the
respective roles of the various parameters.

5.2. Synthetic time series

We now use the methods tested in the previous section to com-
pile a synthetic time series of the filament coverages S i mod1 and
S fil_mod2, as well as the Ca and Ha filling factors for plages (de-
rived from the magnetograms). This provides a synthetic time
series for both the Ca emission Ec, and the Ha emission Ey,.
The results are shown in Fig. 13 for method 1. The correlation
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method 1. Middle panel: same for Ec,. Lower panel: same for Ey,.

between these two types of emission is 0.82, in very good agree-
ment with the observation (it is 0.81 for the second method).
The comparison of the reconstructed Ca emission with actual
observations of the emission in the Ca II K line obtained at
Sacramento Peak Observatory® show that they are well corre-
lated, with a correlation of 0.9. This good agreement with ob-
servation shows that the reconstructed Ca emission derived from
magnetograms is reliable, a reliability that is necessary for our
future work on stellar activity. Figure 14 also shows the recon-
structed filament coverage averaged over time and compared to
the results of the two previous sections (for which we knew the
filament coverage), and both includes the observed time series
and illustrates the very good quality of the reconstruction for
long timescales.

6. Conclusion

Our statistical analysis of a large number of filaments have con-
firmed that most filaments are associated with PIL pixels within
~30 Mm, with a peak distribution arount 5 Mm. They are also
associated with a very low magnetic flux. We have also found

3 K3 intensity, http://nsosp.nso.edu/data/cak_mon.html
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Fig. 14. Surface coverage of filaments versus time (years), for bins of
100 days: reconstruction for the complete cycle (solid line), reconstruc-
tion for the short period (dotted line), observed (dashed line).

that there are more filaments during cycle maximum, as found
by Mackay et al. (2008) for external filaments, i.e. filaments that
are formed between two bipoles. Their properties do not vary
significantly with time, although the size and distance of unipo-
lar region close to the PIL do vary. A detailed analysis of all
PIL pixels has shown that 11% of them are associated with a
filament (within 30 Mm). These particular pixels are associated
with larger unipolar regions (above 2% of the solar hemisphere),
which are also closer than average (between 3 and 40 Mm) and
associated with a moderate magnetic field gradient (between 0.1
and 1 G/Mm on the smoothed maps). We do not observe a clear
cut off, as filaments also exist for large gradients, but the ef-
ficiency declines significantly around a few G/Mm (in agree-
ment with Maksimov & Prokopiev 1995, for example), although
the smallest values of the gradient are also inconsistent with the
presence of a filament. Because larger unipolar regions and small
distances are naturally associated with large gradients, there is
a trade off between these two constraints. We observe that the
number of PIL pixels is anti-correlated with the activity level,
and the increase in filament coverage at high activity levels is
mostly due to the modification of the PIL pixel properties, while
the variation in efficiency for given conditions accounts for only
a small part of the variation. Among the three parameters we
studied (size and distance of unipolar region from the PIL, mag-
netic field gradient), the size of the unipolar regions seems to be
more important than the other two.

We used these results to derive two methods to reconstruct a
time series of filament coverage from magnetograms, one using
only the number of PIL pixels and the activity level, the other
including the variation in efficiency as a function of the size and
distance of the unipolar regions. Both methods give good results
for long-term variations. Because of the very large small-scale
variation in the number of filaments, these can however only be
built statistically. This approach also allowed us to build syn-
thetic time series of Ca and Ha emission, which provided sat-
isfactory results. We then applied this method to the full solar
cycle.

Our reconstruction has been shown to provide reliable re-
sults. In a future paper, we will develop a model of the mag-
netic activity over the solar cycle. We will validate our simu-
lation of Sun by applying a technique similar to that described
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in the present paper, and then apply it to stellar simulations in
order to explore in more detail the possible range of variation in
Ca and Ha emission depending on the presence of active regions
and filaments for the first time. Our approach could later be ex-
tended to other activity proxies using various emission lines, or
to spectral irradiance observed in different broadband filters, be-
cause correlations and anticorrelations with solar activity may
be present (Harder et al. 2009).

Our approach presented here has not taken into account pa-
rameters such as the orientation of the magnetic field (which
can be inferred from vector magnetograms) or the local flows,
which probably play an important role (e.g. van Ballegooijen
2008). These cannot however be determined from single mag-
netograms. A further step could be to use the magnetograms
to extrapolate the magnetic field in the corona (e.g. Aulanier
& Demoulin 1998; Aulanier et al. 1998) and use this impor-
tant information as an additional criteria. Filaments indeed form
in highly non-potential magnetic field configurations associated
with strong magnetic shears (Mackay et al. 2010). This method
could also be applied to simulated maps of the magnetic field.
This was however beyond the scope of this paper. It would also
be useful to consider the horizontal flows, although they are not
available on a very large data set. Observations made by the
Solar Dynamics Observatory starting in 2010 could be a key to
such an analysis, allowing the determination of these horizontal
flows for the full disk as well as the measurement of the vector
magnetic field.
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