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Summary

The work presented in this dissertation has been dedicated to the investigation of the
center-to-limb (CLV) variation of the appearance and brightness of small-scale magnetic
features in the solar photosphere, observed at a very high spatial resolution. The goals of
this work were to provide both novel observational constraints for MHD models, and a
deeper understanding of the relationhip between the features appearing as Bright Points
(BPs) and faculae.

• A photometric method based on Linear Discriminant Analysis was developed to
classify BPs and faculae, after their detection via a segmentation algorithm. Apply-
ing this method to images of active regions at various heliocentric angles allowed
the determination of a CLV of the relative number of BPs and faculae.

• The brightness and morphology of the classified BPs and faculae was statistically
investigated. Despite the absence of information about the magnetic field, the re-
sults indicate that the frequent faculae near disk center are induced by inclined
fields, whereas the apparent BPs near the limb are rather small faculae. The skew-
ness of the facular intensity profiles, quantifying their asymmetry, could represent
a valid constraint for models.

• The behaviour of the contrast as a function of the apparent area of BPs and faculae
is very reminiscent of similar studies based on magnetogram signal, and thus offers
interesting prospects for proxy magnetometry.

• Spectro-polarimetric scans at a constant spatial resolution (Hinode satellite) were
used to assess the dependence of the continuum brightness of magnetic features
on both the heliocentric distance and on magnetic parameters inferred by inver-
sions: field inclination, strength and filling factor (i.e. the fraction of the resolution
element occupied by magnetic fields). The brightness was found to behave differ-
ently in two distinct regimes of apparent flux density (net average of flux density in
the resolution element), characterizing fields that are tied to granulation and strong
magnetic features, respectively. For the latter, the brightness was found to depend
essentially on the apparent flux density (with a rather symmetric dependence on the
field stength and filling factor), while the fields are quasi-vertical.
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1 The small-scale magnetic features
and their radiative signatures

This Chapter is intended to give a broad overview about the knowledge of small-scale
magnetic features, with particular emphasis on their visible signatures and the underlying
physics. The observations and known properties of these features will be only briefly
presented, as a ground from which the basic theoretical concepts can be developed.

1.1 Brief overview of photospheric magnetism

Solar Physics can be thought of as “high-resolution stellar physics”. From the astrophysi-
cist’s point of view, the Sun occupies a privileged place among the stars, as its proximity
allows us to resolve the details of its surface, thus enabling the study of plasmas over a
range of scales that can neither be resolved in other stars nor reproduced in the laboratory.

Figure 1.1: Full-disk image of the solar photosphere, recorded at a continuum wavelength
near the 676.8 nm Ni I line by the MDI (Michelson Doppler Imager) instrument onboard
the SOHO spacecraft. The small blue rectangle outlines the typical size of the field of
view covered by high-resolution images like Fig. 1.2.
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1 The small-scale magnetic features and their radiative signatures

In that respect, the solar photosphere (litterally “sphere of light”) is a crucial part
of the Solar atmosphere, as it consists of the range of layers from which the bulk of the
solar electromagnetic energy escapes to outer space (electromagnetic radiation is the most
important and often unique carrier of information on astrophysical objects 1). Because
the Sun emits most of its energy in the visible part of the electromagnetic spectrum, the
photosphere is also the source of the visible light. The Solar spectrum indeed peaks at a
wavelength of ∼ 500 nm in the green, and the integral power of this spectrum (defining
the “total solar irradiance”) is dominated by the contributions of its visible part. The
photosphere is thus the layer of the Sun that we see with our naked eye, or in filter images
at visible wavelengths like Fig. 1.1. In such images, the photosphere appears as a sharp
edge. There, owing to the sharp decrease of density and opacity (dropping by a factor
1/e over a “scale height” of roughly 150 km), the solar plasma that is opaque in deeper
layers becomes abruptly transparent 2. Therefore the photosphere is often thought of as
the effective visible surface of the Sun. Because the photosphere is so shallow, we often
assign to it a nominal level corresponding to an optical depth unity for a wavelength of
500 nm 3, τ500 = 1 (although this level rather represents the lower photosphere).

As will be discussed in Sects. 1.2.2 and 1.2.3, the large photon flux emitted by the pho-
tosphere allows its observation at high spatial resolution and contains enough information
to characterize the magnetic field in these layers. The photosphere is indeed pervaded
by intense magnetic fields emerging from the solar interior 4, which makes it a natural
starting point to investigate the solar magnetism. Disrupted by the vivid action of convec-
tive motions in the outer part of the Solar atmosphere, the photospheric magnetic field is
not homogeneous but highly filamented, distributed in quasi-discrete flux concentrations
at different scales and with different visible signatures (separated by ubiquitous weaker
fields, see below). That this phenomenon of flux concentration happens in photospheric
layers is a fortunate conjunction of events for the solar physicist, as both the emerging
intensity and the magnetic field are strong enough to permit measurements.

We will now “zoom” into the photosphere to briefly comment on the different visible
features associated with flux concentrations (indicated in Fig. 1.2), in order of decreas-
ing size. Unlike in full-disk images, the phenomenon of granulation (i.e. the visible
motion of convection cells overshooting into the photospheric layers) becomes apparent,
and the typical size of such granules of ∼ 1000 km gives a good indication of the typ-
ical photospheric length scale. The most famous and strongest flux concentrations are
visible as Sunspots (discovered among others by Galileo Galilei in 1609), whose sizes
can reach ∼ 10000 km, comparable to the size of the Earth itself, and whose peak field
strengths can be as large as 6000 G (see Solanki 2003, Solanki et al. 2006, for reviews).
Sunspots are produced by the emergence of magnetic field in a concentrated tube-like
form from the interior through the photosphere. As these flux tubes emerge in bipolar

1A new spectrum of information about the interior of stars is the study of seismic (acoustic and gravity)
waves, the so-called asteroseismology and in the case of the Sun, helioseismology.

2This is mainly due to the strong temperature dependence of the H− ions opacity, ∝ T 10.
3meaning that the distance separating the photosphere and us is equal to the mean free path of a photon

of 500 nm wavelength
4The solar magnetic field is believed to be generated by a dynamo operating at the bottom of the “con-

vection zone”, i.e. the outer convective envelope of the Sun and other “cool stars”. There, shear motions
induced by differential rotation generate the field, and the latter rises through the convection zone up to the
surface through the buoyancy force (Isik et al. 2008).
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1.1 Brief overview of photospheric magnetism

Sunspot

Pores

Faculae

Bright Points

1 Mm

Figure 1.2: High-resolution view of a photospheric active region located at a heliocentric
angle (angle between the line of sight and the local normal to the solar surface) of 40.5◦,
as revealed by the 1-m Swedish Solar Telescope (SST) in La Palma, Spain (courtesy
Scharmer and Langhans 2003). This impressive image samples the visible signatures of
most photospheric magnetic features (yellow). The typical scale of the photosphere is
given by the mean size of a granule (white), of the order of 1000 km, i.e. 700 times
smaller than the solar radius.
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1 The small-scale magnetic features and their radiative signatures

loops, sunspots usually appear in groups with the “leading” and “following” spots of the
group having opposite magnetic polarities. Then come the so-called pores, looking like
tiny sunspot umbrae, with a diameter of a few thousand km. Whether the magnetic struc-
tures subtending pores are deeply rooted in the convection zone, or rather produced by
the conglomeration of smaller structures, is still unclear (Puschmann and Wiehr 2006,
Hirzberger 2003). At the lower (currently observable) end of this size spectrum, we find
the so-called small-scale magnetic features. These are tiny flux concentrations located
within the intergranular lanes, with sizes of at most a couple of hundred kms (the lower
limit of their sizes lies below the currently achievable resolution of the best telescopes).
In spite of their small scale, they have in common an intense and roughly constant field
strength of about 1-2 kG (cf. Sect. 1.2.2). These features are distinguished from pores
and spots not only by their smaller sizes, but by their enhanced brightness relative to the
surroundings (if sufficiently resolved, see Sect. 1.2.3). They are often visible as Bright
Points (BPs) near disk center, and faculae near the limb (see Fig. 1.2 and Sect. 1.2.4).
These flux concentrations are thought to be essentially local phenomena produced by
magneto-convection, i.e. the interaction of convective motions in which a magnetic field
is embodied (see Sect. 1.3.5).

Although the same name is commonly used to designate a magnetic flux concentration
and its visible signature (mainly for historical reasons, cf. Sunspots), oftentimes both
referred to as “magnetic features”, one should keep in mind a clear distinction between
the actual magnetic flux entity in the photosphere and its observed manifestation, i.e.
the mere photons that we get from it (resulting from magnetoconvection and radiative
processes).

Besides these quasi-discrete magnetic flux concentrations, the solar photosphere seems
to harbour weaker magnetic fields almost everywhere, as revealed by recent investigations
of the “quiet Sun” (see the reviews of Steiner 2003, de Wijn et al. 2009). Hence, the ap-
propriate picture would rather be a continuous distribution of fields than a discrete one
(adequately described by a probability density function, cf. Domínguez Cerdeña et al.
2006), whereby the magnetic features are only separated by some weakly magnetized
atmosphere.

The small-scale magnetic features and the solar activity

The work presented herein essentially focused on the study of small-scale magnetic fea-
tures via their visible signatures: this paragraph is therefore meant to justify this interest
in the context of the global solar magnetism and activity. By solar activity, we refer to all
the dynamical phenomena associated with and driven by the magnetic field, like the solar
cycle, the heating of upper layers, the explosive release of energy (flares, coronal mass
ejections) etc., which make the Sun so alive and fascinating for astronomers.

First, more than 90 % of the net magnetic flux was found to be located outside sunspots
and pores by Frazier and Stenflo (1972) (using magnetograph measurements of active
regions with an aperture of 2.′′4 × 2.′′4). Although small kG magnetic flux concentrations
occupy only a tiny portion of solar surface, recent estimates revealed that they nonetheless
contain a significant fraction of the photospheric magnetic energy (combining Zeeman
and Hanle measurements, Domínguez Cerdeña et al. 2006, see as well Sect. 1.2.2). Owing
to their “flux tube” structures (see Sect. 1.3.1), the small-scale magnetic features are thus
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1.2 Observations

good candidates of energy transfer to chromospheric layers (via e.g. the propagation of
flux tube waves, as described in Stix 2004). Besides, these features share similar magnetic
and thermal properties (see Sect. 1.3.2) and their visible brightenings are among the
smallest structures resolvable by our telescopes. Therefore they are regarded as some
“basic building blocks of the photospheric magnetism” (at least in the magnetic network
and active regions), and as such are commonly denominated as magnetic elements (see
review of Schüssler 1992). In direct connection with the solar activity cycle is the major
role that the brightenings associated with the magnetic elements (i.e. the Bright Points
and faculae) play in the solar irradiance variability. The integrated brightness of BPs
and faculae indeed more than compensate the deficit due to sunspots, such that the solar
irradiance is largest at activity maximum (with peak-to-peak variations of about 0.1 %,
Fröhlich 2000).

1.2 Observations

1.2.1 Where do we find them?

As local magneto-convective phenomena, magnetic elements are present at all latitudes on
the Sun, but are not uniformly distributed. On the large scale, we find them mostly within
the two main global components of the photospheric magnetism: the active regions and
the magnetic network. Active regions are large bipolar regions formed by the emergence
of flux loops, characterized by the presence of Sunspots at their footpoints (see Fig. 1.3).
There, magnetic elements have the largest number density and form bright clusters dubbed
“plages” 5.

Outside active regions, in the quiet Sun, magnetic elements are concentrated into a
magnetic network visible as a honeycomb bright pattern outlining the borders of large
convection cells (with sizes of ∼ 20−40 Mm), the “supergranules” (Chapman and Sheeley
1968). The line-of-sight (LOS) component of the supergranulation flow can be seen in a
full-disk Dopplergram as in Fig. 1.4. Although the magnetic network is not that obvious
in white-light, in becomes very prominent in the chromosphere (not unlike chromospheric
plages), where it forms the “chromospheric network”. In the last place, magnetic elements
can be found in the very quiet regions in between the magnetic network, the so-called
internetwork, but with the lowest number density (Muller 1983, Lites 2002, Domínguez
Cerdeña et al. 2003, de Wijn et al. 2005, 2008).

On a local scale, magnetic elements are located in the downflow regions at the junction
of granules, the integranular lanes. This is illustrated in Fig. 1.5, where white lines
outlining the intergranular lanes are superposed on top of a magnetogram. Hence, the
location of magnetic elements reflects the convective flow pattern of the supergranules
and granules, which supports the idea that their magnetic field is intensified by convective
motions (see Sect. 1.3.5).

5Historically, the word plage (meaning “beach” in french) originates from chromospheric observations
in which these plages appeared as extended bright regions (Zwaan 1987). Since the correspondence between
the chromospheric emission and the underlying magnetism has been established, the word plage is now
commonly used for its photospheric counterpart as well.

11



1 The small-scale magnetic features and their radiative signatures

Figure 1.3: Image of an active region located near the Solar limb, obtained at the Dutch
Open Telescope in La Palma, Spain.

Figure 1.4: Left: Full-disk Dopplergram from SOHO MDI, showing the horizontal su-
pergranular flows, ever more visible toward the limb due to their line-of-sight projection.
Right: Corresponding (upper) chromospheric network imaged in the ultra-violet He II
line at 304 Å by the EIT instrument onboard SOHO.
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1.2 Observations

Figure 1.5: Contours of granulation (white) superposed onto a co-temporal magnetogram
(Title et al. 1987).

1.2.2 Magnetic field measurements

In the solar photosphere and chromosphere, most measurements of the magnetic field
strength and orientation rely on the imprint the field leaves on polarized spectra via the
Zeeman effect. The introduction of a magnetic field removes the degeneracy of atomic
states of different quantum number MJ (projection of the total angular momentum onto the
axis of the field), and thereby induces the splitting of spectral line components. Further,
the spatial symmetry breaking due to the particular orientation of the magnetic field ren-
ders the absorbtion in the line components polarization-selective (Gandorfer 2001). The
amount of circular and linear polarization recorded in the Stokes parameters (following
Stokes’ formalism for the measurement of polarization) thus depends on the orientation
of the field vector relative to the observer’s line of sight (LOS). However, it should be
kept in mind that it is not the field itself which is directly measured, but the polariza-
tion. Inferring the magnetic field vector is thus a problem of interpretation, and as such
is model-dependent. For a thorough treatment of the Zeeman effect as well as the Stokes
formalism, I refer to the book of del Toro Iniesta (2003) and the dissertation of Borrero
Santiago (2004).

The first detection of magnetic fields outside sunspots dates back to the magneto-
graphic measurements of Hale in 1922. A magnetograph records the amplitude of the net
circular polarization (i.e. Stokes V) in the wing of a Zeeman sensitive line, which scales
with the LOS component of the field. The conversion between the signal amplitude and
the longitudinal field strength requires a calibration, usually based on the assumption that
the line components are not fully split (i.e. the Zeeman splitting does not exceed the
Doppler width, Stenflo 2002). But in this so-called “weak-field” regime, the magneto-
graph signal increases both with the LOS component of the field (due to the progressive
splitting of the Zeeman components and because circularly polarized light arises when the
magnetic field is parallel to the LOS) and with the fraction of the resolution element occu-
pied by the magnetic field (“filling factor”), as the non-magnetized atmosphere provides
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1 The small-scale magnetic features and their radiative signatures

no polarized photons. Hence, in this regime, magnetograms are only sensitive to the LOS
component of the flux, i.e. the apparent LOS field strength averaged over the resolution
element.

Although there were earlier indications that non-spot fields could be intrinsically
strong (from the weakening of Fraunhofer lines presumably attributed to the Zeeman split-
ting), a solid evidence and quantitative estimation of intrinsic field strengths was obtained
through the line-ratio technique 6 (Stenflo 1973). These measurements, yielded photo-
spheric field strength of 1-2 kG (comparable to sunspot ones, see e.g. Solanki and Schmidt
1993). Moreover, these values are fairly independent of the location (whether network or
active region plages), and of the sizes of magnetic elements (Zayer et al. 1990). Thus, kG
field strengths are an intrinsic property of small-scale magnetic features, suggesting com-
mon formation mechanisms and leading to the conjecture of a unique magnetic structure
for non-spot fields represented by the magnetic elements (this view has changed recently
in favor of a more continuous distribution of field stength, with a large part of it hindered
to the Zeeman measurements, see below). Field strengths of ∼ 2 kG in deep photospheric
layers were further confirmed by the direct observations of strong Zeeman splitting in
infrared lines (e.g., Rüedi et al. 1992).

The profiles of such very Zeeman-sensitive lines also implied a decrease of field
strength with height (Zayer et al. 1989), and the stratification of field strength was con-
firmed by comparing model calculations with observations using a set of lines with differ-
ent formation heights (obtaining roughly ∼ 2000 G at the deep photospheric level, about
1000 G at the middle photosphere and 200-500 G in the upper photosphere, Bruls and
Solanki 1995).

Thanks to the activity minimum, recent interest has been raised for the quiet Sun,
where magnetic flux was detected in the internetwork, thus revealed to be “not so quiet”
as previously thought (de Wijn et al. 2008). The actual strengths of the internetwork
fields remains a controversial issue though, depending on which lines are used for the di-
agnostics (Bellot Rubio and Collados 2003, visible lines yield kG fields whereas infrared
lines reveal a dominance of weaker fields). With its high-resolution seeing-free spectro-
polarimeter, the Hinode spacecraft (Kosugi et al. 2007) has brought us novel insights on
the quiet Sun. Weaker fields with strengths about the equipartition value (magnetic en-
ergy similar to the kinetic energy of the flow) seem to be commonplace in the “halo of
polarization” surrounding network-like elements, and more horizontal than vertical flux
is detected on average (Lites et al. 2008).

However, due to the sensitivity limit of polarimetric measurements, Zeeman mea-
surements are missing an unknown but significant fraction of the magnetic flux: either
because their polarization signals have amplitudes lower than the noise, and/or because
mixed-polarity fluxes cancel the signal within the resolution element (see Steiner 2003,
for a discussion). Yet diagnostics of the Hanle effect are susceptible to fill the gap of weak
field measurements. In short, the Hanle effect accounts for the modification of scattering
linear polarization in presence of magnetic fields (see Trujillo Bueno 2001). Because it
is unaffected by mixed polarities in the resolution element (unlike the Zeeman diagnos-
tics) and responds to the field strength of weak fields (below a few hundred G), it ideally
complements Zeeman measurements (see Stenflo 2002, for a review). Hanle diagnostics

6This technique consists in taking the ratio of the V amplitude in two chosen lines whose properties
differ only by their Landé factor, i.e. their magnetic response.
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1.2 Observations

fruitfully revealed a realm of ubiquitous “turbulent” weak fields hidden to the Zeeman
measurements (Stenflo 1982, Faurobert-Scholl et al. 1995, Stenflo et al. 1998). There-
fore, both diagnostics have been used together to estimate an unbiased probability density
function of the quiet-Sun fields strength (Domínguez Cerdeña et al. 2006).

1.2.3 Imaging and proxy magnetometry

The problem of polarimetric methods is that they require high spectral resolution, and con-
sequently long integration times to achieve a reasonable signal-to-noise ratio (Schüssler
1992, Solanki et al. 2006). They thus suffer from poor temporal and spatial resolution,
inasmuch as turbulences in the Earth’s atmosphere cause “seeing” effects (through vari-
ations of the refraction index on timescales of ∼ 10 ms, much shorter than the typical
exposure times, Bonet 1999). Conversely, white light or broad-band filter images collect
a large number of photons, allowing to “freeze” the seeing aberrations by reducing the
exposure times down to the timescale of the atmospheric turbulence. Therefore, imaging
is a powerful tool for the study of (individual) small-scale magnetic features, requiring
high spatial and temporal resolution.

As a general rule, the direct imaging of magnetic elements is possible because they
often appear brighter than their photospheric surroundings, i.e. they have a positive con-
trast. However, the observed contrast severely depends on the spatial resolution, the
wavelength, as well as the heliocentric angle (angle between the LOS and the local nor-
mal to the solar surface). For instance, the contrast at continuum wavelengths is rather
neutral near disk center, due to the finite spatial resolution of the observations (Title et al.
1992, Topka et al. 1992, Lawrence et al. 1993, Berger et al. 1998). Because the contrast
of magnetic elements increases from center to limb (cf. Sect. 1.2.4), however, faculae
near the limb are prominent even in white light and could therefore already be observed
in early low resolution observations (e.g. Rogerson 1961). Later, increasing the spatial
resolution allowed bright structures at disk center to be resolved as well (Dunn and Zirker
1973), notably by near UV observations (at 393.4 nm, Mehltretter 1974) 7.

Disk center observations of bright intergranular features were nevertheless facilited by
realizing that their contrast is enhanced in spectral line cores and wings (see Chapman
and Sheeley 1968, who at the same time discovered the magnetic network). This bright-
ness excess is particularly pronounced in chromospheric lines such as the widely used
Ca II K and Ca II H (around 393.4 nm and 396.8 nm, respectively, see e.g. Lites et al.
1999), or in the bandhead of diatomic molecules such as CN (around 388.7 nm) or CH
(around 430.5 nm) which are highly temperature sensitive (see Sect. 1.3.4). As spectral
line cores sample higher layers, the internal temperature of magnetic elements relative to
their exterior must thus increase with height, implying a shallower temperature gradient
inside the magnetic elements than outside.

Based on this consideration, interference filters were developed to probe the bandhead
of CN (first used in the work of Sheeley 1969) or CH (pioneered by Muller and Roudier
1984), where the contrast of BPs is particularly pronounced and the broad spectral range

7In these pioneering works, the brightenings were termed “filigree” or “disk center faculae” or “facular
points”. Letting aside their historical context, these terms are synonymous, and in the present dissertation
will all be refered to as Bright Points for simplicity.
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in the blue allows to achieve high spatial resolution 8. In the 90’s, together with the
progress of post-facto image reconstruction techniques, adaptive optics systems and the
increasing resolution power of solar telescopes (Bonet 1999), filter imaging opened the
way for the direct tracking of magnetic elements at high cadence and spatial resolution.
This technique is often referred to as proxy magnetometry, as it relies on the identification
of magnetic elements with their radiative signatures in filtergrams, whereby the latter play
the role of “proxies”. These proxies are generally taken as BPs at disk center, in order to
benefit from a top view on magnetic elements (due to the verticality of flux concentrations,
cf. Sect. 1.3.1). This identification with proxies has been justified by the comparison
of G-band images with magnetograms (Berger and Title 2001), and further confirmed by
simulated synthetic images, revealing that the BP structures (if properly distinguised from
non-magnetic granular brightenings) precisely outline the magnetic flux concentrations
(Schüssler et al. 2003, Shelyag et al. 2004). However, the converse is not true: magnetic
elements are not invariably bright. Some appear dark because their contrast is smeared
within the darker integranular lanes (Title and Berger 1996), or because the brightening
fluctuates over the lifetime of the flux concentrations (e.g. due to possible seeing effects,
Berger and Title 2001).

As pure imaging provides no quantitative information about the magnetic field itself,
proxy magnetometry is best suited for morphological and dynamical studies. The mor-
phology of magnetic elements depends somewhat on the location, appearing rather point-
like in the quiet Sun network (e.g. Berger et al. 1998, Bovelet and Wiehr 2008) and taking
often an amorphous fluid-like appearance in active regions (cf. high-resolution images of
Berger et al. 2004). This readily indicates that there is no unique structure of the magnetic
elements, to be borne in mind when comparing with models of “axisymmetric flux tubes”
or “flux sheets” (see Sect. 1.3.1).

High-resolution images have the asset of resolving at least part of the magnetic fea-
tures, allowing direct size measurements. But statistical analyses reveal that the lower
observable sizes of BPs are limited by the currently achievable resolution limit (Wiehr
et al. 2004, Puschmann and Wiehr 2006, Berger et al. 1995), such that the lower limit for
the size of magnetic elements is still unknown.

The dynamics of magnetic flux concentrations can be investigated by tracking BP mo-
tions in time series of filtergrams. Magnetic elements are seen to be extremely dynamic,
constantly buffeted by the granular motions and dragged along the intergranular lanes
(Mehltretter 1974, Berger and Title 1996). The BPs appear to split, merge and disap-
pear on relatively short timescales of about 6-10 min, which is comparable to granulation
turnover times (Berger and Title 1996, Berger et al. 1998). In addition to the observations
of higher BP velocities in the quiet Sun network (Muller et al. 1994) than in active regions,
where the convective flows are more disturbed, this provides evidence that the dynamics
of magnetic elements is mostly driven by the granular motions. Dynamical information
from movies of limb faculae is harder to extract, as the latter result from an oblique view
on the background granule (see Sect. 1.3.3), whereby the magnetic features and the back-
ground granule dynamics are necessarily entangled. Such movies nevertheless lead to the
conclusion that much of the faculae changes owes to the background granulation only, but
in regions where convective flows are heavily hampered, striated faculae exhibit dynamics

8According to the Rayleigh criterion, the resolution limit is directly proportional to the wavelength.
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very reminiscent of BPs at disk center (De Pontieu et al. 2006).

1.2.4 Center-to-Limb Variation

When observing small-scale magnetic features at different disk positions from the center
of the disk toward the limb, two effects can be noticed independently of the nature of
the location (active regions or quiet Sun): a change of appearance associated with a
transition from BPs to faculae, and a variation of contrast (i.e. brightness relative to quiet
surroundings).

As briefly mentioned in Sect. 1.1, magnetic elements appear mainly as BPs at disk
center and as faculae near the limb. To have a closer look, Fig. 1.6 shows a comparison
of BPs and faculae in high resolution G-band images. BPs are mostly elongated bright
features between granules, some of them only looking like isolated roundish points (their
morphology is even more complex in active regions, see Sect. 1.2.3). As can be seen in
Fig. 1.6 (right), many features lie at the resolution limit with sizes of about 0.′′2, indicating
that many BPs are smaller than that (and their underlying magnetic elements are as well),
as mentioned in Sect. 1.2.3. Closer to the limb, the photosphere takes a 3D corrugated
appearance and shows bright faculae, appearing as glowing granular edges, as if this cor-
rugated surface were illuminated by the observer. These facular brightenings are usually
larger than BPs, with typical sizes (projected onto the plane of the sky) of ∼ 0.′′5. Both the
granular appearance and the large extent of faculae are attributed to an enhanced radiative
escape from the background granular material through the flux concentration (see Sect.
1.3.3). In particular, one can notice the specific elongation of the facular brightenings in
the direction of the closest limb, and their typical fan-like and often striated appearance
visible at high resolution (pattern of bright elongated stripes alternating with relatively
darker ones).

Even though BPs and faculae can be observed in the same image at some heliocentric
angles (cf. Fig. 1.2 and Chapter 2), they are not distributed evenly on the solar disk. As a
matter of fact, BPs progressively disappear toward the limb and are replaced by faculae,
and both are found to coexist over a range of heliocentric angles (see Chap. 2). Near the
limb, faculae form bright patches which are conspicuous features of the white-light solar
disk as in Fig. 1.7. For this reason, these facular patches were first observed at low spatial
resolution much before BPs, and before these patches could be resolved into small-scale
elements and related to the BPs at disk center (see Sect. 1.2.3).

In spite of their relatively different appearance, brightness, and location on the disk,
phenomenological arguments were presented for BPs and faculae to be manifestations of
small-scale magnetic flux concentrations at different positions on the disk (see Mehltret-
ter 1974). These arguments are based on the increased brightness in line cores at disk
center (see Sect. 1.2.3) and the increase of continuum contrast toward the limb (both
plausibly indicating a temperature excess in higher layers), as well as on the common Ca
K emission of BPs and faculae at chromospheric layers (Wilson 1981). The association
of BPs and faculae with magnetic flux concentrations became clear by the obtention of
high-resolution magnetograms (Berger et al. 2007). Also, the development of flux tube
models allowed to roughly explain their appearance, contrast and distribution on the disk
as consequences of the geometry of these flux tubes (“hot-wall” effect, see Sect. 1.3.3).
However, the peculiar distribution of BPs and faculae on the disk (in particular their co-
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0.5´´ 0.2´´

Figure 1.6: Comparison of the appearance of faculae and BPs in high-resolution G-band
images. Left: Faculae, observed at the SST with an angular resolution of ∼ 0.′′12 (Lites
et al. 2004). The direction of the closest limb is upwards. Right: Network BPs at disk
center observed at the old Swedish Vacuum Tower Telescope, with a twice lower spatial
resolution. Tickmarks are spaced by 1′′. The red arrows indicate the typical sizes of these
features.

Figure 1.7: Blue continuum image of limb faculae obtained at the SST, showing their
bright prominent patches (Hirzberger and Wiehr 2005).
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existence over a range of heliocentric angles) still raises questions about their mutual
relationship: Are BPs and faculae associated with similar magnetic elements (size, field
strength, inclination), or are they the consequences of selection effects rendering different
magnetic features (e.g. with different sizes) best visible at different heliocentric angles?
Providing an answer is subtle, as it requires on one hand the knowledge of the physical
conditions yielding BPs and faculae at different heliocentric angles, and on the other hand
of the properties of the magnetic elements that do turn bright at these angles (so that they
become visible). This second point is related to the center-to-limb variation (CLV) of the
brightness of magnetic features.

The continuum brightness contrast of magnetic elements exhibits increasing values
as the limb is approached (eventually reaching a maximum). This is the reason why en-
sembles of faculae near the limb become so prominent in white-light images and their
contribution so important for the total solar irradiance. The hope of providing a useful
input for irradiance modeling, together with the aim of constraining flux tube models,
have stimulated a long list of studies about the center-to-limb variation (CLV) of facular
contrast (discussed in Steiner 2007). However, the results are rather controversial regard-
ing whether the contrast values reach a maximum (Lawrence 1988, Sütterlin et al. 1999,
Ahern and Chapman 2000, Adjabshirizadeh and Koutchmy 2002) and at which heliocen-
tric angle (Lawrence et al. 1988, Auffret and Muller 1991, Sánchez Cuberes et al. 2002,
Berger et al. 2007). The CLV of contrast is thus still a source of debate and of different
theoretical modeling.

These questions are at the core of the work presented in this dissertation. While the
transition from BPs to faculae is the central point of investigation presented in Chapter
2, Chapter 3 explores the relationship between these features, and Chapter 4 tackles the
issue of the contrast CLV and its dependence on physical parameters.

1.3 Basic theoretical concepts

For the sake of interpreting the aforementioned observations, we shall now tackle the basic
physics behind them, beginning with the paradigm of magnetic elements as quasi-static
flux tubes embedded in a field free surrounding atmosphere.

1.3.1 The MHS “wine-glass” picture

In a general sense, a flux tube is a set of field lines enclosed into a topologically simple
“material curve” (see Cowling 1976, Priest 1982, for rigorous details). A particular prop-
erty of flux tubes is that this set of field lines is uniquely defined at fixed time, owing to the
solenoidality of the magnetic field. This implies that at any fixed time, the magnetic flux
through any section of the flux tube is constant 9. Note that this general definition involves
the presence of material (photospheric plasma in this case), but without restrictions about
the surroundings of the tube. In the context of the solar photosphere though, flux tubes are
generally considered isolated from a field-free atmosphere. The definition does not spec-
ify anything either on the geometry of the tube and its enclosing material curve. While

9In the limit of "ideal MHD", i.e. neglecting the magnetic diffusivity, the flux is also conserved in time
(Alfvén’s theorem).
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flux tubes are often modeled in an axially (azimuthally) symmetric or “slab” configuration
(2D structure with translational symmetry), these models are purely abstractions and the
actual topological shape of photospheric flux tubes can be much more complex (as sug-
gested by the bright “fluid-like” ribbons in G-band observations, see Sect. 1.2.3). Last,
the definition of a flux tube is purely local, as on larger scales the set of field lines could
divide into branches or form loops, which cannot be enclosed by a topologically simple
curve anymore.

In order to extract the basic physics from this flux tube concept, we shall make the
simplest assumptions, and consider an axially symmetric flux tube (as depicted in Fig.
1.8) in the so-called Thin Flux tube Approximation (TFA) (see Schüssler 1992, for a thor-
ough mathematical treatment). The TFA basically means that the internal radial structure
of the tube is neglected. Strictly speaking, it consists (in its simplest form) of a 0th-
order radial expansion of the MHD equations (i.e. a truncation at 0th-order, after having
Taylor-expanded all quantities in r), so that the remaining terms depend only on the ax-
ial coordinate z. This simplification relies on the assumption that the radius of the tube
is significantly smaller than all the relevant spatial scales of the atmosphere, notably the
pressure scale height, otherwise the expansion of the tube would cause a radial variation
of the field B 10. Second, we consider the flux tube in magneto-hydrostatic (MHS) equi-
librium, i.e. with vanishing velocities (and time derivatives). This is justified because the
magnetic energy density is much larger than the kinetic energy density inside the tube,
due to the large Lorentz force opposing to convective motions, and due to the reduced
internal density (see below) 11. Under the above assumptions, it can be shown that the
mechanical equilibrium of the tube with the external atmosphere reduces to a pressure
balance (while the momentum equation reduces to a hydrostatic equation inside the tube
and the induction equation for the evolution of the magnetic field vanishes in MHS, see
Schüssler 1992), which reads:

pm(z) + pi(z) = pe(z), pm(z) ≡ B(z)2

8π
(1.1)

where pi and pe denote the internal and external thermal gas pressures, respectively, pm

the magnetic pressure 12. This additional magnetic pressure stems from the decomposi-
tion of the Lorentz force into an isotropic pressure force, a curvature force and a tension
force, but the two latter do not play any role in TFA. This static pressure balance can be
justified on the basis of relevant timescales, as the travel time of a sound wave across the
tube (restoring equilibrium after a given perturbation) is of the order of 10 s, very short
compared to the typical lifetime of ∼ 10 min. Note that without this radial approximation,
the pressure balance would only be required locally at the tube’s interface with the exter-
nal atmosphere. But the TFA extends this condition to the whole tube interior, where pi

and pm are constant at any fixed z. In other terms, the exterior of the tube has an influence
on the tube interior (pressure, density, opacity). This is the important conclusion from the
static TFA and the key to derive the basic properties of magnetic elements.

10Note that combining the TFA with a field free external atmosphere, Ampère’s law implies the formation
of a current sheet on the outer boundary of the tube, as the internal field satisfies ∇ × B = 0 elsewhere.

11This does not imply that flux tubes are “strictly static”, and they are in fact rather dynamic and in
constant interaction with the buffeting motions of the granulation.

12Note that in the 0th order TFA, B(z)2 ∼ Bz(z)2, so that only the axial component of the field plays a role
in the pressure balance.
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Figure 1.8: Sketch of an axisymmetric flux tube with
axial and radial coordinates z and r, respectively. In
the thin flux tube approximation, the internal mag-
netic and external gas pressure are considered solely
functions of z and are denoted pi(z), pm(z), and pe(z)
respectively.
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Let us now examine the consequences of the pressure balance statement on the struc-
ture of the tube, which will turn out to be of utmost importance to provide explanations
for the observational facts:

1. Internal evacuation: Since a magnetic pressure adds up inside the tube, the equi-
librium can only be sustained if the gas pressure is reduced in proportion, which
implies that the internal gas density has to be lower than the external one (assuming
similar temperatures and the ideal gas equation of state). Quantitatively, consider-
ing a flux tube of 1 kG and the standard value of 2 10−4 kg m−3 for the gas density
at the photospheric level, one obtains pm ∼ 4000 Pa and pe ∼ 10000 Pa (using
the ideal gas equation of state). Hence, this implies a strong evacuation of the tube
interior, whereby the internal gas density must be lower than the external one by a
factor 2 − 3.

2. Quasi-verticality: The partial evacuation of the tube engenders a considerable buoy-
ancy and therefore leads to the quasi-verticality of photospheric flux tubes.

3. Opacity depression: The reduced internal density also causes an opacity depression
and thereby a downward shift of the optical depth unity level, allowing to see deeper
layers inside the tube than in its surroundings (see Fig. 1.10). This is the main cause
of the brighter appearance of magnetic elements relative to their surroundings, as
discussed below.

4. Expansion with height: Because the external pressure pe(z) drops exponentially
with height (assuming hydro-static equilibrium), pm should decrease for the pres-
sure balance to be maintained, implying an exponential decrease of B(z). And ow-
ing to the flux conservation inside the tube, the only way to decrease B(z) (equiv-
alent to the flux density in TFA) is an expansion of the tube with height, which is
responsible for the typical “wine-glass” shape attributed to photospheric flux tubes
13.

13This expansion can be hampered at some height as adjacent flux tubes enter into contact, due to the
solenoidality of the magnetic field (field lines cannot cross). At this height, the field is believed to reach a
quasi horizontal configuration and form a “magnetic canopy” (see e.g. Gabriel 1976, Solanki and Steiner
1990), but its existence is still a matter of debate (Schrijver and Title 2003, Pietarila et al. 2008).
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z = 0 z = 0z = 0 z = 0

Figure 1.9: Results of a 2D calculation of flux tube in TFA (with mirror symmetry) by
Deinzer et al. (1984), for which the internal density at the base has been prescribed as
twice lower as the external one (the tube is inserted ad hoc here, as static calculations
cannot reproduce its formation). Left: density as a function of height, with the iso-density
lines normalized to 1.6 10−6 g cm−3. Right: magnetic field configuration. The red dashed
line indicates the level τ = 1, chosen as the reference z = 0.

Fig. 1.9 presents the results of a 2D static calculation of flux tubes in TFA (with mirror
symmetry), illustrating the flux tube expansion as well as the reduced internal density
depicted by the iso-density lines. To conclude, the decrease of B(z) predicted by the static
TFA has been shown to be consistent with the measurements (Zayer et al. 1989, Bruls
and Solanki 1995, cf. Sect. 1.2.2), and the pressure balance has been closely verified
in recent state-of-the-art 3D MHD simulations of magnetic elements (Vögler et al. 2005,
Yelles Chaouche 2008). Hence, the TFA can be considered a valid description of magnetic
elements and provides a simple model for the raw interpretation of the observations 14.

In principle, this TFA flux tube picture is not restricted to strong fields (spots, pores,
magnetic elements), and could be applicable to weaker flux concentrations (e.g. in the
internetwork) as long as the fields are strong enough to maintain a flux tube “identity”
against the disrupting action of the flows. However, the consequences of the pressure
equilibrium will differ for weaker fields, as they will be less evacuated, thus less buoyant
and less vertical, and also less bright as the internal opacity drops to a lesser extent.

1.3.2 Thermal structure

Basically, the thermal state is a consequence of the equilibrium between the following
contributions, illustrated in Fig. 1.10:

14Recent work based on diagnostics of 3D MHD simulations nevertheless revealed that a second-order
expansion of the MHD equations reproduces the Bz profiles of simulated features more accurately (Yelles
Chaouche 2008)
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1. Quenching of convective flows: The strong Lorentz force in the tube interior deflects
the cross-field flows, which “quenches” the convective energy transport. As men-
tioned in Sect. 1.3.1, this domination of the magnetic field over kinetic motions is a
consequence of the large ratio between the magnetic energy density and the kinetic
energy density.

2. Radiative losses: The interior of the tube looses energy by radiation. The combi-
nation of these two effects makes the tube cooler than its surroundings at equal
geometrical depth z, as sketched by the isotherms and the horizontal dashed lines
in Fig. 1.10 (right).

3. Lateral radiative influx: To compensate this deficit, a radiative influx from the tube
walls sets in. Because they correspond to deeper photospheric layers effectively
heated by convection 15, these walls are much hotter than the tube interior where
convection is quenched, with temperatures of about 7000 K (Knölker et al. 1991),
and than the surroundings.

4. Assorption in the tube: Its small volume as well as its transparency (owing to the
reduced internal density) allows the tube to absorb the radiation bath of the hot
walls throughout its section. This radiation then heats the tube to the point where
it becomes hotter than the exterior at equal optical depth (compare the τ = 1 line
with the isotherms in Fig. 1.10 (right).

5. Heating of upper layers: The hot walls and deeper layers of the tube shine through
the tenuous atmosphere of the magnetic element towards upper layers, which thereby
reach an equilibrium temperature larger than the gas of the quiet atmosphere at the
same geometrical height. The latter indeed only receives the continuum radiation
coming from layers at a temperature of ∼ 6400 K, further absorbed in the denser
non-magnetic atmosphere. This effect is known as “radiative channeling” (Cannon
1970, Steiner and Stenflo 1990) or “radiative illumination” (Knölker et al. 1988,
1991), and leads to a shallower temperature gradient within than without the flux
tube. In turn, this accounts for the apparent enhanced brightness contrast of mag-
netic elements when observed in spectral line cores (see Sect. 1.2.3).

Note that the efficiency of the lateral heating is restricted to dimensions of the order
of the photon mean free path in the photosphere, ∼ 100 km, as wider tubes would become
laterally optically thick and thus prevent the lateral radiation to travel across. This is
the reason why BPs (not necessarily faculae) are associated with small flux tubes, and
larger flux concentrations like spots or pores appear dark. It should be noted that the
above considerations set no lower limit on the width of flux tubes to appear bright (as
for infinitesimal width the internal temperature would equal the exterior temperature at
the same geometrical depth). However, lower size limits for flux tubes in concentrated
form (with kG strength) can be derived from theoretical considerations concerning their
formation mechanism (see for instance Venkatakrishnan 1986).

15There is a steep temperature gradient in the photosphere due to the opacity gradient caused by the H−
ions, such that from the thermal point of view, a magnetic element is much like a hole in a hot and opaque
material.
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T1 < T2 < T3

Figure 1.10: Schematics of the different factors contributing to the thermal structure
of a magnetic element (left), and (right) the ensuing thermal structure (courtesy Oskar
Steiner). The red lines depict isotherms. The green dots are meant to guide the eye ac-
cross the isotherms at equal geometrical depth, while the blue dots are for equal optical
depth.

LOS

Figure 1.11: Left: Schematics of the thermal structure of the magnetic elements with
a vertical line of sight. Right: The corresponding relative intensity profile showing the
enhanced brightness over the magnetic element, with the double humps corresponding to
the locations where the τ = 1 line almost reaches the T3 isotherms (hot walls) on the left
panel (courtesy Oskar Steiner).

1.3.3 BPs vs. faculae: the “hot-wall” picture

Why do magnetic elements appear different at disk center and near the limb? To give an
answer, we have to “look” at the thermal structure depicted above, while considering the
effects of the line-of-sight (LOS) inclination with respect to the axis of the magnetic flux
concentration.

When looking at a magnetic element from overhead, which happens mostly at disk
center (assuming a vertical flux tube), the radiation we receive mainly originates from
the bottom of the optical depth unity depression. According to Sect. 1.3.2, the magnetic
element is hotter there than in its surroundings at equal optical depth. Owing to this
temperature difference, the magnetic element appears brighter giving rise to a “Bright
Point” 16, as sketched in Fig. 1.11.

16In observations, however, the finite spatial resolution often “blurs” the continuum contrast of BPs
to neutral or even negative values. Broad-band filtergrams, in which the contrast of BPs is particularly
enhanced, are thus more commonly used to observe BPs (see Sects. 1.2.3 and 1.3.4).
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Figure 1.12: Illustration of the hot
wall effect by Spruit (1976), with
the limbward wall of the flux tube
becoming visible as the observer
looks out of disk center with an in-
clined LOS.

The mechanisms responsible for the phenomenon of faculae are somewhat more com-
plex. Mainly four effects are thought to contribute to the appearance and brightness of
faculae near the limb:

1. Hot wall visibility: As first proposed by Spruit (1976) (schematized in Fig. 1.12),
when observing closer to the limb and thereby inclining the LOS with respect to the
vertical flux tube, its hot wall becomes more visible while its bottom gets hidden
(shadowed by the foreground granule). This bottom obscuration naturally explains
the disappearance of BPs towards the limb.

2. Wall temperature: The wall temperature is larger than the bottom temperature (see
e.g. Knölker et al. 1991, and Fig. 1.10, where the bottom has temperature T2, while
the walls reach T3), since the former is heated up by convection, whereas the bottom
lies in an evacuated atmosphere where convection is quenched (cf. Sect. 1.3.2).

3. Optical depth shift: As we look closer to the limb, our inclined LOS traverses a
thicker atmosphere. As depicted in the bottom panel of Fig. 1.13, this causes the
optical depth unity level to shift upwards, where the temperature difference between
the interior and the exterior of the tube is even larger (due to the flatter temperature
gradient inside). This is in fact nothing else than the limb darkening effect combined
with the temperature structure of the magnetic element. Together with the larger
temperature of the wall with respect to the surroundings, this effect qualitatively
accounts for the contrast increase of faculae towards the limb.

4. Transparency of the flux tube: On the limbward side of the flux concentration, the
granular material “sees a more transparent sky” in the direction toward the flux
concentration then on the opposite one (Steiner 2005). This causes faculae to have
larger apparent sizes (with sizes often larger than BPs, see Sect. 1.2.4) than the mere
projection of the flux tube wall, as well as facular profiles to exhibit an extended
limbward tail as in Fig. 1.13.

In short, we could summarize by stating that faculae are the result of the enhanced
view on the hot granular material behind the flux tube as the LOS peers through the
latter. Note that when observing closer to the limb, the LOS is actually directed toward
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CenterwardLimbward

Figure 1.13: Top panel: Comparison of BP and facula contrast profile in orange and red
respectively, obtained from a 2D MHS thin flux tube calculated by Steiner (2005). The
contrast is defined as I/Iquiet − 1, where Iquiet is the mean intensity outside the flux tube.
The abscissa is the unprojected horizontal distance. Bottom panel: Corresponding flux
tube with optical depth unity for a vertical LOS in red (BP case), and an inclined LOS in
orange (facula case).

the granule on the limb side of the magnetic element, whence the generally observed
limbward orientation of faculae.

Hence, by combining thermal and geometrical effects, the “hot-wall” picture pre-
sented above gives an explanation for most observational facts about BPs and faculae,
namely their different appearances, the progressive disappearance of BPs in favor of fac-
ulae toward the limb, the CLV of facular contrast and the orientation of faculae. However,
the peculiar appearance of faculae as illuminated granules (as well as the mismatch of the
diverse measurements of facular contrast CLV) led to some controversies, and an alter-
native “hot-cloud” model was also considered, in which hot material was thought to be
lifted above the photosphere by upflows in the flux tube, in order to account for the large
extension of faculae close to the limb and their “hillock” diffuse appearance (Schatten
et al. 1986). But as the hot-wall picture further received recent support from comprehen-
sive 3D MHD simulations (attributing the facular brightness to a deeper view inside the
hot limbward wall due to the opacity depression, Keller et al. 2004, Carlsson et al. 2004),
it is the most generally accepted model of these phenomena. However, as will be pointed
out in Sect. 1.3.6, we are still a long way from having a complete theory of faculae in our
hands, predicting the contrast and appearance of realistic magnetic flux concentrations as
a function of their size, inclination and field strength, in agreement with the observations
(Steiner 2007).

1.3.4 Contrast in G-band and CN-band

The use of proxy magnetometry has stimulated much theoretical effort with the aim of
understanding the prominent contrast enhancement of magnetic features in G-band rela-
tive to continuum. Hand-wavingly, the contrast in a given spectral band depends on the
ratio between the temperatures of the magnetic element and its surroundings, at the for-
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mation heights corresponding to that spectral band (assuming LTE, whereby the intensity
is a function of the temperature only). The problem then consists of determining, by way
of atmospheric models and radiative transport calculations, the formation heights of the
G-band radiation inside and outside the flux tube and the associated temperatures, and to
compare with the case of continuum radiation. Rigorously, the emerging G-band spec-
trum has to be calculated and further integrated to retrieve the corresponding intensities.

As discussed in Sect. 1.3.2, the magnetic element is hotter than the surrounding pho-
tosphere at equal (vertical) optical depth, which explains the positive contrast in contin-
uum and in G-band separately. According to “conventional wisdom” (Rutten 1999), the
G-band contrast enhancement (compared to continuum) could be explained by solely con-
sidering the shallower temperature gradient inside the magnetic element (due to radiative
channeling, c.f. Sect. 1.3.2) than in the quiet surroundings. Assuming that the absorbtion
in the many CH lines of the G-band causes the radiation to escape from higher up than for
the continuum, the different temperature gradients would thus increase the temperature
difference between the internal and external atmospheres at equal optical depth.

Yet another effect comes into play due to the temperature sensitivity of the CH lines.
Radiative transfer calculations across plane-parallel and semi-empirical flux tubes atmo-
spheres have revealed a significant weakening of the CH lines in the emerging G-band
spectra (Steiner et al. 2001, Rutten et al. 2001). This was attributed to the depletion
of CH molecules within the deep and hot photospheric layers of the magnetic element,
caused by their dissociation (which was already conjectured by Berger et al. (1995) on
the basis of his G-band observations). This conclusion was further confirmed by self-
consistent three-dimensional radiative simulations, including nearly 300 CH and atomic
lines and non-grey radiative transfer (see Sect. 1.3.6), showing the reduced CH density at
the location of the G-band bright magnetic flux concentrations, as a consequence of their
higher temperature and lower density compared to their weakly magnetized surroundings
(Schüssler et al. 2003). These studies further demonstrated that the reduced CH abun-
dance inside the tube yields a geometrical shift of the optical depth scale at the center of
any CH line, down to almost the continuum formation height. As a consequence, the line
is formed over a height range of only ∼ 40 km inside the magnetic flux concentrations
(compared to 180 km outside), which implies that the effect of the reduced CH absorbtion
largely dominates over the effect of different temperature gradients.

It should be noted that all the aforementioned calculations were carried out under
the assumption of local thermodynamical equilibrium, whereby molecular dissociation is
dominantly collisional. This was justified by Sánchez Almeida et al. (2001), who demon-
strated that radiative photodissociation only plays a minor role for the CH abundance.

Hence, the enhanced contrast in the G-band is mainly due to the high temperature
sensitivity of the CH lines, which in turn owes to the low dissociation potential of the
CH molecule (3.5 eV). Another diatomic molecule, CN, is susceptible to behave very
similarly, and observations of magnetic elements in the CN band-head can exhibit even
superior contrast (see Zakharov et al. 2007, for more details). In a comparable way,
the absorbtion lines of neutral atoms are more temperature sensitive than ionized species
because of their low ionization and excitation potentials (Chapman and Sheeley 1968).
But the considerable advantage of the G-band and CN band for proxy magnetometry lies
in their relatively low formation height above the continuum formation layers, and the
presence of densely packed absorbtion lines over a wide spectral window. This allows the
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1 The small-scale magnetic features and their radiative signatures

same granulation pattern to be seen as in the continuum without loss of resolution, and
permits wide-band observations with large photon flux and short exposure times.

1.3.5 Formation mechanisms and dynamics

So far, we have presented the physics underlying the properties of quasi-static flux tubes
assumed to be already in a “concentrated” form. But how are such strong flux concentra-
tions produced in the photosphere?

To start with, the magnetic field can be concentrated by the action of convective
plasma flows, a mechanism referred to as flux expulsion. Owing to the large conductivity
in the photosphere (between 1 and 1000 A/Vm, see Stix 2004), the field lines indeed be-
have as if they were firmly attached to the fluid and the field is said to be frozen into the
plasma. This is, strictly speaking, the statement of the “Walén’s theorem” which holds in
ideal MHD, i.e. neglecting magnetic diffusivity (this is justified in the photosphere, where
the magnetic Reynolds number reaches values of Rm ∼ 100−1000, such that the diffusive
decay term can be neglected compared to the advection term in the induction equation).
As a consequence, converging flows are capable of flux concentration, and such flows
occur at the borders of granules and supergranules due to their convective action 17, as
illustrated in Fig. 1.14. The flux expulsion mechanism thus provides a qualitative expla-
nation for the concentration of the field in the magnetic network and in the intergranular
lanes. However, it can only concentrate the field until the back-reaction of the Lorentz
force balances the inertial force of the flow, or equivalently until an equipartition between
the magnetic energy density and the kinetic energy density is reached, namely:

1
2
ρu2 =

B2
eq

8π
(1.2)

where u is the typical speed of the granulation flows, ∼ 2 km s−1, corresponding to a field
strength Beq ∼ 400 G...too low in comparison with the kG strengths of magnetic elements
deduced from observations!

To reach kG field strengths, we need further concentration through the so-called con-
vective intensification mechanism. I will describe it here in rough “hand-waving” terms,
while referring to original manuscripts (e.g. Parker 1978, Webb and Roberts 1978, Spruit
1979, Venkatakrishnan 1985, Hasan 1985, Grossmann-Doerth et al. 1998, Rajaguru and
Hasan 2000) and the reviews of Schüssler (1992) and Steiner (2003) for a rigorous treat-
ment. The problem with the flux expulsion picture is that the energy balance is incom-
plete, as it does not take into account radiative fluxes and ensuing thermal effects. If these
are considered, the flux tube atmosphere is found to cool down during its formation due to
radiative losses and the progressive suppression of convective motions. This results in a
cooler and denser inner material that sinks down leaving an evacuated atmosphere behind.
In parallel, this engenders a decrease of the internal gas pressure and the contraction of
the tube, whose field lines are pushed together under the pressure of the external gas. This
intensification eventually stops when the flux tube reaches both a mechanical equilibrium

17Rigorously, we cannot neglect completely diffusive effects as the concentration proceeds in the inter-
granular lanes, because the field lines have to “detach” themselves from the flow if a stable flux concentra-
tion is to be formed.

28
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Figure 1.14: Sketch illustrating the flux expulsion mechanism by the converging flows of
granulation and supergranulation cells.

(horizontal pressure balance, cf. Sect. 1.3.1) and a thermal equilibrium (steady-state
between lateral heating and radiative losses).

It should be noted that the distinction between the flux expulsion and convective in-
tensification processes is a theoretical abstraction, to better put in evidence the different
aspects related to them. In the real Sun though, as well as in simulations carrying out
a full momentum and energy treatment, these processes are found to act in parallel 18

(Schüssler 1990, Vögler et al. 2005). To date, there are only few observational confirma-
tions of the predictions associated with the convective intensification phenomenon, either
indirectly (by demonstrating the strong field strength-size dependence for the small flux
tubes Solanki et al. 1996) or directly (on a single case though, c.f. Nagata et al. 2008).
This is probably because of its short timescale, and because of the difficulty to disentangle
it from the flux expulsion.

Finally, since all magnetic structures have finite lifetimes, their flux must decay. The
decay of flux tubes is easily conceived by invoking magnetic diffusion due to the finite
resistivity of the plasma, although other flux tube instabilities can also play a role (see
Schüssler 1992). But probably the most common form of decay (in regions of mixed
polarity at least, as it is often the case in the magnetic network), is the cancellation of
opposite polarity fluxes through magnetic reconnection (with release of magnetic energy),
creating loops below or above the surface (e.g. Spruit et al. 1991). Flux cancellation
events have been observed in time series of magnetograms both in the quiet Sun and in a
decaying active region, and it was deduced that it could be among the most frequent decay
mechanisms (Martin et al. 1985, Livi et al. 1985). Even though these observations report
a decrease of net flux, it should be stressed that reconnection cannot destroy field lines

18In this sense, the original terminology of “convective collapse” or “convective instability” can be mis-
leading.
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Figure 1.15: Schematics of the convective intensification process, by Schüssler (1992).
Left: flux expulsion by the horizontal granular flows. Middle: inhibition of convective
motions by the building-up of magnetic forces and ensuing cooling-off and downflow of
cool material. Right: contraction of the flux tube under the external pressure.

but only alter the configuration of the magnetic field. Yet a destruction/removal of field
lines must occur, otherwise the continuous emergence of “fresh flux” would engender an
ever increasing field strength at the surface. But how exactly that happens is still an open
question in solar physics (Stenflo 2008).

1.3.6 MHD radiative simulations

Because the only system of equations (relevant for flux tubes) that can be treated ana-
lytically are the MHS TFA equations (without radiative transfer), one has to turn to nu-
merical treatments of the MHD equations in order to have any predictive power on the
thermal structure and dynamics of flux tubes. Two approaches have been undertaken so
far, namely in 2D and 3D.

2D simulations were carried out first as they are computationally less intensive, with
the advantage that more grid points can be included. Such models were able to extract
most of the thermal properties of flux tubes (cf. Sect. 1.3.2). Moreover, by calculating the
emerging intensity for various LOS inclinations, they were able to reproduce qualitatively
the observed contrast profiles of BPs and faculae and the increasing contrast toward the
limb (Deinzer et al. 1984, Knölker et al. 1988, Steiner and Stenflo 1990, Knölker et al.
1991, although there was still a large discrepancy between the observed and synthetic
peak contrasts). More recently, numerical developments allowed realistic non-stationary
convective motions to be reproduced, and revealed a very dynamic interaction between the
convection and the flux tubes (Steiner et al. 1998, Steiner 2005), provoking the bending
back and forth of the latter, referred to as “swaying motion” 19. However, the above 2D
simulations did not reproduce the formation processes of the flux tubes (either due to the
MHS assumption or due to the closed lower boundary of the box), as the flux sheets were

19Although the observation of bright facular striations (De Pontieu et al. 2006) indirectly supports such
swaying motions, there is not yet a direct observational evidence for it. Moreover, these motions seem not
as strong in 3D simulations, presumably because the mass flow in the third dimension reduces the inertial
force of the flow in the direction towards the flux tube (owing to mass conservation).

30



1.3 Basic theoretical concepts

Figure 1.16: Simulation snapshots of continuum integrated intensity (left) and LOS-
component of the magnetic field (right), for an initial mean field value of 200 G (courtesy
Manfred Schüssler).

introduced ab initio 20.
Today’s state-of-the-art MHD simulations are carried out in a 3D computational do-

main, covering a height range from an almost completely convective atmosphere (800 km
below τ = 1) to a completely radiative one up to the temperature minimum (∼ 600 km
above τ = 1), including diffusivity and non-grey radiative transfer (Vögler et al. 2005).
A major success of these simulations was the ability to reproduce self-consistently the
formation of magnetic elements, in a way that is consistent with the expected properties
form the flux expulsion and convective intensification (although these processes cannot
be separated in the simulations). The simulations typically start with an initial verti-
cal unipolar homogeneous magnetic field through the box, and let the time run until a
quasi-steady state is reached (in a statistical sense) after several granular turnover times.
Fig. 1.16 presents snapshots of continuum integrated intensity and LOS-component of
the magnetic field, for an initial mean field value of 200 G, an appropriate value to sim-
ulate active regions. Note the close correspondence between the integranular continuum
bright features and the presence of magnetic field. Their complex fluid-like appearance
is a consequence of the self-consistent treatment of their formation mechanisms, thereby
not limiting their configuration to cylindrical or slab flux tubes.

Another success of these simulations was their ability to realistically reproduce the
appearance of disk center BPs (Schüssler et al. 2003, Shelyag et al. 2004) and limb fac-
ulae (in continuum and G-band, Keller et al. 2004, Carlsson et al. 2004) by solving the
radiative transfer along inclined rays. Fig. 1.17 compares such a radiative output with
corresponding observations for a LOS inclination of 60◦. As can be seen, the simulations
and observations agree very well, confirming further the “hot-wall” model of faculae.
However, quantitative disagreements remain with the observations regarding the contrast
and the size of faculae, as well as their typically observed “striated appearance”.

A future challenge expecting theoretical work will be to reproduce the observed mag-
netic features at intermediate heliocentric angles between the disk center and the limb,
their CLV of contrast and the variation of their appearance, as well as the observed mix-

20Except in one study dedicated to reproduce the convective intensification (Grossmann-Doerth et al.
1998), where the lower boundary condition was relaxed to permit free in- and outflow of gas.
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<B> = 400G

<B> = 200G

Figure 1.17: Comparison of simulated images of faculae with observations for an helio-
centric angle of 60◦, at a continuum wavelength of 488 nm (Keller et al. 2004). Upper
panel: Observed image of Lites et al. (2004). Middle: Simulated image for an average
vertical field of 400 G. Bottom: average vertical field of 200 G.

ture of BP-like and faculae-like features at intermediate heliocentric angles (see Sect. 1.4
and Chapter 2).

1.4 Observational contraints and goals: more CLV !

The challenging vision in the physics of magnetic elements is to determine the physical
parameters (atmospheric and observing conditions) responsible for the observed contrast
and appearance (whether BP or facula) of a magnetic element: e.g. flux tube size and
topology, granule geometry, field strength and inclination, spatial resolution, wavelength
and heliocentric angle. The way towards such an understanding necessarily resides in an
interplay between observation and theory.
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On one hand, the 3D simulations briefly described in Sect. 1.3.6 seem to contain most
of the physics to mimic the observations qualitatively and reproduce realistic magnetic
structures at disk center and near the limb. Yet they still fail in matching the observed
contrast values, and there has been no attempt to compare the appearance of simulated
features with observed ones at intermediate heliocentric angles. Likewise, there has been
to our knowledge only one study computing the apparent contrast CLV from simulation
snapshots so far (Zakharov 2006). On the other hand, these models require more con-
straints in order to be validated, to compare between different alternatives, and thereby to
make progress. To do so, we must extract more observational constraints, in particular at
different heliocentric angles (since quantitative comparisons have been mostly performed
at disk center and at μ ∼ 0.6). To obtain such constraints was the major goal of this thesis.

We can think about a quantitative constraint as the measurement of an observable
under given conditions (e.g. the mean field stength in an active region at a given resolu-
tion), or better, the retrieval of a relationship between two observables. In this respect, the
CLV of contrast represents a valuable constraint, inasmuch as it suits the vision discussed
above, can be computed for flux tube models (cf. Sect. 1.3.6), and provides a simple
relationship between emergent intensity and emission angle. Therefore the measurement
of contrast CLVs has been and is still a standard problem of solar physics. However, these
measurements are subtle as the contrast depends on almost all atmospheric parameters!
Statistical approaches would thus be required, in which the contrast is measured and aver-
aged for a fixed range of atmospheric parameters (e.g. in active regions, for a given range
of field strength, filling factor etc.). The output would then be comparable to a simulated
one under the same conditions.

The problem with previous CLV measurements, besides their mutual discrepancies
(cf. Sect. 1.2.4), is the lack of information about atmospheric parameters. Up to now,
only few studies have sorted the contrast in ranges of magnetic flux (Topka et al. 1997,
Ortiz et al. 2002, Berger et al. 2007), but there is no CLV yet that benefits from a more
complete characterization of the atmosphere, e.g. by inverting simulateously observed
polarimetric maps. In addition, the observing conditions are often not specified or only
partially known: the spatial resolution is often poor and is fluctuating in ground-based
data, and the images suffer from unkown amounts of straylight. All this leads to a problem
of reliability for quantitative comparison with simulations.

As the appearance of magnetic elements also varies from center to limb (Sect. 1.2.4),
a new type of constraint one can think of is a CLV of the relative distribution of BPs and
faculae, which would quantify the general change of appearance of magnetic elements
with heliocentric angle. As simulations are now able to realistically reproduce the ap-
pearance of magnetic elements at disk center and near the limb, this would provide an
appropriate constraint to compare the appearances and the distribution of BPs and faculae
at intermediate heliocentric angles as well. By the same token, it would contribute to
clarify the relationship between BPs and faculae, a question that was never completely
resolved (cf. Sect. 1.2.4 and Chapter 2). Such a constraint has not been obtained before,
as it requires the development of statistical methods to sort BPs and faculae in images.
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Goals of this work

This thesis work has been dedicated to work towards the constraints mentioned above,
i.e.:

1. a CLV of the relative distribution of BPs and faculae in high-resolution images,
through the development of an appropriate statistical technique (Chap. 2),

2. a statistical analysis of the contrast and morphology of the obtained populations of
BPs and faculae at various heliocentric angles (Chap. 3),

3. a CLV of contrast in seeing-free images (free of straylight) at a given visible contin-
uum wavelength, as a function of magnetic parameters (inclination, field strength
and filling factor) inferred by inversions of Stokes spectra (Chap. 4).

While doing so, this work also attempted to indirectly shed light on two related fun-
damental questions:

• Do bright features near the limb (i.e. faculae) correspond to the same flux concen-
trations as BPs near disk center?

• Over the range of heliocentric angles in which the presence of BPs and faculae
overlap, what physical phenomena cause the apparent mixture of BPs and faculae?

The first question is indeed tightly related to the topic of Chap. 4, namely the dependence
of the brightness of the magnetic features on their physical parameters, at different helio-
centric angles. While Chap. 2 presents a framework in view of studying the properties of
BPs and faculae separately, Chap. 3 provides some clues to the relationship between BPs
and faculae via the study of their photometric properties.
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2 Discriminant analysis and
classification of bright points and
faculae

While photospheric magnetic elements appear mainly as Bright Points (BPs) at disk center
and as faculae near the limb, high-resolution images reveal the coexistence of BPs and
faculae over a range of heliocentric angles. This is not explained by a “hot wall” effect
through vertical flux tubes, and points that the transition from BPs to faculae needs to
be quantitatively investigated. To achieve this and in view of studying the properties of
BPs and faculae separately, we made the first attempt to discriminate BPs and faculae,
by developing a statistical classification approach based on Linear Discriminant Analysis
(LDA). This Chapter gives a detailed description of our method, and shows its application
on high-resolution images of active regions to retrieve a Center-to-Limb Variation (CLV)
of the relative number of BPs and faculae.

2.1 Introduction

When imaged at high spatial resolution, the solar photosphere discloses a myriad of tiny
bright features, primarily concentrated in active regions and outlining the borders of su-
pergranules in the quiet Sun (forming the “magnetic network”). Near disk center, they
appear mainly as “Bright Points” (BPs) or “filigree” (Dunn and Zirker 1973, Mehltretter
1974), i.e. roundish or elongated bright features located in the intergranular downflow
lanes (Title et al. 1987), particularly bright when observed in the Fraunhofer’s G-band
(Muller and Roudier 1984, Berger et al. 1995, Langhans et al. 2002). Near the limb, they
resemble more side-illuminated granules called “faculae” or “facular grains” (e.g. Muller
1975), herein considered as individual small-scale elements (Hirzberger and Wiehr 2005),
as opposed to facular patches visible on the white light full disk (see Rogerson 1961, for
instance). The close association of BPs and faculae with magnetic-field indicators such
as chromospheric Ca II emission suggests that they are related phenomena (Mehltret-
ter 1974, Wilson 1981), both associated with small-scale kG flux concentrations (Stenflo
1973). These so-called “magnetic elements” are considered as the basic building blocks
of the photospheric magnetic activity (see Schüssler 1992, Solanki 1993, for reviews),
whence the importance of understanding their fundamental physics. High-resolution
imaging of BPs and faculae is an essential tool in this respect, inasmuch as localized
bright features can be used as “proxies” of these magnetic elements (Solanki et al. 2006).
Besides, much of the interest in faculae has been justified by their major role in producing
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the total solar irradiance variation (Lean and Foukal 1988, Fligge et al. 1998, Walton et al.
2003, Krivova et al. 2003).

The peculiar appearance of BPs and faculae as well as their different distribution on
the disk raises questions about their physical origin and mutual relationship. The stan-
dard models accounting for both these phenomena describe BPs and faculae as distinct
radiative signatures of strongly evacuated thin flux tubes (to maintain horizontal pres-
sure balance in the “thin flux tube approximation”, Schüssler 1992), arising from dif-
ferent viewing angles. When the line of sight is nearly vertical, the radiation mainly
escapes from the laterally-heated “floor” of the optical depth depression, giving rise to
a BP, whereas an inclined line of sight provides an enhanced view on the “hot wall” of
the tube, leading to the bright granular appearance of faculae (“hot-wall” model, Spruit
1976, Knölker et al. 1988, 1991, Steiner 2005). This simplified picture has been verified
in its salient points by recent comprehensive 3D MHD simulations including diffusivity
and non-grey radiative transfer, with computational boxes of 6 Mm side length covering
a height range from an almost fully convective regime up to the temperature minimum
(Vögler et al. 2005). A major success has been the ability to qualitatively reproduce BPs
near disk center (Schüssler et al. 2003, Shelyag et al. 2004) and faculae closer to the limb
(Keller et al. 2004, Carlsson et al. 2004), thereby confirming the basic hot-wall model to
first order. However, quantitative disagreements with observations still remain regarding
the contrast, the size and the striated appearance of faculae (Keller et al. 2004, Steiner
2007). Furthermore, images with the highest spatial resolution reveal the presence of
BPs away from disk center, and of facular elements even close to disk center (Hirzberger
and Wiehr 2005, Berger et al. 2007). Such mixtures of BPs and faculae at several helio-
centric positions is not explained by the hot-wall picture considering vertical flux tubes,
and seems not apparent in the simulated synthetic images (cf. Discussion in Keller et al.
2004). Although granular brightenings at disk center have been partially associated with
parcels of rising material (Berger and Title 2001), some of them definitely exhibit facular
appearances. Further, it is not clear either whether the BPs and faculae seen at different
heliocentric angles are associated with similar magnetic structures, or rather with different
structures prone to selection effects (Lites et al. 2004, Solanki et al. 2006). This shows that
the transition from BPs to faculae is not clearly understood, and current models aiming at
reproducing BPs and faculae would benefit from a quantitative study of the distribution
of these features on the disk.

To tackle these issues, a necessary step is to sort the BPs and faculae observed at
various disk positions, in order to treat them separately. The approach proposed here is the
first attempt in this direction, and relies on Linear Discriminant Analysis (LDA) (Fischer
1936) as a basis to “classify” features as BPs or faculae. Our method makes use of purely
photometric information, so that it only distinguishes the features appearing as BPs or as
faculae. We applied this method to high-resolution images of active regions, covering a
range of heliocentric angles where the transition from BPs to faculae is expected. This
allowed us to retrieve, for the first time, an estimate of the center-to-limb variation of the
relative amount of both features, and thereby to quantitatively grasp how the appearance
of magnetic elements varies from center to limb.

Multivariate classification techniques have been earlier fruitfully applied in astron-
omy to stellar spectra (Kurtz 1984, Egret et al. 1984, Heck et al. 1984, Rampazzo et al.
1988) and faint objects (Jarvis and Tyson 1981), for the star-galaxy separation in im-
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ages (Kurtz 1983, Sebok 1979, Malagnini et al. 1985), the interpretation of photometric
catalogs (Heck 1976), the discrimination of pulsar types (Fracassini et al. 1984) and of
Gamma Ray Burst classes (Mukherjee et al. 1998), the detection of cosmic ray hits on
the HST CCDs (Murtagh and Adorf 1992) and the taxonomy of galaxy morphologies
(Huertas-Company et al. 2008) (see also the general review by Heck and Murtagh 1989).
In the framework of solar physics, although multivariate techniques such as Principal
Component Analysis (PCA) and Cluster Analysis have been used for the denoising of
Stokes spectra and for sunspots, the application of Discriminant Analysis itself has been
up to now restricted to identify the set of conditions triggering solar flares (in the aim of
“probablistic flare forecasting” Smith et al. 1996, Leka and Barnes 2003, Barnes et al.
2007), and in terrestrial connection to assess the reality of the response at the Earth’s sur-
face to the solar cycle (Tung and Camp 2008). But in none of these cases the purpose was
to perform classification of features. Therefore, this paper gives a detailed description of
our classification method, and by the same token provides a concrete example of linear
discriminant analysis to solar data. Among other potential applications in solar physics,
we mention the taxonomy of flares and the separation of chromospheric BPs and cosmic
ray spikes on wavelet-analyzed images (Antoine et al. 2002).

The structure of this Chapter reflects the path taken to resolve the classification prob-
lem. Section 2.2 describes the original dataset processing, and the automated segmen-
tation method by which bright features were detected at each disk position. Section 2.3
contains an outline of the classification scheme while briefly presenting the principles of
LDA, and gives a detailed report of how this technique can be applied to a selected sample
of BPs and faculae in order to derive a single discriminant variable, based on which a sim-
ple classification rule can be built. Section 2.4 then deals with the actual classification of
all the segmented features and justifies the approach from a methodological standpoint,
while Sect. 2.5 interprets the results physically and discusses the pros and cons of the
method as well as its applicability. Finally, Sect. 2.6 summarizes the obtained results and
gives future directions for such work.

2.2 Image processing and segmentation

2.2.1 Dataset processing

The original dataset consists of simultaneous G-band (430.5 ± 0.5 nm) and nearby con-
tinuum (436.3 ± 0.5 nm) images recorded at the 1m Swedish Solar Telescope (SST, La
Palma), on 7th and 8th September 2004. They cover active regions at seven disk posi-
tions in the range 0.56 ≤ 〈μ〉 ≤ 0.97, where μ ≡ cosθ, θ is the heliocentric angle and 〈μ〉
corresponds to the center of the respective field of view (FOV), equivalent to the mean
μ over the whole FOV (cf. Table 2.1). This range of disk positions contains both BPs
and faculae, and is thus well-suited to investigate their transition. Note that the highest
latitude of our images is 17◦, thereby excluding polar faculae from the present analysis
(Okunev and Kneer 2004, Blanco Rodríguez et al. 2007). Because our study requires the
highest spatial resolution in order to resolve individual BPs and faculae, the dataset was
restricted to the one to three best image pairs at each disk position (obtained at peaks of
seeing), which were kept for further processing and analysis (see Table 2.1).
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Table 2.1: Dataset specifications: (μmin, μmax) indicates the μ coverage of the images, after
their rotation along the disk radius vector pointing towards the closest limb. FOVeff is the
effective field of view once the spots and pores have been masked out. The number of
image pairs selected for processing and analysis is given in the last column.

Date NOAA 〈μ〉 (μmin, μmax) FOVeff [arcsec2] # of pairs
07-Sept-2004 0669 0.97 ± 0.003 (0.963, 0.977) 2034 1
07-Sept-2004 0671 0.78 ± 0.008 (0.75, 0.8) 2135 1
08-Sept-2004 0670 0.97 ± 0.003 (0.963, 0.976) 1906 1
08-Sept-2004 0667 0.937 ± 0.003 (0.928, 0.945) 1027 2
08-Sept-2004 – 0.9 ± 0.005 (0.882, 0.916) 2400 1
08-Sept-2004 0671 0.63 ± 0.01 (0.58, 0.67) 1923 3
08-Sept-2004 0671 0.6 ± 0.01 (0.55, 0.64) 1763 2
08-Sept-2004 0671 0.56 ± 0.01 (0.51, 0.6) 1904 1
13-Aug-2006 0671 0.77 ± 0.008 (0.763, 0.776) 566 1

For the selected image pairs, phase-diversity reconstruction allowed a roughly con-
stant angular resolution to be achieved, close to the diffraction limit (∼ 0.′′1 at 430 nm).
The reconstructed simultaneous image pairs (G-band and continuum) were aligned and
destretched using cross-correlation and grid warping techniques (courtesy P. Sütterlin).
The direction of the closest limb was found by comparison with roughly co-temporal
SOHO/MDI full disk continuum images, and the images were divided by the limb dark-
ening μ-polynomial of Neckel and Labs (1994) at the nearest tabulated wavelength (427.9
nm). For each image pair, the contrast C was then defined relative to the mean intensity
〈I〉QS of a quasi-quiet Sun subfield (of area ranging from 44 to 114 arcsec2, depending
on the image) as C = (I − 〈I〉QS)/ 〈I〉QS. The G-band and continuum contrast are here-
after denoted CG and CC, respectively. To enhance the segmentation process (see Sect.
2.2.2), we applied a high-pass spatial frequency filter to remove medium and large-scale
fluctuations of the intensity (with observed spatial scales between 5 and 30′′), presumably
attributable to p-modes, supergranular cell contrasts, straylight and residual flat-field ef-
fects. The Fourier filter was of the form f (k) = 1 − e−a2k2

, where k is the modulus of the
spatial frequency, and the parameter a was set to have a cut-off frequency (F(k) = 0.5)
of 0.2 arcsec−1 and full power (F(k) = 1) at 0.65 arcsec−1 (in accordance with Hirzberger
and Wiehr 2005). Finally, sunspots and large pores featuring umbral dots were masked
out, together with their immediate surrounding granules. This prevents the contamination
of BPs/faculae statistics by features of a different physical nature. Figures 2.1 and 2.2
show examples of G-band images at 〈μ〉 = 0.97 and 〈μ〉 = 0.6, respectively, in which the
quiet Sun contrast reference and the masked out sunspot and pore areas are outlined.

2.2.2 Magnetic brightenings segmentation

Prior to their classification as BPs or faculae, bright magnetic features at the different disk
positions of our dataset were first detected by a segmentation algorithm. The aims of our
algorithm were twofolds:
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Figure 2.1: G-band image of NOAA 0669 at 〈μ〉 = 0.97 recorded on the 7th September
2004. The dashed lines outline the spot and pore areas masked out for the segmentation.
The “QS Reference” indicates the quasi-quiet Sun subfield chosen as reference for the
contrast. The “Plage” subfield is the one selected for the CG vs. CC diagram shown in
Fig.3.10. The arrow indicates the direction of the closest limb
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Figure 2.2: G-band image of NOAA 0671 〈μ〉 = 0.6 recorded on the 8th September 2004.
The “Plage” area was used for the CG vs. CC diagram plotted in Fig. 3.10.
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1. Detect magnetic brightenings photometrically by comparison of their contrast in
G-band and continuum.

2. Decompose groups of BPs and striated faculae into individual elements by using
Multi-Level-Tracking (MLT, Bovelet and Wiehr 2001, 2003, 2007).

The second point significantly increases the statistics of the study, and relies on the as-
sumption that these elements correspond to distinct magnetic features. This has been
justified for disk center BPs (Berger and Title 2001), while observations of the dynamic
behavior of striated faculae suggest a correspondance with those features (De Pontieu
et al. 2006), the dark striations being associated with sites of lower magnetic field strength
(Berger et al. 2007, Carlsson et al. 2004).

The principle behind point 1 is best illustrated by CG vs. CC scatterplots of a plage
area, shown in Fig. 2.3 (see Figs. 2.1 and 2.2 for the location of the chosen plage sub-
fields). As can be seen in Fig. 2.3, the scatterplot splits into two clearly distinct pixel
distributions. A similar pattern appears in the diagnostics of radiative MHD simulations
of Shelyag et al. (2004), where the upper distribution is shown to be associated with strong
flux concentrations, whereas the lower one corresponds to weakly magnetized granules
(see also Sánchez Almeida et al. 2001, for the comparison of different 1D LTE atmo-
spheres). Moreover, this “non-magnetic” branch has roughly a slope equal to unity at all
disk positions, as granulation does not show any brightness excess in G-band. We can thus
select pixels which are G-band bright and likely to be of magnetic origin by imposing two
thresholds: a G-band threshold CG,t selecting the bright portion of the diagram (dashed
lines in Fig. 2.3), and a threshold Cdiff,t on the contrast difference Cdiff ≡ (CG − CC) (see
Berger et al. 1998, for more details), defining a straight line with slope unity that cuts out
the “non-magnetic” distribution (inclined solid lines in Fig. 2.3). This method is partic-
ularly suited for the detection of bright magnetic features, as the separation between the
“magnetic” and “non-magnetic” branches increases with brightness.

To achieve point 2., we chose a set of closely-spaced MLT levels between CG,t and
CG = 0.7. The interlevel spacing was tuned to 0.02 (similar to Bovelet and Wiehr 2007,
for BPs at disk center) by visual comparison of the segmentation maps with the original
images. This spacing allowed chains of BPs and faculae striations to be resolved, while
avoiding over-segmentation. The structures were then extended down to CG = 0 with two
intermediate levels at CG = 0.1 and CG = 0.05. The extension of structures increases
the segmented area of faculae compared to BPs, allowing its further use as discriminant
parameter (see Sect. 2.3.3). The intermediate levels prevent the merging of BPs with ad-
jacent granules and the clumping of granular fragments when the contrast of intergranular
lanes does not drop below CG = 0. Since a necessary condition for a feature to be se-
lected is to have its contrast maximum above CG,t, no other levels were included between
CG = 0.0 and CG,t to avoid oversegmentation. Likewise, structures of less than 5 pixels
were removed at each MLT level (given the platescale of the images, 0.′′041/pixel, 5 pixels
correspond to the area of a roundish feature with a diameter of 0.′′1, i.e. roughly equal to
the diffraction limit).

The segmentation algorithm then proceeded in two steps: First, MLT was applied
to the spatially-filtered G-band images. In a second step, structures corresponding to
“magnetic” features were selected by requiring them to contain a minimum of 5 pixels
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2 Discriminant analysis and classification of bright points and faculae

Figure 2.3: CG vs. CC scatterplots for selected plage subfields of area approximately
10 × 12 arcsecs2 at 〈μ〉 = 0.97 (left) and 〈μ〉 = 0.6 (right). The exact locations of these
subfields within their respective images are outlined in Figs. 2.1 and 2.2 (rectangles de-
noted “Plage”). The solid line corresponds to the difference threshold Cdiff,t and the dashed
line to the G-band threshold CG,t.

satisfying CG > CG,t and Cdiff > Cdiff,t. A binary map of segmented features was ultimately
obtained for each G-band/continuum image pair.

From Fig. 2.3, one notices that the “magnetic” and “non-magnetic” pixel distribu-
tions overlap more at 〈μ〉 = 0.6 than at 〈μ〉 = 0.97, a tendency that was generally observed
for decreasing 〈μ〉. To avoid the false detection of granules, the G-band threshold must
then be raised as 〈μ〉 decreases, inasmuch as the “magnetic” pixel distribution extends
towards larger values of CG while the “non-magnetic” one reaches lower values (as the
rms contrast of granules decreases towards the limb). To do this consistently, we deter-
mined a CLV of maximum G-band contrasts CG,max of features segmented independently
of the G-band threshold. Specifically, taking one image pair at each disk position, the
features were segmented solely by a safe difference threshold Cdiff,t = 0.1, and the ones
having less than 20 pixels above this threshold were removed (as most non-magnetic de-
tections contain only a few pixels, Berger and Title 2001). A visual count over a portion
of the images yielded an estimate of the remaining fraction of false detections, approxi-
matively 4 %. Under the reasonable assumption that these false detections were as well
the faintest, we adjusted the G-band threshold consistently at all 〈μ〉 to eliminate the ∼ 4
% faintest features (the chosen value of the threshold was actually rounded up, and was
constant throughout the field of view at each 〈μ〉). The values of the features maximum
G-band contrast CG,max as well as the 〈μ〉-dependent G-band thresholds are plotted vs. 〈μ〉
in Fig. 2.4. Hence, at each disk position, the value of the G-band threshold corresponds
to the approximate peak contrast of the faintest features which can safely be considered
magnetic.

Unlike the G-band threshold, the difference threshold Cdiff,t can be set to a unique
value for all disk positions, provided that the slope of the non-magnetic distribution does
not vary with 〈μ〉 in the CG vs. CC diagram. To set Cdiff,t properly, we made use of “test”
data consisting of a single G-band/continuum image pair obtained with the same setup
as our original dataset, but supplemented with SOUP (Lockheed Solar Optical Universal
Polarimeter) Stokes V and I maps, recorded in the wing of the Fe I 6302.5 Å line with a
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2.3 Discriminant analysis

Figure 2.4: Maximum G-band con-
trast values (small crosses) of all
features segmented only with a dif-
ference threshold (Cdiff,t = 0.1) at
each disk position. The dashed
line corresponds to the chosen G-
band threshold removing approx-
imately the 4% faintest features,
which are delimited exactly by the
large crosses.

detuning of 75 mÅ. Except for its speckle reconstruction, the test data were processed as
described in Sect. 2.2.1. Given the value of the G-band threshold for that disk position,
the difference threshold was tuned such as to minimize the fraction of “false” detections.
By considering false detections as having less than 5 pixels with |V/I| ≥ 0.075 (well above
the noise level ∼10−2), the optimal difference threshold was found as Cdiff,t = 0.08. The
corresponding fraction of false detections amounts to roughly 2 %. These test images
were, however, not used further because they were focused on a large sunspot and hence
contain a very small effective field of view (see Table 2.1, 13-Aug-2006). Note that the
imposition of the difference threshold was the only use of the continuum images in this
work. The subsequent analysis was carried out only on the basis of G-band contrast.

Without information about the magnetic field proper, our segmentation has to rely
on purely photometric thresholds, and hence cannot pretend to detect all the magnetic
features. The combined thresholds only aim at detecting a sample of bright features that
is least biased by non-magnetic ones. However, the use of thresholds always implies
the drawback of selection effects. In particular, the G-band threshold will neglect fainter
features, especially low-contrast BPs near disk center (see Title and Berger 1996, Bovelet
and Wiehr 2007, Shelyag et al. 2004), and this effect might be more important as this
threshold is raised towards the limb.

2.3 Discriminant analysis

2.3.1 General scheme and training set

To develop an algorithmic classification method for BPs and faculae, we adopted the
following scheme, that uses Linear Discriminant Analysis (LDA, a statistical technique
first introduced by Fischer 1936) on a reference sample of features:

1. Training set selection: Extraction of a reference sample of features, visually identi-
fied as BPs and faculae.

2. Discriminant parameters definition: Choice of observables taking sufficiently dif-
ferent values for the BPs and faculae of the training set, in order to be of use for the
further discrimination of the rest of features.
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2 Discriminant analysis and classification of bright points and faculae

3. LDA: Determination of a unique variable by linear combination of the chosen pa-
rameters, such that it best discriminates the two classes of the training set.

4. Assignment rule: Imposition of an adequate threshold on the discriminant variable
defined by LDA, separating the BPs and the faculae of the training set.

Ultimately, all the magnetic brightenings detected by the segmentation algorithm can be
classified according to the assignment rule, by measuring their value of the variable de-
fined by LDA. Note that within the presented scheme, the actual role of LDA is “only”
to provide that discriminant variable, from which a genuine assignment rule can be de-
rived. As such, it is thus a purely descriptive dimensionality reduction technique, and its
application requires prior knowledge of the classes membership. Therefore this whole
scheme is based on a selected sample of known classification, commonly referred to as
“training set” or “design set”. In this process, the training set is thus taken as a reference
for the practical definition of the classes, in the sense that all the features are classified
as BPs or as faculae upon their similarity with the training set classes (which is basically
what the threshold assignment rule does). Comprehensive manuscripts about the general
topic of classification can be found in Murtagh and Heck (1987) and Hand (1981) (in-
cluding LDA and other multivariate methods, the use of training sets, and the design of
assignment rules).

Our training set was chosen as a sample of 200 BPs and 200 faculae, obtained by man-
ual selection of 40 features of each at each of five disk positions: {〈μ〉 = 0.56, 0.63, 0.78,
0.9, 0.97} for faculae and {〈μ〉 = 0.63, 0.78, 0.9, 0.94, 0.97} for BPs. Because it is used as
a reference for the classes, the selected sample should be statistically representative of the
actual populations of BPs and faculae (such as would be identified by eye). At each disk
position, care was thus taken to select the most homogeneous mixture of features with
various contrasts and sizes, distributed over the whole field of view.

It should be kept in mind that the problem we are facing is more subtle than a standard
classification one, in that BPs and faculae are possibly not two distinct types of objects,
but the radiative signatures of more or less similar physical entities (magnetic flux con-
centrations) viewed under different angles. Consequently, there may well be no sharp
boundary between the two classes, but rather a continuous transition with a spectrum of
“intermediate features”, having various degrees of “projection” onto the adjacent limb-
ward granules (see Hirzberger and Wiehr 2005, and Sect. 3.3). In addition, we cannot ex-
clude the presence in our dataset of bright features resulting from different magnetic flux
structures (“flowers, ribbons” etc.), and hence unclassifiable as BPs and faculae (Berger
et al. 2004). The concept of classes (and of training set thereof) can nonetheless be in-
troduced to represent the populations of features that would be reasonably identified as
BPs and faculae upon visual inspection. In this sense, the discriminant analysis approach
presented here is only a statistical shortcut to the work of the eye alone, and cannot claim
to classify the intermediate features mentioned above.

2.3.2 Characteristic profiles

As a basis to define discriminant parameters, we considered the spatial variation of the
G-band contrast along a cut made through a BP or a facula. Small-scale magnetic features
are indeed known to exhibit more pronounced signatures in the G-band than in continuum,
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2.3 Discriminant analysis

and such contrast profiles have characteristic shapes when BPs and faculae are cut along
specific directions: radially for limb faculae, and accross the intergranular lane for disk
center BPs (Berger et al. 1995, Hirzberger and Wiehr 2005). The following procedure was
developed to retrieve one characteristic profile per feature, independently of the feature
type and disk position :

First, each feature was oriented in a local coordinate frame x/y as illustrated in Fig.
2.5. The x/y axes were defined such as to minimize the y-component of the feature’s
G-band “contrast moment of inertia” MG,y ≡ ∑CG(x, y)(x − xmax)2, where xmax is the x-
location of the contrast maximum CG,max. To give optimal results on the orientation, the
summation only ran over pixels having CG ≥ 0.5 CG,max, thus involving only the “core
pixels” of the features 1. In practice, the x/y frame was fixed and the minimum of MG,y

was found by iteratively rotating a small window surrounding the feature with 5◦ steps
(smaller steps did not yield better results, due to the finite number of pixels considered).
Next, contrast profiles were obtained along x and y by averaging the rows and columns of
that window having pixels with CG ≥ 0.9 CG,max (delimited by black lines in Fig. 2.5c).
Such x/y profiles are displayed in Fig. 2.6 in the case of a typical BP (right) and a typical
facula (left). These profiles were further restricted to the contrast range CG > 0 about
CG,max (delimited by the lower “+” marks), such that all profiles share a consistently-
defined reference level CG = 0. Finally, the single characteristic profile for each feature
was found to be the smoothest of the positive contrast-restricted x/y profiles (overplotted
in thick). To quantify the smoothness of the profiles, we counted the number of their local
extrema, eventually adding the number of inflexions in case the number of extrema was
equal in x and y. It should be pointed out that the use of MLT segmentation (by opposition
to a single-clip) is an essential prerequesite for obtaining these characteristic profiles, by
avoiding that pixels from adjacent features contaminate the contrast moment of inertia
and thus spoil the feature’s orientation process.

Owing to the previous orientation of the features (via their contrast moment of inertia),
the characteristic profiles exhibit different shapes for BPs and faculae, and consequently
proved very useful for the extraction of valuable discriminant parameters (see Sect. 2.3.3).
By contrast, profiles retrieved along the disk radius vector (as performed in early stages
of this work) have less characteristic shapes and thus less power to distinguish BPs from
faculae, due to the scatter in the orientation of these features with respect to the radial
direction. As can be seen in the examples of Fig. 2.6, the characteristic profile of the
typical BP is narrower and steeper than the profile of the typical facula. In particular, the
characteristic profile of the facula is indistinguishable from the adjacent granule, as the
contrast varies monotonously from one to the other. We mention the resemblance of the
characteristic profiles of the BP and facula with the observations of Berger et al. (1995)
and Hirzberger and Wiehr (2005), respectively, as well as with the synthetic profiles of
Knölker et al. (1988) and Steiner (2005). It can be noted that the underlying average pro-
file of the facula features a narrow “dark lane”, theoretically predicted and often present in
facular profiles (Keller et al. 2004, Steiner 2005, Lites et al. 2004, Hirzberger and Wiehr
2005). However, these were not ubiquitous in our observations and did not allow us to
derive any useful discriminant parameter, whence the choice to restrict the characteristic
profiles to CG > 0.

1involving pixels with lower contrast yields poorer results, as these are often associated to granulation in
the case of faculae, and thus do not carry information about the orientation of the facular brightening itself.
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2 Discriminant analysis and classification of bright points and faculae
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Figure 2.5: Orientation of an individual feature in its local x/y coordinate frame. a) Zoom
window surrounding the feature in the original G-band image. The cross indicates the
location of the contrast maximum. b) Isolated feature as delimited by the segmentation
map. The pixels having CG ≥ 0.5 CG,max are highlighted in grey, and are used to compute
the G-band contrast moment of inertia. c) Window rotated such that the y-component of
the G-band contrast moment of inertia MG,y is minimum, thereby defining the local x/y
coordinate frame. The rows and columns used to retrieve the average profiles along x and
y are contained between the straight black lines.

Due to finite resolution, straylight, and the partial compensation of spatial intensity
fluctuations by the filter (see section 2.2.1), it is common to find BPs embedded in “grey”
lanes with positive contrast (Bovelet and Wiehr 2007). Upon careful visual analysis of
grey lane-BPs profiles, we identified these grey lanes as contrast depressions with a low
minimum (CG,min ≤ 0.1), separating the BP profile from the adjacent granule profile (hav-
ing a width larger than 0.′′8 · μ, and a maximum contrast above CG,min + 0.07). These
identification criteria were found by trial-and-error, and are consequently tailored for our
particular dataset. As most normal BPs profiles have quasi-linear slopes at their edges,
the sides of profiles featuring grey lanes were linearly extrapolated down to CG = 0. Only
after this could the x and y average profile be properly restricted to positive contrast val-
ues, and their smoothness compared for the adequate retrieval of the characteristic profile.
This linear extrapolation is illustrated in Fig. 2.7 for characteristic profiles of both BPs
and “intermediate features”, indicating at the same time the variety of feature profiles that
can be obtained.

2.3.3 Discriminant parameters

In search of adequate discriminant parameters, we carried out a pilot study by defining
of set of parameters, among which: the peak-to-width ratio, are asymmetry and second
moment of the characteristic profiles, the local contrast relative to the immediate sur-
roundings (similar to Bovelet and Wiehr 2003), and the contrast of adjacent lanes. By
looking at the distribution of the parameter values for the BPs and faculae of the training
set (mean values and standard deviation at each 〈μ〉, see below) as well as their correla-
tion, three roughly mutually independent parameters were eventually found to be good
discriminants for the training set classes. Their definitions are illustrated in Fig. 2.6:

• Δ := width of the characteristic profile at the reference level CG = 0 [arcsecs].
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Figure 2.6: Local frame orientation and G-band contrast profiles and of a typical facula
(left) and a typical BP (right). (Top windows) Orientation of the features in their local x/y
coordinate frames, where the black lines delimit the pixels having CG ≥ 0.9CG,max used
for profile averaging. The white contours obtained from the segmentation map enclose
the area A of the features. (Lower panels) Average G-band contrast profiles along x and
y. The retrieved characteristic profile for the BP and the facula is indicated by the thick
lines. The “+” marks intersecting the reference level CG = 0 (dashed line) delimit the
positive contrast portion of the profiles, and the upper “+” marks indicate the half-max
level CG = 0.5CG,max on the characteristic profiles. The parameters Δ and ∇ are illustrated
on the characteristic profiles of the facula and the BP, respectively. All the x/y profiles
were cubic spline-interpolated by a factor 10, in order to avoid the artificial roughness due
to sampling when choosing the characteristic profile (as the smoothest of the x/y profiles,
see Sect. 3.3).

• ∇ := average slope (from both sides) of the characteristic profile below the half-max
level CG,HM = 0.5CG,max [arcsecs−1].

• A := apparent area of the feature defined by the segmentation binary map [arcsecs2].

We emphasize that the three chosen parameters are defined using relative contrast
levels (CG = 0 and CG = 0.5CG,max). This allows the comparison and classification of
features having different absolute contrast values, in particular avoiding the bias of the
classification results at various disk positions by the contrast CLV (a crucial requirement
if we consider a common training set providing the same classes reference for all disk
positions, see end of this Section).

Fig. 2.8 (left column) shows the mean values and standard deviation of the parameters
A, Δ and ∇ at the different μ-values of the training set. These parameters describe well the
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2 Discriminant analysis and classification of bright points and faculae

Figure 2.7: Characteristic profiles (thick lines) of BPs (a, b) and intermediate features
(c, d) surrounded by one or two “grey” lanes. On the grey lane sides, the characteristic
profiles have been linearly extrapolated from the half-max level (“+”) to CG = 0. From
a) to d), these profiles illustrate the continuous transition between the typical BPs and
typical faculae, for which examples are shown in Fig. 2.6.

different appearances of BPs and faculae for the following reasons. The best discriminant
parameter, Δ, takes greater values for faculae as it encompasses the width of the adjacent
granular profile (as the facular and granular profile are merged together, cf. Fig. 2.6),
whereas BPs are limited to the width of intergranular lanes. The parameter ∇ describes
how steep the contrast drops towards the edges of the profile and has typically larger val-
ues for BPs, which show steep and symmetric contrast enhancements squeezed between
the adjacent granules. To supplement these two profile parameters, the segmented feature
area A has been added to avoid that faculae with small widths (typically lying on small
abnormal granules frequently found in active regions) are classified as BPs. In area these
faculae appear significantly larger.
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2.3 Discriminant analysis

Figure 2.8: Left column: Mean values and standard deviations of the three parameters for
the BPs (“
” and thin bars) and faculae (“�” and thick bars) of the training set vs. disk
position 〈μ〉. The training set does not contain BPs at 〈μ〉 = 0.56 nor faculae at 〈μ〉 = 0.94.
To give an idea of the outliers and the μ distribution of the training set features at each disk
position, individual features values were overdrawn (little “
” for BPs and little “�” for
faculae). The μ values of the individual features was computed by using the 〈μ〉 (center
of FOV) of the corresponding images as reference. Right column: Normalized density
functions (DFs) histograms of the log-transformed parameters for BPs (“
”) and faculae
(“�”), obtained by combining all disk positions of the training set together. Cubic splines
are overplotted for visual clarity and their maxima were used for the normalization of the
histograms.
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2 Discriminant analysis and classification of bright points and faculae

As can be seen from Fig. 2.8 (left column), the parameter values do not vary signif-
icantly with 〈μ〉, as the difference between the largest and smallest mean values over the
whole μ range barely exceed their standard deviations. The relative constancy of width
and area is particularly surprising for faculae, and could be due to a compensation of gran-
ular foreshortening by enhanced radiative escape (Steiner 2005), as well as to the distri-
bution in the orientation of faculae (to be discussed in a forthcoming paper). The relative
invariance of the parameters is nevertheless advantageous, as it justifies performing LDA
on the whole training set at once (all 〈μ〉 together), thus allowing to find a single linear
combination of parameters and a single BPs/faculae threshold valid for all the disk posi-
tions of our dataset. Moreover, combining all the training set features together enhances
the sampling of the classes and yields a more accurate threshold. For these reasons, no
“deprojection” of the parameters was performed, as this would then induce a variation of
the parameters with μ.

2.3.4 Linear Discriminant Analysis

Because LDA distinguishes classes based solely on means and covariances (see Equation
2.1), it works best for parameters that are normally or at least symmetrically distributed
(Murtagh and Heck 1987). To verify this condition, we studied the density functions
(DFs) of our three parameters by producing histograms of the training set, and estimated
the skewnesses via the third standardized moment2 (Kenney and Keeping 1962). Taking
the natural logarithm was found to reduce the skewness of all parameters (Limpert et al.
2001), and therefore they were replaced by their log-transforms. This was partly expected,
as the width of magnetic bright points has been previously observed to be lognormally
distributed (Berger et al. 1995). The density functions of log(A), log(Δ) and log(∇) are
displayed in Fig. 2.8 (right column).

Having the right parameters in hand, LDA could then be carried out to find their
linear combination that best discriminates the training set classes. From a geometrical
viewpoint, this problem is formally equivalent to finding the direction of the parameter
space {x = (log(A), log(Δ), log(∇))} along which the “separability” between the training
set classes is maximum. Explicitely, we searched for the axis vector â that maximizes
Fischer’s separability criterion (as introduced in the original work of Fischer 1936):

J(a) =
[aT(mbp − mfac)]2

aT(S bp + S fac)a
, (2.1)

where the superscript T denotes transpose, mbp and mfac are the class mean vectors and
S bp, S fac the covariance matrices. In this form, J(a) is actually a trade-off between the
separation of class means (between-class separation) and the compactnesses of the classes
(within-class scatter), both viewed along a. In practice, maximizing the Fischer criterion
as ∂
∂a J(a)|â = 0 yields the simple relation â ∝ (S bp + S fac)−1(mbp − mfac) (Hand 1981).

The original parameters could then be projected onto â, thereby obtaining the desired
linear combination defining the single variable F ≡ âTx (for “Fischer” variable). The 2D
projections of the 3D training set vectors are represented in Fig. 2.9a-c, with an overlaid

2Although the third moment tends to be dominantly affected by outliers, this effect is only minor for
large samples like our training set.
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Table 2.2: J values associated with each discriminant parameter, and for the variable F
obtained by linear combination of the three parameters. The a’s are the coefficients of the
linear combination (absolute values).

log(A) log(Δ) log(∇) F(3D)
J 3.17 4.71 1.8 6.27
a 0.27 0.59 0.14

axis corresponding to the direction of maximum separability â. Fig. 2.9d displays the
density function histogram of the obtained variable F. The maximal value of J associated
with the variable F (projection onto â) and the values of J associated to each parameter
(projection onto the parameters’ axes) are listed in Table 2.2. These values give an idea
of the relative “discriminant power” of the three parameters, and the larger J value of the
variable F demonstrates the advantage of their optimal linear combination provided by
LDA.

The DFs of the discriminant parameters (Fig. 2.8 right column) and of the variable
F (Fig. 2.9d) also give a good visual estimate of the amount of overlap between the
training set classes. An intuitive measure of the discriminant power of a parameter could
then be given by the ratio between the number of features contained in the overlapping
part of the DFs in Fig. 2.8 and the total number of training set features. This ratio takes
already a fairly low value of 0.07 for log(Δ), and goes down to 0.042 for F. However,
such a measure is statistically poor compared to J, since it mostly relies on the outliers
contained in the tails of the DFs (only 28 and 17 features for log(Δ) and F, respectively),
whereas J takes advantage of the full parameter distributions.

The overlap of the DF of log(A) and the particular skewness of the DF of faculae to-
wards small areas arises from our MLT segmentation. To investigate the influence of the
MLT levels on the DFs of the dicriminant parameters and on LDA, we carried out tests
with fewer MLT levels over the same training set (see App. A for more details). We found
that the skewness of the DF of log(A) for faculae is in major part due to their segmentation
into fine striations. It should be noticed that the DF of log(Δ) is less skewed, because the
characteristic profiles of these striated faculae are mostly retrieved along the long dimen-
sion of the striations (owing to their individual orientation, see Sect. 3.3), which makes
Δ a robust parameter to distinguish them from BPs. However, the coarser segmentation
of the tests has the undesired effect that a part of the features are undersegmented, which
leads to lower values of J for all parameters as well as for the discriminant variable F.
Due to the merging of BPs into chains and ribbons, their DFs are particularly affected
and become skewed towards larger A,Δ and smaller ∇. For Δ and ∇, this is probably a
consequence of the misorientation of merged features when retrieving the characteristic
profiles. We believe that those tests confirm our appropriate choice of MLT levels for the
purpose of further discriminating between individual BPs and faculae.

We stress that the procedure of orienting the features prior to the retrieval of their
contrast profiles, as described in Sect. 3.3, is an essential ingredient for obtaining dis-
criminant parameters based on those profiles. In early stages of this work, profiles were
only retrieved along the direction perpendicular to the closest limb, and the ensuing over-
lap of the DFs was significantly larger.
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Figure 2.9: (a-c) 2D projections of the 3D training set vectors {log(A), log(Δ), log(∇)} for
the BPs (“
”) and faculae (“�”) classes of the training set, together with an axis indi-
cating the projected direction of maximum separability â (dashed-dot line). d) Spline-
interpolated density function histogram of the variable F, with the BP-faculae threshold
Ft (long dashed line) and the rejection range corresponding to the apparent rejection rate
α = 0.2 (grey zone).

Finally, it should be noted that the values of these photometric discriminant parameters
all depend to some extent on the spatial resolution. ∇ is probably the most sensitive in
that respect, but it has the least weight in the variable F due to its lower value of J (see a
values in Table 2.2). This points to the requirement of having a dataset of roughly constant
resolution, a condition met by our selection of images (Sect. 2.2.1).

2.4 Classification

To build an assignment rule for the subsequent classification of all features, we made the
usual choice of a threshold value Ft at equal “standardized” distance from the classes
means (i.e. distance to the mean divided by the standard deviation, or “Mahalanobis”
distance) (Mahalanobis 1936, Murtagh and Heck 1987), namely:

(̂aT mbp − Ft)2

âT S bp â
=

(̂aT mfac − Ft)2

âT S fac â
. (2.2)

This threshold Ft is drawn on the density function histogram of F in Fig. 2.9d.
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2.4 Classification

2.4.1 Classification with hard threshold

In a first step, a single hard threshold equal to Ft was used to classify all the segmented
features as BPs or faculae by measuring their values of F.

As already stated at the end of Sect. 2.3.1, there is a continuous spectrum of interme-
diate features between BPs and faculae, that cannot be reasonably identified as belonging
to one class or the other. Hence, a hard threshold classification is self-contradictory, as
these intermediate features are assigned to classes whose reference (the training set) does
not represent them.

Explicitely, at each disk position, the relation between the number of BPs and faculae
Nbp,Nfac classified using the threshold Ft and the true numbers Nbp

∗,Nfac
∗ , i.e. such as

would be found by eye, is given by:

Nbp = Nbp
∗ + ε∗Nfac

∗ − ξ∗Nbp
∗ + 1/2Nint,

Nfac = Nfac
∗ + ξ∗Nbp

∗ − ε∗Nfac
∗ + 1/2Nint, (2.3)

Ntot = Nbp + Nfac = Nbp
∗ + Nfac

∗ + Nint,

where ε∗, ξ∗ are the “true” misclassification rates, i.e. the fractions of actual faculae and
BPs populations that are misclassified, and Nint is the number of intermediate features,
from which we assume that half is assigned to each class. Because we are not interested
in absolute numbers, but rather in the relative distribution of BPs and faculae, we define
the classified Xbp and true Xbp

∗ fractions for BPs as:

Xbp ≡ Nbp

Nbp + Nfac
, Xbp

∗ ≡
N∗bp

N∗bp + N∗fac

(2.4)

and likewise for faculae. The CLV of the classified fractions Xbp and Xfac, obtained by
using the threshold Ft defined by equation (2.2) is depicted in Fig. 2.10a.

But because Nint is unknown and not negligible (as shown in Sect. 2.4.2), we cannot
recover a direct relation between classified and true fractions in order to estimate the
latter. Moreover, as the intermediate features tend to be assigned equally to both classes,
their effect tends to equalize Xbp and Xfac. Although this CLV qualitatively represents the
transition from BPs to faculae, it is open to criticism from the methodological point of
view, and underestimates the difference between the fraction of BPs and faculae by an
unknown amount.

2.4.2 Classification with reject option

The only way to recover a relation between the classified and true relative fractions is
to exclude the intermediate features from the statistics by introducing a so-called “reject
option” (Hand 1981), in the form of a rejection range in F centered about Ft. At the
same time, this will significantly reduce the misclassification errors. Assuming that all
intermediate features fall within the rejection range, the relation between classified and
true numbers at each disk position becomes:

Nbp = Nbp
∗(1 − β∗) + ε∗Nfac

∗ − ξ∗Nbp
∗, (2.5)

Nfac = Nfac
∗(1 − α∗) + ξ∗Nbp

∗ − ε∗Nfac
∗, (2.6)
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Nrej = α
∗Nfac

∗ + β∗Nbp
∗ + Nint, (2.7)

Ntot = Nbp + Nfac + Nrej = Nbp
∗ + Nfac

∗ + Nint, (2.8)

where α∗ and β∗ stand for the “true” rejection rates, i.e. the fractions of the actual faculae
and BPs populations that fall in the rejection range. The boundaries of our rejection range
were tuned to have equal “apparent” rejection rates, α = β, defined as the fractions of the
training set contained in that range. Assuming that the training set adequately represents
the true BPs and faculae populations, namely α∗ ∼ α and β∗ ∼ β, this precaution equal-
izes the true rejections as well (α∗ ∼ β∗), and thus prevents the introduction of bias in the
number statistics. The apparent rejection rate was set to a reasonable value for the rejec-
tion of intermediate features, α = 0.2 (see below), yielding the shaded rejection range on
the histogram of F in Fig. 2.9d. With the chosen rejection range, we can compute the
apparent misclassification rates by reclassifying the training set: ε, ξ = 0.005. Although
these values are only optimistic estimates of the true misclassification rates, the rejection
has lowered them by more than a factor 10 (the apparent misclassification rates in the hard
threshold case are ∼ 0.05), which should be reflected in the true rates as well.

Under the full rejection of intermediate features, the relative classified fractions then
become:

Xbp =
Nbp

∗(1 − β∗) + ε∗Nfac
∗ − ξNbp

∗

Nbp
∗(1 − β∗) + Nfac

∗(1 − α∗) (2.9)

for BPs and similarly for faculae. Assuming that the rejection yields negligible misclas-
sification rates, and that the training set is representative (α∗ ∼ β∗), the relation (2.9)
simplifies to Xbp ∼ Xbp

∗, so that under these assumptions the classified fractions closely
approximate the true ones. The CLV of classified fractions Xbp and Xfac, obtained by
adding a rejection range with α = 0.2, is shown in Fig. 2.10b.

Compared with the CLV of Xbp and Xfac obtained with a hard threshold, the difference
between Xbp and Xfac at each 〈μ〉 is now systematically larger (except for 〈μ〉 = 0.9). This
is probably an effect of the contamination by intermediate features in the hard threshold
case, as these tend to equalize Xbp and Xfac (see Sect. 2.4.1). The difference is particularly
large for 〈μ〉 = 0.97 and for the limbward data points at 〈μ〉 ≤ 0.64. This is likely to
be attributed to the larger misclassification errors in the hard threshold method than with
the reject option. Indeed, as can be seen from relation (2.3), the misclassification errors
also tend to overestimate the number of BPs near the limb where faculae dominate, while
underestimating it near disk center, and vice versa for faculae.

We shall now elaborate on the validity of the aforementioned assumptions, and fur-
ther justify the use of a reject option as opposed to the hard threshold classification. A
subtle source of error is the departure of the actual populations from the trainig set ones,
causing α∗ � β∗. To evaluate the importance of this effect, we have varied α in the range
(0.2, 0.5), which should induce unequal variation of α∗ and β∗ and consequently different
variations of Xbp and Xfac (cf. Eq. 2.9). By the same token, this allowed us to check as
well if intermediate features were still wrongly classified as BPs or faculae for α = 0.2,
as the separation between Xbp and Xfac should then increase with α. But we observed
both positive and negative fluctuations of Xbp and Xfac, indicating that most intermediate
features were indeed rejected, and that the true rejection rates were nearly equal for BPs
and faculae. As those fluctuations were always less than 0.05, we chose this value as an
upper limit on the error induced by eneven actual rejection rates, and represented it by
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Figure 2.10: a) CLV of relative fractions of BPs (“
”) and faculae (“�”) obtained by
classifying all the segmented features using a hard threshold Ft defined via equation (2.2).
The abcissa of the points are the 〈μ〉 of the analyzed images, and the horizontal error bars
correspond to the standard deviation of the individual features’ μ values with respect to
〈μ〉. Ntot gives the total number of features at each disk position, which depends on the
effective FOV of the images and the number of available image pairs at each disk position
(see Table 2.1). The dotted lines are only plotted to guide the eye. b) Relative fractions
of BPs (“
”) and faculae (“�”) after the introduction of a rejection range such that the
apparent rejection rates of BPs and faculae are equal to 0.2. The vertical error bars (±5%)
are upper limit estimates of the errors induced by uneven true rejections rates (see main
text for details). The fraction of rejected features with respect to the total number of
features is also plotted, as squares (“�”) joined by a dashed line.

the symmetric error bars in Fig. 2.10b. Second, even by using a reject option, the true
misclassification rates might not be negligible. In the hope of obtaining less optimistic
estimates of the misclassification rates, we implemented a “leave-one-out” method on the
training set (Hand 1981, Murtagh and Heck 1987). This method basically consists of
taking maximum advantage of the training set: for each of the N elements of the training
set, LDA is carried out on the remaining N-1 elements and the element left out (the test
one) is classified, thus yielding N independent classification tests. The “leave-one-out”
basically gave the same results as the simple reclassification (probably due to the fairly
large size of the training set). To compare the effect of rejection at the various disk po-
sitions, we overplotted in Fig. 2.10b the fraction of rejected features with respect to the
total number of features Nrej/Ntot. The relative constancy of Nrej/Ntot is reassuring, and
reflects the self-similarity of the actual BPs and faculae populations at various 〈μ〉 (as far
as F is concerned). It also gives an indication about the number of intermediate features,
as in absence of them we would have Nrej/Ntot � α, using as before α∗ ∼ β∗ ∼ α together
with the relation 2.7. As can be seen, the fraction of rejected features fluctuates around
0.4, indicating a significant fraction of intermediate features Nint/Ntot � 0.2, which further
justifies the introduction of the rejection range.

Lastly, the results obtained here do not only depend on the choice of the training set,
but also on the choice of the classification method. Fischer’s LDA implicitely assumes
similar covariance matrices for the classes, which is not quite true in our case, as can be
seen from the different shapes of the BPs and faculae “clouds” in their 2D projections (Fig.
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2.9). We then implemented a “class-dependent” LDA, taking into account the difference
in covariance matrices and deriving different discriminant axes for the two classes (Bal-
akrishnama and Ganapathiraju, Balakrishnama et al. 1999). However, the difference in the
obtained relative fractions was insignificant, thereby indicating that the covariance matri-
ces of our chosen parameters were suited enough for Fischer’s LDA. Other alternative
multivariate statistical methods could be Quadratic (also called Bayesian) Discriminant
Analysis or Cluster Analysis. The former has the inconvenience of assuming explicitely
multinormal probability distributions for the classes, and the latter does not aim at classi-
fying but rather at identifying groups within a population (which is not optimally suited
for BPs and faculae due to the spectrum of intermediate features). For a short review of
these techniques, refer to Murtagh (1994).

2.5 Discussion

In the preceding section we compared the hard threshold with the reject option from
a methodological point of view, thus illustrating the advantage of the latter when the
classes are not completely distinct, or when other types of features may contaminate the
classification. But even with a judicious reject option, the obtained fraction CLV still
presents error bars that are hardly quantifiable and is based on the assumption that the
training set is representative. For solar physics purposes though, the achieved precision
may be sufficient, as the results are anyway dependent on the particular dataset and its
nature (active region plage, network, etc.), as well as the definition of the classes through
the choice of the training set.

To help the comparison with the literature as well as to give a visual idea of which
features were classified as BPs and faculae, Fig. 2.11, Fig. 2.12 and Fig. 2.13 show
their contours overlaid on the G-band images at 〈μ〉 = 0.97, 〈μ〉 = 0.6 (same images as
in Figs. 2.1 and 2.2), and 〈μ〉 = 0.9 respectively. Our results are consistent with recent
high-resolution observations from Berger et al. (2007), who noticed the presence of disk-
center faculae at 〈μ〉 = 0.97, very few intergranular BPs at 〈μ〉 = 0.6, and a mixture of
both features at 〈μ〉 = 0.89. The presence of some “intergranular brightenings” around
〈μ〉 = 0.55 has been also reported by Lites et al. (2004), and Hirzberger and Wiehr (2005)
have clearly observed the coexistence of BPs and faculae at μ ∼ 0.78. This suggests the
validity of our classification method, although this should be confirmed in the future by
using datasets with co-temporal magnetic vector information.

Although our CLV cannot be generalized due to the limited statistics of the present
dataset and the coarse sampling of the μ range, it allows us to constrain the μ interval
where the transition from BPs to faculae occurs. In this respect, The CLV also exhibits a
kind of plateau in the range 0.6 < μ < 0.78, indicating that BPs may still be found in that
range, but progressively disappear closer to the limb, probably affected by the foreground
granular obscuration (Auffret and Muller 1991). This plateau can also be attributed to the
slower variation of the heliocentric angle in that μ range (36◦ < θ < 54◦) compared to
the centerward range 0.78 < μ < 0.97 (13◦ < θ < 41◦). Conversely, faculae appear to be
present at all disk positions, except for the inner third of the disk where μ > 0.9. Hence,
by contrast to full-disk images in which faculae patches are only prominent closer to the
limb, at high resolution faculae are conspicuous features of active-region plages at all disk
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Figure 2.11: G-band image at 〈μ〉 = 0.97 (the same as in Fig. 2.1), with the overlaid
contours of the features classified using the reject option. The faculae are contoured in
green, the BPs in yellow and the rejected features in red. The contours correspond to the
border of the features as defined by the segmentation map (corresponding to the lowest
MLT level CG = 0). Tickmarks are in arcseconds.
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Figure 2.12: G-band image at 〈μ〉 = 0.6 (the same as in Fig. 2.2), with the overlaid
contours of the features classified using the reject option (see caption of Fig. 2.11).
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Figure 2.13: G-band image at 〈μ〉 = 0.9, with the overlaid contours of the features classi-
fied using the reject option (see caption of Fig. 2.11). The original field of view has been
slightly cropped horizontally for this display.

59



2 Discriminant analysis and classification of bright points and faculae

positions.
Surprisingly, even close to disk center at 〈μ〉 = 0.94, one of our images displays a large

number of faculae. Faculae at large μ are sometimes seen next to pores or micropores,
presumably due to the rapidly expanding field lines of these structures (see images of
Berger et al. 2007 and Hirzberger and Wiehr 2005 for instance). But a closer look at this
image reveals no particular presence of pores and micropores next to the faculae. Rather,
it suggests that this large density of faculae relates to the presence of a prominent spot
covering about two-thirds of the field of view. Its low-lying canopy field probably causes
the field lines of the neighboring small-scale flux concentrations to bend away, thereby
inducing faculae as the line-of-sight peers through these inclined fields and sees the hot
granular material below (as pointed out by Solanki et al. 1987). Hence, this particular
data point in Fig. 2.10 should be treated with caution.

The overall dominance of faculae in our dataset as well as the presence of BPs at
relatively small μ values (μ ∼ 0.6) cannot be understood in terms of the conventional “hot
wall” picture, if we consider only vertical flux tubes and varying viewing angles with disk
position. The most straightforward alternative is to invoke inclined fields, whereby BPs
would arise from flux tubes aligned along the line of sight and faculae from flux tubes
inclined with respect to it. Assuming that the features classified as BPs around μ ∼ 0.6
are indeed the signatures of flux concentrations roughly aligned along the line of sight,
this suggests that in addition to a large population of magnetic features inclined by 5−15◦

to the vertical (giving rise to the dominance of BPs at μ ∼ 0.97), there is an extended tail
of magnetic features with a larger inclination (possibly reaching up to ∼ 50◦, according
to Fig. 2.10). For comparison, Stangl and Hirzberger (2005) obtained field inclination
angles as large as 37◦ for BPs in a network region, deduced from static measurements of
the radial displacement between the maxima of the Fe I 6302.5 Å magnetic field map and
line core intensity (assuming straight magnetic field lines). Note that larger angles are not
excluded from their statistics, but could not be distinguished from misinterpretations of
differential image distortions. Using Milne-Eddington inversions of active regions plages
spectra, Martínez Pillet et al. (1997) determined the distribution of the magnetic field
vector zenith angle. Their distribution features a mode value close to 10◦, with a tail of
highly inclined fields. The authors claimed that these high inclinations mostly correspond
to weak fields, yet the inclination maps were not compared with continuum brightness to
check the eventual correspondence with bright features. This tail may partly copprespond
to the BPs seen at small μ. Recently, magnetic field vector LOS-inclinations have been
retrieved specifically for a sample of BPs in a sunspot moat, using height-independent
polarimetric inversions of IR and visible lines (Fe I, Ti I) , compared with a G-band BP
segmentation map (Beck et al. 2007). The results are nevertheless similar to Martínez
Pillet et al. (1997): the obtained distribution also has a mode around 10◦, and a long
tail covering all angles up to horizontal fields is still present. All these results indicate
that magnetic flux concentrations are prone to a rather wide range of inclinations, thus
allowing faculae to be observed at all disk positions. Conversely, the alignment of flux
tubes along the line of sight is less likely off-disk center, and is less subject to give rise to
BPs due to the increasing foreground granular obscuration when the limb is approached.

As mentioned above, strongly inclined fields could be induced by the divergent field
lines of larger flux structures, forcing the surrounding smaller ones to bend. However,
this effect appears minor in our images, as one notices no clear influence of large pores
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or spots on the number and preferential direction of surrounding faculae near disk cen-
ter (see Fig. 2.11). In addition, the image at 〈μ〉 = 0.9 (Fig. 2.13) is free of spots, but
nonetheless contains a large number of faculae. Finally, we are not observing either fac-
ulae concentrations at the periphery of plages, that would indicate the repulsive action of
clustering small flux tubes. Rather, faculae seem rather homogeneously distributed in the
images where 〈μ〉 > 0.78 (for smaller 〈μ〉, faculae dominate in the whole FOV because of
the inclination of the line-of-sight). As a plausible mechanism to produce inclined fields,
we are led to consider the swaying motion of flux tubes. The movies of faculae dynamics
obtained by De Pontieu et al. (2006), showing their consecutive fading and brightening
on the granular evolution timescale, sometimes even taking BP-like appearances, support
this idea. Such swaying motions have been reproduced in the 2D magnetoconvection sim-
ulations of Steiner et al. (1998), with flux sheets bending back and forth with angles up
to 30◦. This value as well as the vigor of the simulated buffeting motions are dependent
on the ratio of the kinetic energy density of the convective flow to the magnetic energy
density, and are influenced by the chosen boundary conditions (impermeable box with
vertical flux at the boundaries). However, these strong swaying motions have not yet
been reported in 3D MHD simulations, such as those of Vögler et al. (2005). Finally,
large field inclinations could also be related to the recently-observed “transient horizontal
fields” emerging in plage regions (Ishikawa et al. 2008).

From here on, we discuss the assets and weaknesses of the proposed mehod, as well as
its applicability. A key point of the method resides in the orientation of individually seg-
mented features to retrieve characteristic profiles (see Sect. 3.3). This procedure makes
the method applicable at different 〈μ〉 (due to the diverse orientations of BPs and facu-
lae), and thereby offers the possibility of studying the transition from BPs to faculae as μ
varies. For its optimal efficiency, the orientation procedure requires the preliminary seg-
mentation of groups of BPs and striated faculae into individual components (here by the
use of MLT). With the aim of studying the transition between both types of features, such
a decomposition implicitely relies on the assumption that these individual components
correspond to different single magnetic features, and the resulting CLV is meaningful
under this assumption only. In the considered μ range at least, the orientation process
makes the discriminant parameters roughly μ-invariant, thus allowing LDA to be applied
to the whole dataset at once (cf. Sect. 2.3.3). LDA itself has the advantage to be fairly
simple to implement, and to assume little on the distribution properties of the discrim-
inant parameters (except the rough symmetry of the density functions and similarity of
the covariant matrices, see Sect. 2.3.4). However, it requires the careful preselection of a
training set (and thus the manual classification of part of the features). This is a crucial
step, for it can potentially bias the classification if the training set is not representative
of the actual populations. In particular, if the method is to be applied on another dataset,
the training set selection must be repeated (as well as the subsequent steps of the method
thereof), unless the new dataset has been obtained under similar conditions (spatial reso-
lution, wavelength, μ range). But the principal weakness of the current method lies in the
use of mere photometric information, allowing only a limited number of discriminant pa-
rameters to be defined. This induces the following pitfall: faculae “sitting” on very small
granules (fragments, abnormal granulation) are basically indistinguishible from BPs as far
as our parameters are concerned. Several instances appear in Figs. 2.12 and 2.13, where
such small faculae are either rejected or misclassified. The method could be improved by
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the inclusion of discriminant parameters coming from polarimetric maps, provided that
BPs and faculae exhibit sufficiently different magnetic properties. Care should be taken,
however, if the aim is to investigate the magnetic properties of BPs and faculae, as the
results would then be biased by a classification relying on similar properties.

We conclude by drawing the attention on precautions that should be taken in applying
our method to other datasets. Having a fairly homogeneous and high spatial resolution is
an essential requirement, as the values of all parameters A, Δ and ∇ depend on it. A vari-
able resolution would cause the values of the parameters to vary throughout the dataset
(between different images or even across the field of view), thus preventing a well-defined
discriminant variable and a unique BP/faculae threshold to be obtained. We mention that
for a dataset with a constant but different resolution, the method would in principle still
be valid, but the values of the parameters and of the class threshold would differ. How-
ever, degrading datasets of variable resolution to a constant lower one would reduce the
contrast of features (loss of statistics due to the contrast threshold), and blur the local con-
trast depressions, so that it would become difficult to separate adjacent BPs and faculae
striations. The method would also loose in efficiency due to the misorientation of merged
features (cf. Sect. 3.3). Therefore, our photometric method is best suited for seeing-free
high-resolution datasets (such as will be provided by the SUNRISE mission, Gandorfer
et al. 2007). Finally, care should be taken in applying unchanged the herein-derived dis-
criminant F and its threshold value to other datasets. If the current method is applied to
a dataset of slightly different resolution (or with a different amount of straylight), wave-
lengths (e.g. CN-band, Zakharov et al. 2007) or μ range, the values of the segmentation
thresholds should first be adapted (the same holds for the identification criteria of the
“grey-lane” BPs), and the training set selection must then be repeated (as well as the sub-
sequent steps of the method thereof). Under different conditions, the ensuing values of
the discriminant parameters will be different, and consequently LDA will yield a different
linear combination for the discriminant variable and a different threshold.

2.6 Summary

We have developed a photometric method based on Linear Discriminant Analysis (LDA)
to discriminate between individual Bright Points (BPs) and faculae, observed at high res-
olution over a range of heliocentric angles. We first demonstrated the feasibility of an
automated segmentation for both individual BPs and faculae at various disk positions,
based on joint G-band and continuum photometric information only. For each segmented
feature, a “characteristic G-band contrast profile” was retrieved along a specific direction,
by properly orienting the feature using its “contrast moment of inertia”. Three physical
parameters were then identified to be good discriminants between BPs and faculae at all
disk positions of our dataset: the width and slope of the contrast profiles, as well as the
apparent area defined by the segmentation map. Linear discriminant analysis was then
performed on a visually-selected reference set of BPs and faculae, yielding a single linear
combination of the parameters as discriminant variable for all disk positions. Using an ap-
propriate threshold and rejection range on this variable, all the segmented features were
ultimately classified and the relative fractions of BPs and faculae at each disk position
of our dataset were computed. The resulting CLV of these fractions is mostly faculae-
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dominated except for μ > 0.9, i.e. close to disk center. This is in agreement with previous
observations, thus suggesting the validity of the presented method. We propose that these
ubiquitous faculae are produced by a hot-wall effect through inclined fields. As we do
not observe a significant influence of pores and spots on surrounding faculae, but rather
a homogeneous distribution of faculae in the images, we speculate that these inclined
fields could be produced by swaying motions, or could be related to the horizontal fields
detected by Ishikawa et al. (2008) in active regions.
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bright points and faculae

Near the highest present-day spatial resolution (∼ 0.′′1), Bright Points (BPs) are found to
coexist with faculae in images, while the latter are often resolved as adjacent striations.
Understanding the properties of these different features is fundamental to carry out proxy
magnetometry. To shed light on the relationship between BPs and faculae, we studied
them separately after the application of our classification method (described in Chap.
2) on active region images at various heliocentric angles. In this Chapter, we explore
different aspects of the photometric properties of BPs and faculae, namely their G-band
contrast profiles, their peak contrast in G-band and continuum, as well as morphological
parameters.

3.1 Introduction

Solar photospheric Brights Points (BPs) and faculae are known to be the bright radiative
signatures of small-scale kilo-Gauss (kG) magnetic flux concentrations near disk cen-
ter and near the limb (Mehltretter 1974, Wilson 1981), respectively. Since they can be
observed in broad spectral bands with short exposure times (∼ 10 ms), so that the atmo-
spheric aberrations are frozen in the image, BPs and faculae play an important role in indi-
rectly tracing those flux concentrations at high spatial and temporal resolution (Schüssler
1992). Yet the interpretation of these observations requires a deeper understanding of
the phenomena responsible for the appearance of BPs and faculae, in view of performing
actual “proxy magnetometry”.

According to the basic “hot-wall” picture (Spruit 1976), BPs are seen when the line of
sight (LOS) is parallel to the flux tube axis, i.e. directed toward the depressed “bottom” of
the optical depth unity surface inside the tube, whereas faculae arise from an inclined view
on the hot granular “wall” of that surface (see Chap. 2 for more details). Provided that
most kG flux tubes are vertical due to buoyancy, they are mostly viewed from overhead at
disk center and obliquely near the limb. Recently, this basic picture has been confirmed in
its salient points by 3D radiative MHD simulations, which were able to reproduce BPs at
disk center (Schüssler et al. 2003, Shelyag et al. 2004), and faculae near the limb (Keller
et al. 2004, Carlsson et al. 2004). However, the diagnostics of the resulting synthetic
images reveal remaining quantitative discrepancies with the observations regarding the
peak contrast values, sizes and “striated appearance” of faculae (Keller et al. 2004, Steiner
2007).

On the observational side, the classical approach to test and constrain the “hot-wall”
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model of BPs and faculae has been to study the Center-to-Limb Variation (CLV) of the
contrast. According to that model, the contrast varies from center to limb as the hot
wall becomes ever more visible (Spruit 1976), but the many measurements of “facular
contrast” CLVs (meant as the contrast of all photospheric brightenings, i.e. of BPs and
faculae together) give rather controversial results (see Steiner 2007, for a review). The
presence of different proportions of BPs and faculae in the datasets could possibly play a
role. Except for the “extreme limb” (heliocentric angles > 60◦), high-resolution images
indeed disclose mixtures of BPs and faculae (Hirzberger and Wiehr 2005, Berger et al.
2007), with increasing fraction of faculae toward the limb (see Chap. 2). The coexistence
of BPs and faculae at the same disk position could be explained by the inclination of the
fields with respect to LOS, whereby BPs would be induced by flux tubes aligned along
the LOS and faculae by inclined flux tubes.

Moreover, it is not clear either whether the BPs and faculae seen at different helio-
centric angles are manifestations of similar magnetic features (field strength, sizes). Early
high-resolution observations raised the suspicion that faculae (referred to as “facular gran-
ules”) were the signatures of bigger magnetic features than BPs (see review of Muller
1985). Such a suspicion was supported by 2D MHD calculations which showed that
small flux tubes were mainly bright at the center of the disk (Deinzer et al. 1984) while
larger ones brightened mainly near the limb (Knölker and Schüssler 1988). At the high-
est achievable spatial resolution of close to 0.′′1, however, facular granules are found to
break into smaller “striations”, seemingly associated with gaps of reduced field strength
(De Pontieu et al. 2006, Berger et al. 2007). This morphological change of faculae at
higher resolution raises new doubts, and to our knowledge, there has been no systematic
comparison of the properties of these facular elements with those of BPs.

To bring new clues about their observational properties, we propose to tackle the prob-
lem of BPs and faculae separately, using the following approach on high-resolution im-
ages of active regions at several heliocentric angles. First, previously segmented bright
“magnetic” features are sorted as BPs or faculae. Then, their contrast and morphology is
analyzed separately. While Chap. 2 gave a detailed account of our classification method,
we here focus on the second point and address the following specific questions:

• How do the contrast and morphology of BPs and faculae differ?

• How do the photometric properties of these two classes of features vary from center
to limb?

The goal of this Chapter is not to provide definite answers, but rather to take different
approaches to study the relationship between BPs and faculae, in order to suggest direc-
tions for future research. We first analyzed the information contained in G-band contrast
profiles of BPs and faculae in Sect. 3.3. Then, we considered and compared the values of
G-band and continuum contrast of those features in Sect. 3.4. Finally, Sect. 3.5 presents a
characterization of the morphology of individual BPs and faculae elements. Although our
photometric-based classification method is not yet fully calibrated (in absence of mag-
netogram data, see Chap. 2), the statistical results do provide fresh information, allow
a comparison with literature values and provide new constraints on models and MHD
simulations.
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3.2 Detection and discrimination of BPs and faculae

3.2.1 Dataset

Our dataset consists of simultaneous G-band (430 ± 0.5 nm) and continuum (436 ± 0.5
nm) filtergrams of active regions, recorded at the 1m–Swedish Solar Telescope (SST).
They cover seven disk positions in the range 0.56 ≤ 〈μ〉 ≤ 0.97 (see Table 3.1), where
〈μ〉 denotes the center of their fields of view (FOV). At each disk position, only one to
three image pairs recorded at instants of best seeing were selected, and reconstructed by
phase-diversity. The resulting images reach almost diffraction-limited quality (angular
resolution ∼ 0.′′1, see Chap. 2 for examples). For each image pair, the brightness contrast
was defined relative to the mean intensity 〈I〉QS of a selected “quasi-quiet” area, cospatial
in G-band and continuum, as C = (I − 〈I〉QS)/ 〈I〉QS. The G-band and continuum contrast
are herein subscripted CG and CC.

3.2.2 BPs and faculae segmentation

The principles and details of the segmentation algorithm are presented in Chap. 2. In
brief, a Multi-Level-Tracking (MLT) segmentation (Bovelet and Wiehr 2001) was first
carried out on the G-band images, after the application of a high-pass spatial filter. The
MLT levels were finely spaced in order to resolve groups of BPs and faculae striations
into individual elements. Then, we removed the segmented features that did not contain a
minimum of 5 pixels with CG above a given threshold, CG,t, and CG − CC above another
threshold, Cdiff,t. The choice of these thresholds relies on the brightness excess of bright
“magnetic” features in G-band compared to continuum (Berger et al. 1998, Shelyag et al.
2004). Because this G-band brightness excess decreases towards the limb while the ab-
solute contrast increases, CG,t was raised in a systematic way for lower 〈μ〉 (see Chap. 2).
In contrast, Cdiff,t was kept constant for all disk positions, as granulation shows only little
G-band contrast excess regardless of 〈μ〉.

3.2.3 Classification as BPs and Faculae

In order to classify the segmented features as BPs and faculae, we developed a method
based on Linear Discriminant Analysis (LDA, Fischer 1936), using a selected reference
sample of features (“training set”) with chosen discriminant parameters (see Chap. 2
for details). The training set consisted of 200 BPs and 200 faculae, selected by visual
inspection at 5 different disk positions.

To obtain discriminant parameters for LDA, we retrieved G-band contrast profiles
along directions specific to each feature, such that these profiles well characterize BPs
and faculae. To this end, each feature was oriented in a local coordinate frame x/y, corre-
sponding to the principal axes of its “G-band contrast moment of inertia” (see Chap. 2 for
details). Averaged G-band contrast profiles were then extracted along x and y, restricted
to their positive contrast values, and the smoothest of these profiles was designated as the
characteristic profile. We emphasize that these profiles were retrieved from the spatially-
filtered images, to allow the definition of the same reference level (CG = 0) for the charac-
teristic profiles of all features. Figure 3.1 gives an example of a feature oriented in its x/y
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3 Contrast and morphology analysis of bright points and faculae

Table 3.1: Classification results at each 〈μ〉 of our dataset, where 〈μ〉 refers to the value
at the center of the field of view of the images. Ntot and Nrej are the total number of
segmented features and the number of rejected ones (not classified). Nbp and Nfac stand
for the number of classified BPs and faculae, while Nbp

† and Nfac
† are the numbers of BPs

and faculae used for the contrast CLVs (see Sect. 3.4.1).

〈μ〉 Ntot Nrej Nbp Nfac Nbp
† Nfac

†

0.97 ± 0.003 1123 421 484 218 385 180
0.94 ± 0.003 447 167 113 167 80 139
0.9 ± 0.005 561 249 150 162 148 158
0.78 ± 0.01 346 132 60 154 59 154
0.63 ± 0.01 947 389 130 428 130 428
0.6 ± 0.01 697 312 109 276 109 276
0.56 ± 0.01 294 131 25 138 25 138

all 4415 1801 1071 1543 936 1473

frame, as well as the retrieved averaged profiles in x and y and its characteristic profile.
The width and the mean slope at the edges of these characteristic profiles were found to be
suitable discriminant parameters, together with the feature area defined by segmentation
(see Chap. 2 for the definition and “discriminant power” of these parameters).

LDA was then carried out in order to find a unique discriminant variable as linear
combination of the above parameters, and such that it would best discriminate the train-
ing set classes according to Fischer’s criterion (Fischer 1936). By choosing a judicious
threshold on that variable, all the segmented features at each disk position of our dataset
were ultimately classified as BPs or faculae. To lower the rate of misclassifications and
eliminate “intermediate features” (i.e. those which are hardly identifiable as BPs or facu-
lae), the features whose value of the discriminant variable were contained within a given
range about the threshold were left unclassified (this range was chosen such as to reject
an equal fraction 0.2 of the BPs and faculae of the training set).

The results of this classification with rejection are summarized in Table 3.1. As a
complement, Fig. 3.2 shows the contours of classified features in subfields extracted at
various 〈μ〉, thereby giving a visual impression of which features were classified as BPs
and faculae, and the variation of their appearance with 〈μ〉. It should be stressed that
our classification relied on purely photometric parameters, and therefore can only sort
features appearing rather as BPs or as faculae.

3.3 Analysis of contrast profiles

To begin with, we investigated the orientation, width and shape of the G-band charac-
teristic profiles of the classified BPs and faculae. These profiles have the particularity to
characterize the spatial variation of the contrast along a feature-specific direction (after
orienting the features according to their “contrast moment of inertia”, see Sect. 3.2.3).
As this direction was chosen to yield characteristic profile shapes for BPs and faculae,
the characteristic profiles are good candidates for comparison with radiative transfer cal-
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�HM

AHM

� = 0.059

Figure 3.1: Example of local frame orientation and G-band contrast profiles of a facula lo-
cated at μ ∼ 0.9. Top window: Orientation of the feature in its local x/y coordinate frame.
The black lines delimit the pixels having CG ≥ 0.9CG,max used for profile averaging. The
pixels having CG ≥ 0.5CG,max, with total area AHM (see Sect. 3.4.3), are contoured in
white. Lower panels: Average G-band profiles along x and y. All the x/y profiles were
cubic spline-interpolated by a factor 10 for the correct comparison of their smoothnesses
in the choice of the characteristic profile. The retrieved characteristic profile, in this
case chosen along y, is overplotted in thick. ΔHM represents its width at half-maximum
(CG = 0.5CG,max). The value of the skewness η of the characteristic profile is indicated
(see Sect. 3.3.3).

69



3 Contrast and morphology analysis of bright points and faculae

Figure 3.2: Subfields extracted from the G-band images at various 〈μ〉, illustrating the
CLV of the appearance and relative proportion of the features classified using the reject
option. The faculae are contoured in green, the BPs in yellow and the rejected features in
red. The contours correspond to the border of the features as defined by the segmentation
map (corresponding to the lowest MLT level CG = 0). The direction of the closest limb is
towards the top for all subfields.
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3.3 Analysis of contrast profiles

Figure 3.3: Left: Density function (DF) of the angle φ between the chosen axis of the
characteristic profile (x or y) and the radial direction for BPs (
) and faculae (�) in the
“center” data (〈μ〉 ≥ 0.9). Right: Same for the “limb” data (〈μ〉 ≤ 0.63). The symbols
are plotted centered in the bins. Cubic spline interpolations are overplotted as guides, and
used to normalize the DFs.

culations accross 2D flux sheets (Deinzer et al. 1984, Knölker et al. 1988, 1991, Steiner
2005). In general, this direction was such that the profiles were retrieved across the short
dimension of elongated BPs, and along faculae striations.

3.3.1 “Orientation” of BPs and faculae

To understand the coming results related to such profiles, it is instructive to determine how
the direction of these characteristic profiles is distributed around the “radial” direction, i.e.
the direction parallel to the radius vector joining the disk center to the closest limb. For
this purpose, we defined φ ∈ (−90◦, 90◦) as the angle between the chosen direction of the
characteristic profiles (x or y axis of its oriented local frame) and the radial direction, as
illustrated in Fig. 3.6. The radial direction in our images is defined with an accuracy of
1◦ to 2◦.

As the orientation of BPs and faculae differs at disk center and near the limb, we
separated the data into a “center” group (images with 0.9 ≤ 〈μ〉 ≤ 0.97, see Table 3.1) and
a “limb” group (0.56 ≤ 〈μ〉 ≤ 0.63). The normalized density functions (DFs) of the BPs
and faculae in these two groups are shown in Fig. 3.3.

The DF of faculae peaks close to 0◦ for the limb gruop, which was expected since
facular brightenings are on average radially oriented near the limb due to the inclination
of the line of sight (LOS). Yet, their DF exhibits a similar but broader peak for the center
group. The preference for radial orientation of the profiles near disk center is probably
induced by the LOS inclination as well, since the “center” data actually covers a range
of heliocentric angles between 14◦ and 28◦. The broader wings of the distribution are
probably induced by inclined fields (cf. Sect. 3.1), whose orientation is unrelated to the
radial direction.

The BPs near disk center have a wide distribution of orientation. The noticeable peaks
at φ ∼ ±50◦ here are in fact not systematic, as we verified that the shape of the DF
varies from one image to the next. Surprisingly though, the characteristic profiles of
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3 Contrast and morphology analysis of bright points and faculae

the BPs are dominantly radially oriented near the limb. Although this could be induced
by selection effects due to the foreshortening of the intergranular lanes (elongated BPs
would be preferably found in lanes perpendicular to the radial direction), it strongly hints
at possible misclassifications. A careful look at the classified BPs in the images near the
limb (see Fig. 3.2, 〈μ〉 ≤ 0.63) reveals that despite their apparent resemblance with BPs,
many of them appear to lie on the edge or on a fragment of a granule. This suggests that
these limbward BPs are in fact small faculae having a BP-like appearance due to the lack
of resolution. They could thus be misclassified by our purely photometric segmentation
algorithm (see the Discussion in Chap. 2).

3.3.2 Width of BPs and faculae

Next, we investigated the width at half maximum of the characteristic profiles, ΔHM (il-
lustrated in Fig. 3.1), in order to obtain a measure of the sizes of BPs and faculae and to
compare its values with the literature.

We first retrieved the average ΔHM at each 〈μ〉, in order to obtain a CLV for BPs and
faculae. As shown in Fig. 3.4 (left), the average ΔHM take clearly distinct values for
BPs and faculae at all 〈μ〉, the latter being roughly twice as wide. Also, these averages
are rather independent (within the standard deviations) of 〈μ〉 (however, a slight positive
trend can be noted for the BPs toward decreasing μ, which can be possibly attributed to
some misclassifications for μ < 0.63, see Sect. 3.3.1). The difference between the BP
and faculae values as well as their μ-invariance stems from both our classification method
and from the orientation of the characteristic profiles. The discriminant variable, on the
basis of which the features are classified, is indeed essentially based on the width of the
characteristic profiles of the training set, and the classification threshold on that variable
was the same for all 〈μ〉 (see Chap. 2). To illustrate the effect of the orientation of the
characteristic profiles relative to the radial direction, Fig. 3.4 (right) shows the analogous
CLV of the full width at half maximum (FWHM, defined as well at CG = 0.5CG,max)
obtained from radial profiles. It can be seen that the ΔHM values of BPs and faculae are
much more constant and have less dispersion than the FWHM of radial profiles. The
characteristic profiles thus allow a more robust measurement of the size of the features.

The apparent μ-invariance of ΔHM justifies plotting single DFs for BPs and faculae by
combining the features from all 〈μ〉 (Fig. 3.5). The histogram of BPs can be compared to
the one of Berger et al. (1995), who also retrieved G-band profiles along feature-specific
directions (in their case chosen such as to minimize the width of BPs) for BPs in active
regions at disk center. Interestingly, whereas the mode of our BP distribution corresponds
to ΔHM = 0.′′18, their histogram peaks at around 0.′′3. The discrepancy by almost a factor 2
is explained by the ratio of the spatial resolution between both studies (the data of Berger
et al. 1995, were recorded at the 50 cm Swedish Vacuum Solar Telescope, SVST). Like-
wise, a recent multi-level tracking study of network BPs in the quiet Sun observed with the
Dutch Open Telescope (angular resolution 0.′′23 in G-band) yielded BPs “diameters” of
about 0.′′3 (diameter of a disk equivalent to the segmented area, Bovelet and Wiehr 2008).
At equal resolution than ours, Wiehr et al. (2004) and Puschmann and Wiehr (2006) re-
trieved the distribution of BP diameter by a MLT segmentation of G-band images from
the SST. Despite their different definitions of “size”, they obtain modal values of 0.′′22 and
0.′′15 respectively, similar to ours.
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3.3 Analysis of contrast profiles

Figure 3.4: Left: Center-to-limb variation (CLV) of the average ΔHM of BPs (
) and
faculae (�), retrieved from the characteristic profiles. Right: CLV of the average full-
width at half maximum (FWHM) retrieved from radial profiles. The error bars represent
the standard deviations of BPs (solid) and faculae (dashed) at each 〈μ〉. Linear regressions
have been overplotted for BPs (solid) and faculae (dashed).

Figure 3.5: Normalized
DFs of ΔHM for all BPs
(
) and faculae (�). For
comparison, the normal-
ized DF of all segmented
features (BPs, faculae and
rejected features) in the
“limb” data is plotted as
well (+) with a dotted cu-
bic spline.

The ΔHM distribution of faculae peaks at larger values of about 0.′′36 with an average
of ∼ 0.′′46, which is consistent with the large extent of facular brightenings (up to 0.′′5
or more) reported by Lites et al. (2004). However, our average value is larger than the
average value of 0.′′37 obtained by Berger et al. (2007), using radial cuts at 〈μ〉 = 0.6. We
verified that this difference is accounted for by the inclusion of only the classified faculae
in our statistics (about one quarter of all the features at 〈μ〉 = 0.6, see Table 1), whereas
their measurements were performed on all their detected features. When including all
segmented features of the limb data in the statistics (BPs, faculae, and rejected features),
yielding the additional DF in Fig. 3.5, we obtain a similar average ΔHM of ∼ 0.′′37.

The consistency of our distributions of ΔHM, obtained for the classified BPs and fac-
ulae at all the 〈μ〉 of our dataset, with other studies performed exclusively on BPs (at
disk center) or faculae (near the limb) indirectly supports the validity of our classification
method.
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3 Contrast and morphology analysis of bright points and faculae

Figure 3.6: Illustration of the sign
convention for η. The r and t axes
indicate the radial direction and the
transverse one. The x and y axes
represent the local reference frame
of a given feature. Whether the
characteristic profile of that fea-
ture is retrieved along x or y, η
is counted positive is the profile is
skewed toward the limb (dashed ar-
rows). The angle φ is also repre-
sented, for the case in which the
characteristic profile si along x.

r

t

xy

Center

�
>

0

Limb

�
>

0

�

3.3.3 Asymmetry of facular profiles

Of particular interest for the comparison with theoretical models are the asymmetries of
contrast profiles over the length of the faculae. These would pose new constraints that
“any model of faculae must satisfy” (Steiner 2007). 2D flux tube models indeed predict
asymmetric facular intensity profiles, with a steep intensity rise induced by the hot wall
and a gentle fading on the limb side (Deinzer et al. 1984, Knölker et al. 1988, 1991,
Steiner 2005). Even though radial contrast profiles of limb faculae have been earlier
retrieved (Hirzberger and Wiehr 2005, Berger et al. 2007), there has been no quantitative
investigation of their asymmetry.

To quantify the asymmetry of the characteristic profiles, we measured their skewness
as the third standardized moment of these profiles:

η =

∫
dsC̃(s)(s − 〈s〉)3

[
∫

dsC̃(s)(s − 〈s〉)2]3/2
, (3.1)

C̃(s) =
C(s)∫
dsC(s)

, (3.2)

〈s〉 =
∫

dsC̃(s)s, (3.3)

where C(s) stands for the G-band characteristic profile and s for the chosen coordinate
of this profile (x or y axis of its local frame, cf. Sect. 3.2.3). To compare with flux tube
models predicting a limbward asymmetry, we counted the skewness η as positive in the
direction of the characteristic profile pointing limbward (as illustrated in Fig. 3.6).

As for the study of the orientation, the “center” and “limb” data were treated sepa-
rately, inasmuch as the contrast profiles suffer from different degrees of projection onto
the plane of the sky. The DFs of the obtained η of faculae and BPs are displayed in Fig.
3.7. In the limb data, the faculae profiles are clearly positively skewed (i.e. toward the
limb) with an average value (and similar modal value) of 0.16 1. In contrast, the BPs

1We mention that similar DFs and skewnesses are obtained if using radial contrast profiles instead, since
the characteristic profiles in the limb data are mostly radially oriented (see Fig. 3.3).
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Figure 3.7: Left: Normalized DFs of η for BPs (
) and faculae (�) of the center data
(〈μ〉 ≥ 0.9). Right: Idem for the limb data (〈μ〉 ≤ 0.63). For comparison, the normalized
DF of all features (BPs, faculae and rejected features) in the limb data is plotted as well
(+) with a dotted cubic spline. As a guide, a vertical dashed line (η = 0) separates positive
and negative skewness.

identified near the limb have an average value of 0.07 only. The fact that their profiles
are slightly limbward skewed as well further suggests that part of these BPs are misclas-
sified small faculae. As indication, we overplotted the DF obtained if no classification
is performed, i.e. including the faculae, the BPs and the rejected features. Even without
classification, the profiles are positively skewed with an average value of 0.13.

In contrast to the limb data, the faculae of the center data exhibit positive and negative
values of η in similar proportions, with an average value of 0.08. This suggests that the
sign of the asymmetry of facular profiles depends the orientation of their characteristic
profiles, as the latter have a wider distribution of orientation relative to the radial direction
in the center data than in the limb data (see Fig. 3.3). The slight excess of positive
skewness can be explained by the rather wide range of μ of the “center” images (see
Table 3.1), so that the faculae are still preferably radially oriented in these images (see
Sect. 3.3.1). The BPs exhibit a rather narrow distribution with a low mean value of 0.03,
lower than the corresponding value near the limb. As a remark, we verified that if radial
profiles are used instead of the characteristic ones, similar conclusions are obtained for
faculae at disk center, but the DF of BPs becomes wider as the consequence of the random
orientation of elongated BPs.

Finally, we looked at the absolute values of η at the different 〈μ〉 of our dataset, and
compared with the case of radial profiles. The CLV of the average | η | is given in Fig.
3.8 for both cases. It is striking that both BPs and faculae reveal remarkably constant
values of | η | with 〈μ〉 when measured on the characteristic profiles, whereas these values
fluctuate much and have larger standard deviations when measured on the radial profiles.
The former are thus more robust observables to use as constraint for models. Note that
for faculae near the limb (μ ≤ 0.63 in Fig. 3.8), the similarity between the values of
| η | of the characteristic and radial profiles is easily explained by the preferred radial
orientation of the profiles. Near disk center, however, the | η | from radial profiles are
surprisingly large, which indicates that granules contribute significantly to the asymmetry
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3 Contrast and morphology analysis of bright points and faculae

Figure 3.8: CLV of the average absolute values of η for BPs (
) and faculae (�), evaluated
on the characteristic profiles (left) and on radial profiles (right). Error bars: Standard devi-
ations of BPs (solid) and faculae (dashed). The latter are left-shifted for readibility. Solid
and dashed linear regressions have been overplotted for faculae and BPs, respectively.

of these profiles. For BPs, the visibly decreasing trend of | η | from radial profiles reflects
the random orientation of BPs near disk center and their preferred radial orientation near
the limb (possibly due to misclassifications).

3.4 G-band and continuum contrast

In this Section, we examine the behaviour of the G-band and continuum contrast of BPs
and faculae by considering the peak values of the features, CG,max, and CC,max

2 (taken at
the same pixel location and measured in the non-filtered images). Quantifying the contrast
of the features via their peak values rather than using averages minimizes the smearing
of the BP contrast within intergranular lanes (Title and Berger 1996), and avoids mixing
granulation pixels in the faculae contrast.

3.4.1 Center-to-limb variation

We first looked for trends in the center-to-limb variation (CLV) of the peak contrast values
of BPs and faculae, averaged at each 〈μ〉 (Fig. 3.9). To avoid a bias due to the progres-
sive increase of the G-band threshold with decreasing 〈μ〉 in our segmentation (see Sect.
3.2), we imposed here an equal threshold for all disk positions by requiring CG,max > 0.3
(corresponding to the highest value of the CG,t threshold used in the segmentation, see
Chap. 2).

Whereas the peak contrast of faculae increases towards the limb as expected in our μ
range (enhanced view on the hot wall), the BPs surprisingly follow the trend of faculae,
both in G-band and continuum. A straightforward explanation for this common behaviour

2In this Chapter, we used the symbol CG,max to refer both to the peak contrasts of the G-band character-
istic profiles, measured from the spatially filtered images, and the actual peak contrast of the features used
in this Section, measured in the non filtered images. The difference can be understood from the context and
will be always clearly stated.
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Figure 3.9: Left: CLV of the averaged G-band peak contrast CG,max of BPs (
) and faculae
(�). Right: Idem in continuum, where CC,max was taken at the same pixel location as
CG,max. To avoid bias (see main text), only features having CG,max > 0.3 were considered.
The vertical bars represent the standard deviations of BPs (solid) and faculae (dashed),
the latter being artificially left-shifted for readibility.

would be the misclassification of small faculae in the limb images (〈μ〉 ≤ 0.63). However,
such misclassifications cannot account for the common contrast increase of BPs and fac-
ulae at larger μ values (〈μ〉 ≥ 0.78). Finally, note that faculae have systematically larger
contrast than BPs at all μ (both in G-band and continuum), especially in the limb images,
which can be due both to the hot-wall effect and the finite spatial resolution.

The similar behaviours of BPs and faculae implies that a distinction between these
features would have a negligible influence in the contrast CLV of magnetic elements, at
least in the considered μ range and wavelengths.

3.4.2 G-band–continuum relation

BPs are known to exhibit a brightness excess in G-band compared to continuum, which
has been explained by the lower CH abundance in the hot and tenuous atmosphere of
magnetic elements (Shelyag et al. 2004, Schüssler et al. 2003). Although faculae do
exhibit larger contrasts in G-band as well, there has been no comparison of their G-band–
continuum contrast relation with the one of BPs.

The relation between G-band and continuum contrast is best described by scatterplots
of CG vs. CC, such as performed at disk center (without BPs/faculae distinction) by Berger
et al. (1998) and Shelyag et al. (2004), using observations and simulated synthetic images,
respectively. As before, we divided the data between “center” (0.9 ≤ 〈μ〉 ≤ 0.97) and
“limb” (0.56 ≤ 〈μ〉 ≤ 0.63), whose scatterplots of CG,max vs. CC,max are shown in Fig. 3.10
3. Linear regressions of the form:

CG,max = sCC,max + o (3.4)

3Since we are not interested in directly comparing the magnitude of the contrast between different μ
(unlike in Sect. 3.4.1), we included here all the data points without imposing CG,max > 0.3. The same holds
for Sect. 3.4.3.
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Figure 3.10: Scatterplot of CG,max vs. CC,max for BPs (
) and faculae (�) in the “center”
images (0.9 ≤ 〈μ〉 ≤ 0.97) and for the “limb” images (0.56 ≤ 〈μ〉 ≤ 0.63). The data
points of BPs and faculae were linearly-fitted separately (solid line for BPs and dashed
for faculae), yielding the slopes s and offsets o, together with their 1-σ uncertainties
(indicated by ±).

were applied separately to BPs and faculae. The best fit values of the slope s and the offset
o are indicated in Fig. 3.10, together with their 1-σ uncertainties.

Comparing the trends of the BPs and faculae reveals that BPs have lower s and larger
o than faculae by more than 3 σ in both the center and limb data. Care should be taken,
however, as the peak contrasts of BPs are more affected by the finite spatial resolution
(Possible physical effects will be discussed in Sect. 3.6.1). The differences between the
center and limb data are less obvious: both for BPs and faculae, s and o seem lower in the
limb data, but by 1-2 σ and 1-4 σ only, respectively.

3.4.3 Size-dependence of the contrast

Because high-resolution imaging can provide “direct” measurements of the size of re-
solved magnetic features (arguable off-disk center), it offers a way to directly probe the
dependence of the contrast on the size of these features. By comparison with flux tube
models and/or studies of contrast as a function of magnetogram signal, such measure-
ments could provide valuable constraints as well as deliver a “proof-of-principle” of proxy
magnetometry.

As a measure of the “size” of a feature, we considered the apparent area (projected
onto the plane of the sky) of the set of pixels whose G-band contrast in the spatially
filtered images exceeds half of its maximum contrast, AHM, illustrated in Fig. 3.1 4. Like
for ΔHM, using the half-maximum level for the measurement makes it independent of the
peak contrast of the features.

Because of the CLV of the contrast and the geometrical foreshortening affecting AHM

with decreasing μ, we have divided the data into four intervals of μ. Fig. 3.11 shows the
scatterplots of CG,max and CC,max vs. AHM for the BPs and faculae in the four μ intervals.

4Measuring AHM in the filtered images reduces the dispersion due to the medium and large-scale fluctu-
ations of the intensity.
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In each interval, the contrast values of all the features (BPs, faculae and rejected) were
averaged in bins of AHM in order to identify an overall trend. This is justified by the
relatively distinct ranges of AHM of BPs and faculae (owing to our classification), which
allow a single trend to represent both contrast behaviours.

In all μ intervals, the trends of the average CG,max exhibit more pronounced concave
shapes than CC,max. This is particularly visible near disk center for 0.94 < μ < 0.98, where
the G-band trend reaches a clear peak, while the continuum trend is almost flat. Nearer
the limb (μ < 0.65), both the G-band and continuum trends are qualitatively more similar,
and seem to differ essentially by a proportionality factor. This is consistent with the lower
value of the offset o of the CG,max vs. CC,max relation (making it closer to proportionality)
for the limb data compared to the center data (cf. Sect. 3.4.2) 5.

Despite our segmentation of bright features only (see Sect. 3.2.2), the obtained trends
bear a striking resemblance with the analogous trends of contrast as a function of “magne-
togram signal” (calibrated measure of the Stokes V amplitude) and apparent flux density
(see Chapter 4). This similarity seems to hold both for the continuum (see Topka et al.
1992, Lawrence et al. 1993, Ortiz et al. 2002, despite the differences in wavelength) and
the G-band (see Berger et al. 2007). Alike those trends, the concave shape of the trends as
a function of AHM becomes ever more pronounced as μ decreases. In addition, the present
trends peak at larger AHM for lower μ intervals, in the same way as the peak shifts to larger
magnetogram signals. To our knowledge, such an analogy has not been unveiled before.
These new results lend credit to the use of proxy magnetometry of BPs and faculae at
high resolution, at least in the μ range considered here.

We shall now have a closer look exclusively on the BPs of the center data (〈μ〉 ≥
0.9). Since BPs near disk center are thought to be the signatures of flux concentrations
seen from overhead, it is expected that their contrast–size relation closely follows the
predictions of flux tube models. Such models predict a decrease of the contrast with the
size of the flux tubes (assuming a constant field strength), mainly because of the increasing
ratio between their internal volume and the heating surface of their “walls” (Spruit 1976,
Deinzer et al. 1984, Fabiani Bendicho et al. 1992). To verify this prediction, we have
investigated the dependence of the CG,max and CC,max of the BPs on both AHM and ΔHM,
as presented in Fig. 3.12. The latter can be considered a good proxy of the underlying
flux tube/sheet width, since it is generally measured along the short dimension of the BPs
(owing to the orientation of the characteristic profiles).

The behaviour of the BP peak contrasts partly deviates from the theoretical expec-
tations, both as a function of AHM and ΔHM. Except the notable decrease of CG,max and
CC,max as a function of AHM for the large BPs (AHM > 0.06 arcsec2), the contrast rather
exhibits an increase with AHM for the smaller BPs. This “anomaly” could be due to the
spatial resolution, affecting the CG,max and CC,max values of small BPs. This is supported
by the fact that as a function of AHM, the contrast trends are again reminiscent of the re-
lation contrast–magnetogram signal. And since the magnetograms have a much poorer
spatial resolution, the initial increase of contrast with magnetogram signal is reasonably
explained by the increasing “filling factor” (fractional area of the resolution element) of
unresolved features. However, true physical effects cannot be entirely discarded, in par-
ticular the possible dependence of the field strength on the size of the flux concentrations

5It can be verified that each of the present average values of CG,max and CC,max relate according to the
linear relations presented in Sect. 3.4.2.
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3 Contrast and morphology analysis of bright points and faculae

(see Sect. 3.6.2). The trends as a function of ΔHM are especially intriguing, in that the
contrast monotonously rises over the whole range of size (with a slight cubic shape). It
is probable that the decrease of contrast toward larger cross–sectional areas of the BPs is
“hidden” when viewing the data as a function of ΔHM, because the latter is limited to the
width of intergranular lanes while the area is free to vary in the perpendicular dimension.
Finally, we note that irrespective of being examined as a function of AHM or ΔHM, the
shape of the contrast trends seem to be amplified in G-band with respect to continuum.
As a function of AHM, the difference between continuum and G-band is not unlike the
difference between continuum and line core contrast as a function of magnetogram signal
observed by Frazier (1971) (at 525 nm) and Title et al. (1992) (at 676.8 nm), and is con-
sistent with the G-band high-resolution measurements of Berger et al. (2007) (obtained at
SST).

3.5 Morphology

To study the morphological properties of BPs and faculae, we considered the 2D “fig-
ures” formed by the set of pixels having G-band contrast values above half of the local
maximum of the segmented features (in filtered images), i.e. with CG > 0.5CG,max

6.
These figures are naturally simply connected by virtue of the MLT segmentation, and their
outline is by definition independent of absolute contrast values, and thus of any thresh-
old. To minimize the spurious effect of pixellation (artificial roughness of the outline,
erroneous areas and perimeters) particularly affecting small BPs, the segmented features
were bilinearly-interpolated by a factor three in each direction with an additional contour
smoothing, prior to the extraction of the figures. The outline of such a figure is shown in
Fig. 3.13, superposed on the corresponding bilinearly interpolated feature.

In the framework of geometrical set theory, the form of figures is adequately described
by a variety of “form parameters”, defined as ratios independent of the position, scaling
and orientation (Stoyan and Stoyan 1994). In this study, we were only interested in form
parameters characterizing the “overall” and “small-scale” deviations from circularity. To
characterize the global ellipticity of each feature, we considered the ellipse whose semi-
major axis a is given by the maximal chord length DF of its associated figure, the so-called
“Ferret diameter”, and whose semi-minor axis b is deduced from the figure area A 7:

a =
DF

2
; b =

A
πa

(3.5)

The ellipticity can then be defined as:

fE = 1 − b
a
∈ (0, 1) (3.6)

This definition is indeed independent of the orientation and barely influenced by the irreg-
ularity (non-convexity) of the figure contour. Fig. 3.14a displays the mean values of fE for

6Following Stoyan and Stoyan (1994), these figures were treated as simple two-dimensional objects,
thus neglecting the fact that their pixels have different contrast values.

7Due to the interpolation of the feature, the area A of the figures considered here is not equivalent to the
area AHM considered in Sect. 3.4.3.
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Figure 3.11: Left column: Dependence of CG,max on AHM in four distinct intervals of μ
near disk center (upper two panels) and nearer the limb (bottom two panels). Right col-
umn: Same for CC,max. Crosses and error bars: Average and standard deviation of the peak
contrast of all features (BPs, faculae and rejected) in bins of AHM of width 0.02 arcsec2,
restricted to bins having more than 10 contrast points. Solid curve: Least-square quadratic
fit of the average values (weighted by the inverses of the standard deviations). The indi-
vidual data points corresponding to BPs (
) and faculae (�) have been overplotted.
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3 Contrast and morphology analysis of bright points and faculae

Figure 3.12: Dependence of CG,max (left) and CC,max (right) on AHM (upper panels) and
ΔHM (lower panels) for BPs in the “center” images (〈μ〉 ≥ 0.9). Crosses and error bars:
Average and standard deviation of the BP peak contrasts into bins of AHM of 0.005 arcsec2

and bins of ΔHM of 0.01 arcsec. Quadratic polynomials and cubic polynomials have been
fitted to the average contrasts in bins of AHM and ΔHM, respectively. Individual contrasts
of BPs are overplotted (
).

Figure 3.13: Illustration of a 2D fig-
ure used for the morphology stud-
ies. The feature is in its local x/y
reference frame, and its contrast
spatial distribution was bilinearly-
interpolated by a factor three in
each direction. The boundary of the
feature is defined by the segmenta-
tion map, with additional contour-
smoothing. The inner contour out-
lines the relevant figure composed
by the pixels satisfying CG >
0.5CG,max, and the oblique chord
line corresponds to the “Ferret” di-
ameter DF.

DF

�X

�
Y
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BPs and faculae at each 〈μ〉. The values are roughly constant with 〈μ〉, although a slight
decrease towards the limb can be noticed for both BPs and faculae (possible foreshort-
ening or spatial resolution effect). Also, whereas the average values of BPs and faculae
are rather similar, the former have larger standard deviations and thus can exhibit a larger
variety of global shapes.

For comparison with other studies, we computed the DFs of the “center” BPs and
“limb” faculae, as shown in Fig. 3.14b. The faculae histogram can be directly compared
with the one of Bovelet and Wiehr (2001), who used an identical definition of ellipticity,
applied to MLT-segmented facular grains in a 658 nm continuum image at 〈μ〉 = 0.54
recorded at the SVST. Although not specified in their paper, the authors used as well
a normalized threshold at 0.5 for their figures (private communication). Despite their
lower statistics (only 638 faculae) extracted from only one 〈μ〉 and their lower spatial
resolution (of little influence on large structures as faculae though), their histogram is
very similar to ours. The mode also corresponds to fE ∼ 0.4 and the distribution spans
values from fE = 0 to 0.8. A closer look at their results indicates that our distribution is
closer to their histogram of “larger-than-average” faculae, which are more elliptical than
the smaller ones. This can be due to several factors: small faculae are likely to be rejected
or misclassified in our treatment, while their lower spatial resolution cause small faculae
to appear more circular. The ellipticities of disk center BPs in active regions have been
investigated previously by Berger et al. (1995), on G-band images from SVST. These
authors used a slightly different definition, as the semi-axes ratio a/b of a best-fitting
ellipse to the BP shape given by their segmentation map. They thus obtained distribution
with a mean value of 1.5 and a severe drop for ellipticities larger than 2. If we transform
our previous definition of fE into a/b, we then obtain a larger mean value of 1.88, and a
more extended distribution tail as well. Although the discrepancy can be partly due to the
different definitions of the ellipse and the threshold-dependence of their definition (their
BP contours are limited by their segmentation threshold whereas our “figures” are defined
by the half-maximum level), it is most probably related to the lower spatial resolution
of the SVST. Hence, whereas the ellipticities of faculae did not significantly change by
increasing the spatial resolution, BPs appear more elliptical than in earlier studies, so that
their ellipticities become comparable to the faculae ones.

Another useful shape ratio to quantify the deviations from circularity is the “area-
perimeter ratio” defined as:

fAU =
4πA
U2
∈ (0, 1) (3.7)

where U stands for the perimeter of the figure, and fAU < 1 for all figures other than a
perfect disc. But while this definition characterizes as well the global circularity as fE, it
is very sensitive to small-scale deviations of convexity in the figure outline, through the
second power of U. Having already examined the global ellipticity of BPs and faculae
via fE, we can then use fAU to address the convexity of their contour shape. The larger
average values of BPs compared to faculae at each 〈μ〉 (see Fig. 3.14c) indicates that BPs
have more convex and regular shapes. This is probably a consequence of the finite spatial
resolution, as BPs have much smaller sizes. In addition, the figure contours of the faculae
can be more complex due to the clustering of fine striations, which are not always properly
resolved by the MLT segmentation. Also, the finite resolution is probably responsible for
the common increase of the average fAU of BPs and faculae toward lower μ.
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3 Contrast and morphology analysis of bright points and faculae

The two shape ratios presented above are strict “form parameters” through their inde-
pendence on the feature’s orientation. However, treating BPs and faculae as simple 2D
figures neglects the distribution of contrast within the features, which contains meaningful
information about their individual orientation (see Sect. 3.3.1). As all our BPs and faculae
have already been oriented in a local x/y frame according to their “contrast moment of
inertia”, we can define an new shape ratio in that frame:

fXY = 1 − Δx

Δy
(3.8)

where Δx and Δy are the widths of the figure along x and y, measured through the location
of maximum contrast CG,max (see Fig. 3.13). Unlike for fE, BPs do exhibit slightly larger
values of fXY than faculae (Fig. 3.14d). This difference can be attributed to the narrow
contrast distribution of elongated BPs about their y axis, while faculae have a flatter, more
diffuse distribution (this is also the case for adjacent faculae striations due to the relatively
weak contrast depressions between them). This difference was probably hindered in fE,
since the latter does not take into account the “orientation” of the features. Moreover, the
fXY values of faculae have much more dispersion than the BP ones, whereas it is the op-
posite for fE. This can be again attributed to the proper orientation of BPs (reducing their
dispersion) and to the more complex shape of the faculae (as revealed by fAU), causing
discrepancies between the axes of the ellipse used in the definition of fE (3.5) and Δx,Δy.
Hence, whereas the global ellipticity of BPs and faculae is very similar when looking at
it independently of their orientation, BPs appear slightly more elongated when using a
shape ratio that takes into account their contrast distribution.

3.6 Discussion

3.6.1 On the relationship between BPs and faculae

We shall here discuss some aspects of the differences and similarities between the features
classified as BPs and faculae, as revealed by our analysis.

It was found that near the limb (0.56 < 〈μ〉 < 0.63), faculae are preferably radially ori-
ented and their profiles exhibit a limbward skewness (η > 0). This was partly expected,
as a limbward asymmetry was predicted by 2D calculations (Deinzer et al. 1984, Knölker
et al. 1988, 1991) as a signature of the hot-wall effect. Earlier observational studies of
facular profiles nevertheless gave inconsistent results, although they did not statistically
quantify the asymmetry of the profiles. Indeed, even though some isolated cases of asym-
metric facular profiles were observed (Lites et al. 2004, Hirzberger and Wiehr 2005), a
recent study found that the profile resulting from the average of the “radial cuts” of all
detected bright features at μ ∼ 0.6 was rather symmetric (Berger et al. 2007). However,
these authors did not perform a “classification” of faculae, and it is very likely that aver-
aging all profiles smears out the asymmetry of individual facular profiles. Interestingly,
the three radial profiles of faculae computed from the 3D MHD simulations of Keller
et al. (2004) do not exhibit a visible asymmetry either. It should be beared in mind that
the observed profiles are projected onto the plane of the sky, as the ones of Keller et al.
(2004), whereas the profiles computed from 2D models are always shown as a function
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a b

c d

Figure 3.14: a) CLV of the average ellipticities fE of BPs (
) and faculae (�). b) Nor-
malized DFs of fE for the BPs of the “center” data and the faculae of the “limb” data. c)
CLV of the average area-perimeter ratio fAU. d) Idem for the width ratio fXY in the local
reference frame x/y. For all CLVs, the standard deviations of faculae (dashed) have been
left-shifted for readibility.

of the horizontal coordinate. However, our facular profiles exhibit an asymmetric shape
despite their projection onto the plane of the sky, and thus pose a novel constraint for the
3D simulations.

Near disk center, we found faculae to have a wider distribution of orientation (rela-
tive to the radial direction) and to exhibit both limbward and centerward skewness. But
interestingly, the “degree of asymmetry” of their profiles (quantified through | η |) is very
similar to the limb faculae. This suggests that faculae near disk center are also produced
by a “hot wall effect”, but induced by the inclination of the fields (see also Discussion in
Chap. 2). Therefore the orientation of their brightenings appears unrelated to the radial
direction (although our “center” images covers a wide range 0.9 < 〈μ〉 < 0.97 and contains
as well LOS effects). That faculae could be induced by inclined fields has been already
proposed by Keller et al. (2004) on the basis of their 3D MHD simulations, although they
did not actually check their existence near disk center. We note that if the apparent orien-
tation of the facular brightenings indeed reflects physical information about the azimuthal
direction of inclined fields, this would justify to retrieve profiles by taking into account
the individual orientation of these brightenings (e.g. the herein “characteristic profiles”)
instead of radial cuts.

As expected, BPs near disk center have a large spectrum of orientation with very
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3 Contrast and morphology analysis of bright points and faculae

symmetric characteristic profiles. Near the limb, surprisingly, the orientation of their
characteristic profiles is preferably radial while their profiles exhibit a slight limbward
skewness. This suggests that the features appearing as BPs near the limb are manifesta-
tions of the same hot wall effect as limb faculae. But unlike large faculae, they take a
BP-like appearance because they do not benefit from a large granule on their limbward
side, and due to the finite resolution. The appearance of faculae was indeed shown by
Keller et al. (2004) to depend on the presence of a “well-formed” granule next to the flux
concentrations. Such very small facular brightenings have been already reported by Lites
et al. (2004), and Keller et al. (2004) also argued that they arise from the limited spatial
resolution and ensuing remaining speckles in the observations.

The BP-like appearance of small faculae is also understandable in the light of our
morphology study. The statistics of the shape ratios indeed revealed that at the highest
achievable resolution, at which adjacent BPs and faculae striations can be resolved by
MLT segmentation, these elements bear only minor morphological differences (in spite
of their large difference of size on average). This similarity between BPs and faculae,
in particular the relatively low ellipticity of BPs, can be surprising when having in mind
the often very complex structure of intergranular BPs in active regions (see Berger et al.
2004), appearing like a “magnetic fluid” in MHD simulation snapshots (Schüssler et al.
2003, Shelyag et al. 2004). However, a close look at the subfields shown in Fig. 3.2 (for
〈μ〉 = 0.9, 0.97) reveals that many of these complex structures are broken up into smaller
adjacent ones by the MLT segmentation, while others are rejected from the classification 8.
Moreover, even if the definitions of the shape ratios are scale-independent, their values
depend very much on the spatial resolution, especially for BPs. Further increase in spatial
resolution is thus expected to reveal further morphological differences.

When analyzing the contrast of BPs and faculae, we surprisingly found them to have
a similar CLV of their peak contrast, which cannot be explained solely by the misclassifi-
cation of small faculae. An alternative explanation is that in the μ range considered here,
the variation of contrast is not dominated by the visibility of the hot wall, but by a “limb
darkening” effect common to BPs and faculae. This could be due to the geometrical shift
of the optical depth combined with the larger temperature gradient outside than inside
the flux concentrations, causing a similar darkening of the quiet environment of BPs and
faculae. In addition, the geometrical shift could be more important outside than inside the
flux tubes, due to their partial evacuation.

Further hints on the different physical nature of BPs and faculae could be provided
by their different linear relations (slope s and offset o) between their G-band and contin-
uum contrast 9. We can speculate the following interpretation for the distinct G-band–
continuum trends of BPs and faculae. Assuming that BPs correspond to magnetic ele-
ments aligned with the LOS, whereas faculae arise from an oblique view through such
elements, we can qualitatively compare the CH opacity along a line of sight (LOS) that is
parallel to the axis of a flux tube (BP case) and along an inclined LOS (facula case). Nu-

8We note that the adoption of a coarser MLT segmentation would probably yield more morphological
differences between BPs and faculae, as the former would clump into complex shapes and the latter would
appear rather like “facular granules” (instead of finer striations). However, the classification would loose in
efficiency (as shown in Appendix A).

9These different behaviours should be considered carefully near the limb due to the plausible misclassi-
fied faculae.
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merical radiative transfer calculations have shown that inside the flux tube, the low density
and the collisional dissociation of CH molecules lead to a reduced CH opacity (Steiner
et al. 2001, Sánchez Almeida et al. 2001, Schüssler et al. 2003, Shelyag et al. 2004).
While a vertical look fully captures this CH-depleted atmosphere, an inclined LOS trav-
els through some non-magnetic region in front of the flux tube, and thus integrates more
CH opacity. Therefore, the CH lines should be somewhat stronger (relative to continuum)
for the inclined LOS than for the vertical one. The BPs should thus have larger contrasts
than faculae in G-band, which translates in a larger o. And if the CH lines are stronger for
the inclined LOS, they should be more sensitive to temperature variations. The G-band
contrast of faculae should thus be more affected by variations of the continuum emission
(related to temperature), which accounts for a larger s. Of course, in real data, the limited
spatial resolution may have a significant effect on the observed trend (Sánchez Almeida
et al. 2001, even proposed that the G-band–continuum relation of BPs is entirely dic-
tated by the limited resolution) by reducing the values of s and o, as demonstrated by the
diagnostics of Shelyag et al. (2004) on degraded simulation snapshots.

3.6.2 Possible prospects for proxy magnetometry

The obtained trends of the peak contrasts (in G-band and continuum) as a function of
the area of the features in different intervals of μ strikingly resemble the trends of the
variation of the contrast as a function of magnetogram signal (Frazier 1971, Topka et al.
1992, Lawrence et al. 1993, Ortiz et al. 2002).

In magnetogram sudies, the spatial resolution is in general much poorer, so that the
magnetic features are mostly unresolved and their magnetogram signal (which scales with
their magnetic flux) can be roughly interpreted as a measure of their cross–sectional area
(assuming a roughly constant field strength). The contrast is then seen to increase with
small magnetogram signals as the features become larger and better resolved, until the
contrast decreases for larger signals associated with darker features (e.g. micropores).

The fact that the peak contrasts as a function of the area behave similarly comes as a
surprise for several reasons. First, our measurements of contrast and areas are performed
at a much higher spatial resolution (a factor 5 to 50 better, depending on the magne-
togram study), and except for the smallest BPs, the BPs and faculae considered here have
dimensions far exceeding the diffraction limit (see Sect. 3.3.2). Second, we are consider-
ing only bright features whose G-band contrast exceed a rather large threshold (see Sect.
3.2.2). Third, studies of the contrast as a function of magnetogram signal average the
contrast of unrelated pixels in the images having magnetogram signals within given bins
(“magnetogram-binning method”), and thus bear no information about the identity of the
magnetic features. The obvious similarity between our results and magnetogram studies
has thus important implications: (1) the finite spatial resolution still affects the measured
peak contrast values, (2) there must be some correlation between the observed area of
the segmented features and the associated magnetic flux, and (3) in a statistical sense,
magnetogram-binning studies can be interpreted in terms of single features.

That the finite spatial resolution plays an important role in our measurements is clear,
as even when restricting the case to BPs near disk center, the theoretical decrease of con-
trast with area is only recovered for large BPs. This is not in contradiction with the fact
that most BPs considered here have dimensions largely exceeding the diffraction limit, as
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the point spread function (PSF) could significantly smear the contrast at the core of the
BPs. In addition, observational indications exist that the “true” (i.e. corrected for resolu-
tion effects) contrast-size relation of BPs matches the theoretical expectations. A decrease
of contrast with size was indeed found by Spruit and Zwaan (1981) by correcting their
BP diameters for the effects of finite resolution, and suggested by Ortiz et al. (2002) when
relating the contrast per unit of flux (contrast divided by the magnetogram signal, which
was interpreted as some measure of the features’ intrinsic contrast) to the magnetogram
signal. Physical effects could also come into play to explain that an increase of contrast
with size (instead of the expected decrease) is found in the low size range. As will be seen
in Chap. 4, the contrast of magnetic elements behaves similarly as a function of filling
factor (fraction of resolution element occupied by the magnetic feature) and as a function
of field strength. It could then be that the features having small sizes also harbour weaker
fields (therefore less opacity depression and lower contrast). That small concentrations
of flux can have weaker field strength could be accounted for by some inhibition of their
“convective intensification” (Parker 1978, Grossmann-Doerth et al. 1998) through lateral
heating (as theoretically predicted by Venkatakrishnan 1986, Rajaguru and Hasan 2000).
In particular, Venkatakrishnan (1986) deduced that slender tubes (of diameter < 100 km)
should show a strong dependence of their intrinsic field strength on their size, which has
been supported by the infrared polarimetric observations of Solanki et al. (1996).

The possible correlation between the projected area of bright features and the flux of
the associated magnetic elements is at first sight intriguing. Especially near the limb, one
would expect the facular brightness to be rather a simple “cumulative function of their
projected area” (Berger et al. 2007), related to the incidence of the line of sight (LOS)
onto the hot wall. Berger et al. (2007) indeed found a linear relation between the facular
contrast and the area of the features, which surprisingly has a similar slope at all their
disk position 10 There could nevertheless be a relation between the visibility of the bright
granular walls of facular features and the associated magnetic flux. Namely, the larger
the flux concentrations the more visible the walls are (and the larger the projected area)
but the cooler is the atmosphere traversed by the LOS, which could contribute to reduce
the contrast of larger features. The relation between the extent of the facular brightness
and the amount of flux is also supported by the cuts across magnetograms and faculae of
Berger et al. (2007), showing that even at μ ∼ 0.6, both quantities are roughly co-spatial.

Hence, through their similarity with magnetogram studies, our results seem to validate
the use of proxy magnetometry at high resolution and thus offers promising prospects.
However, a true assessment of the relation between the measure of area used in our study
and the magnetic flux of the features requires a dataset with joint magnetograms, and this
area measurement should be properly calibrated for its use as a proxy.

To conclude, we would like to raise the attention on the use of one-dimensional mea-
surement of sizes to verify the theoretical contrast-size relation. When measuring the size
of the features via the width of their “characteristic” contrast profiles (ΔHM), we found no
sign of a decrease of the contrast even toward large sizes (unlike the contrast dependence
on the features’ area). Berger et al. (1995) found a similar trend by measuring the FWHM
of BPs across their short dimension, and Wiehr et al. (2004) by using their “equivalent
diameters”. The absence of contrast decrease can be explained by the fact that the degree

10However, their area is defined differently from ours, as their definition relies on a “blob-finding” seg-
mentation, whereas we use MLT and further take care to measure the area in a feature-independent way.
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to which flux concentrations are heated depends in first order on their volume, which can
be better “grasped” by their cross-sectional area (assuming constant optical depth depres-
sion) than by a one-dimensional width measurement (especially for elongated sheet-like
flux tubes). In addition, the telescope PSF spreads the contrast in two dimensions, which
cannot be adequately captured when relating the contrast to a one-dimensional size mea-
surement. Since the predictions of the contrast–size relation arose from early 2D flux
tube models, it comes almost natural to seak for a contrast–size relation using 1D mea-
surement of the size. The above suggests that a 2D area measurement is likely to be more
appropriate, and should be compared with 3D simulations correspondingly.

3.7 Summary

In the present study we followed the classification approach developed in Chap. 1 to sort
BPs and faculae in high-resolution images of active regions at various heliocentric angles,
and statistically analyzed their photometric properties (contrast and morphology), as well
as their variation with heliocentric distance. Here we briefly summarize the obtained
results:

1. The statistical distribution of the width of BPs and faculae classified with our
method is consistent with previous studies, performed on disk center-BPs (Berger
et al. 1995, Wiehr et al. 2004, Puschmann and Wiehr 2006, Bovelet and Wiehr
2008) or limb-faculae only (Lites et al. 2004, Berger et al. 2007), which indirectly
supports our classification.

2. Limb faculae (0.52 < μ < 0.65) are mostly radially oriented and their contrast pro-
files are limbward-skewed (both in mode and average), as predicted by 2D MHD
calculations (Deinzer et al. 1984, Knölker et al. 1988, 1991, Steiner 2005). Nearer
the disk center, their orientation is more widely distributed and the profiles exhibit
both limbward and centerward skewness in similar proportions, but with absolute
values comparable to the ones near the limb. This indicates that faculae near disk
center are induced by inclined fields, and that the orientation of the facular bright-
enings is related to the azimuthal direction of their inclination. The skewness of
facular profiles sets a novel constraint for 3D MHD simulations of faculae.

3. BPs observed near the limb are most probably very small faculae having a BP-like
appearance due to the rather small granule on their limbward side.

4. In the μ-range considered here, the G-band and continuum contrast of BPs and
faculae increases similarly from center to limb.

5. BPs and faculae exhibit different linear relations between their G-band and contin-
uum contrast. It is unclear whether the different trends are artefacts of the finite
resolution or are due to real radiative transfer effects related to CH opacity.

6. At the current spatial resolution allowing to resolve adjacent BPs and faculae stria-
tions, the morphological parameters investigated here take rather similar values for
BPs and faculae.
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7. The relation between the peak contrasts and the apparent (projected) areas of BPs
and faculae has a trend which is qualitatively very comparable to the studies of
contrast as a function of magnetogram signal, both for the continuum (Ortiz et al.
2002, Topka et al. 1992, Lawrence et al. 1993, see as well Chapter 4) and the G-band
(Berger et al. 2007). These trends seem to vary in a similar way within different μ
intervals, and are more pronounced in G-band than in continuum. This similarity
implies some relation between the areas of the features observed in high resolu-
tion images and the flux of the associated magnetic elements, and thus opens an
interesting avenue for proxy magnetometry.
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4 Center-to-Limb Variation of the
continuum contrast as a function of
inferred magnetic parameters

The center-to-limb variation (CLV) of the continuum contrast of magnetic features rep-
resents an important constraint for flux tube models, as well as a useful input to repro-
duce the total solar irradiance. However, precise measurements are difficult because the
contrast depends on the atmospheric and magnetic parameters of those features, and is
severely affected by the observing conditions (seeing). In this chapter, I present the first
measurements of the continuum contrast CLV of magnetic features as a function of differ-
ent magnetic parameters (field strength, filling factor and inclination), inferred by inver-
sions of seeing-free spectropolarimetric maps with high spatial resolution (provided by
the Hinode satellite).

4.1 Introduction

The center-to-limb variation (CLV) of the continuum contrast of magnetic features is
a standard problem of solar physics, for it provides a “simple” constraint for flux tube
models in the form of a relationship between the emerging intensity and the emission
angle. Moreover, the CLV of contrast (and most importantly at continuum wavelengths)
of magnetic features is a necessary input to reproduce the fractional change of irradiance
with disk position and by integration over μ the total solar irradiance (see introduction of
Lawrence et al. 1993). Yet the contrast is a subtle observable, as it depends on almost all
atmospheric and magnetic parameters (field strength, amount of flux, surrounding granu-
lation etc), as well as the observing conditions (seeing, wavelength).

As mentioned in Chap. 1 (Sect. 1.2.4), there exists a long list of “facular contrast
CLVs” (meant as the contrast of all photospheric brightenings, BPs and faculae together)
with rather controversial results, notably due to the many factors influencing the contrast
measurements and the difficulty to control these factors (e.g., different spectral ranges,
resolutions, selection effects, statistics, amount of flux, see e.g. Criscuoli and Rast 2008,
Ortiz et al. 2002). In particular, most of them lack information about the magnetic pa-
rameters and the observing conditions (e.g. fluctuating spatial resolution in ground-based
studies). A parameter known to influence the CLV of continuum contrast is the size of the
flux tube (Spruit 1976), as the ratio of the Wilson depression to the tube diameter affects
the relative visibilty of tube “wall” and “bottom” (at optical depth unity). To probe this
dependence, relatively few studies have investigated the CLV as a function of “magne-
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togram signal”, which roughly scales with the size and number density (in the resolution
element) of the unresolved magnetic features (assuming that their intrinsic field strength
does not vary much, Stenflo and Harvey 1985). A first series of studies was carried out
by Topka et al. (1992), Lawrence et al. (1993), and Topka et al. (1997) (hereafter referred
to as TL), using continuum filtergrams of active regions at various visible wavelengths
and nearly simultaneous magnetograms recorded at the 50-cm Swedish Vacuum Solar
Telescope (SVST). Although TL obtained very consistent measurements of contrast vs.
magnetogram signal at a few discrete heliocentric angles (by selecting data with good
seeing conditions in time series), they needed to fight the variable seeing conditions when
comparing their data at different heliocentric angles. To obtain a CLV, they indeed had to
combine observations made on different days under different seeing conditions, different
wavelengths, and average all data points in a large magnetogram signal range (what they
refer to as “faculae”, between 188 Mx cm−2 to 612 Mx cm−2). One of their major con-
clusions was that not only the average facular contrast (average between 188 Mx cm−2 to
612 Mx cm−2) is negative at disk center (i.e. darker than the average quiet Sun), but the
contrast is negative over their whole range of magnetogram signal. They estimated that
the average facular contrast turns positive for heliocentric angles larger than θ ∼ 20◦, and
that the highest contrasts observed at large θ are associated with pixels of large magne-
togram signals that appear dark at disk center, i.e. with micropores. The seeing limited
the spatial resolution of their data to about 0.′′6, blending the contrast of features with their
surroundings (which can easily smear out the brightness of features in intergranular lanes,
as demonstrated by Title and Berger 1996), which could explain their low contrast near
disk center (cf. Solanki 1993). Stimulated by this issue, Berger et al. (2007) repeated the
study of TL at a higher spatial resolution using simultaneous magnetograms (resolution
∼ 0.′′3) and G-band images (resolution ∼ 0.′′1) from the 1-m Swedish Solar Telescope, with
the help of post-facto reconstruction techniques (unlike TL). For the data at 〈μ〉 = 0.97
(mean μ across the field of view, μ = cosθ), magnetogram signals in the range between
500 Mx cm−2 and 1100 Mx cm−2 exhibited positive contrast values. However, the results
of Berger et al. (2007) are not directly comparable since the contrast of magnetic elements
is known to be enhanced in G-band (due to their internal evacuation and larger tempera-
ture, Steiner et al. 2001, Rutten et al. 2001, Sánchez Almeida et al. 2001, Shelyag et al.
2004, Schüssler et al. 2003).

For a fully consistent and comparable study of contrast at different μ and under iden-
tical conditions, space-based measurements are necessary. These allow for vast amounts
of data to be collected and a much more complete range of heliocentric positions to be
covered. Following this line of thought, Ortiz et al. (2002) used SOHO/MDI to provide
systematic reference curves of contrast vs. magnetogram signal in various intervals of
μ, and vice-versa. Although these space-based results are much more reliable, the much
poorer resolution of SOHO (∼ 5′′) hampers the interpretation of their results in terms of
individual magnetic elements.

The Hinode Solar Optical Telecope (SOT) opens new perspectives owing to its much
higher resolution of 0.′′3 (Tsuneta et al. 2008). In particular, its spectropolarimeter instru-
ment (SP) allows for the full Stokes vector to be recorded in the visible Fe line pair around
630 nm. By carrying out proper inversions, one can thus systematically investigate for the
first time the dependence of the continuum contrast on the inferred magnetic parameters
(inclination, intrinsic field strength, filling factor) of the underlying flux concentrations.

92



4.2 Dataset analysis

In this study, I present an assessment of the dependence of the continuum contrast on
inferred magnetic parameters (using the VFISV code, see Sect. 4.2.3) in the quiet Sun,
over a continuous range of μ down to μ = 0.2. Despite its low number density of magnetic
elements, the advantage of the quiet Sun is to largely exclude micropores, and therefore
focus on the study of smaller features. This prevents the mixture of structures having
different contrast (dark micropores and bright elements) when averaging the contrast as a
function of the magnetic parameters.

In a first step, I repeated the work of TL and Ortiz et al. (2002) to see how the results
compare when the spatial resolution increases (Sect. 4.3.1). In order to obtain a “step-
by-step” view of the dependence of the contrast on the magnetic parameters, I considered
first the dependence on the apparent flux density (Sect. 4.3.2) and the inclination (Sect.
4.3.3), then on the field strength and filling factor (Sect. 4.3.4).

4.2 Dataset analysis

4.2.1 Hinode/SP scans

To obtain full Stokes vector information at various heliocentric angles across the solar
disk, I selected an ensemble of 22 spectropolarimetric scans of the Hinode/SP instrument
(Tsuneta et al. 2008), recorded between December 2006 and April 2007. These scans
cover network and internetwork regions near the equator (with the exception of one scan
at the south limb).

The SP instrument delivers profiles of the four Stokes parameters (along its slit) in
a visible wavelength range covering both the Fe I 630.15 nm and 630.25 nm lines, at
a constant high spatial resolution of 0.′′3 (see e.g. Lites et al. 2008, for more details).
The field of view (FOV) along the slit is approximately 160′′, and all our maps had a
total FOV of 160′′ × 160′′, with the exception of 2 scans with FOV of 160′′ × 320′′. The
scans were performed in the so-called “normal mode”, with an exposure time of 5.8 s,
resulting in typical noise levels at disk center of 1.1 × 10−3 and 1.2 × 10−3 for Stokes V
and Q,U, respectively (in units of continuum intensity Ic). All the profiles were calibrated
via the sp_prep routine of the SolarSoft package 1. As it was noticed that the 10 first
and last pixels along the slit contain spurious CCD effects, the corresponding pixel rows
of the spectropolarimetric maps were cropped to avoid erroneous inversion results and
continuum intensity values at these pixel locations.

4.2.2 Maps of continuum intensity and heliocentric distance

Maps of the continuum intensity Ic were provided by the sp_prep procedure, by calculat-
ing the mean of Stokes I in the red continuum of the Fe I 630.2 nm line. Since these maps
are exactly co-spatial with the spectropolarimetric maps by construction, any destretching
and related errors are avoided.

Owing to the short exposure times compared to the granulation turnover timescale
(∼ 10 min), these continuum maps can be thought of as quasi-instantaneous images. They

1http://www.lmsal.com/solarsoft/sswdoc/index_menu.html
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are thus appropriate to study magnetic features, whose evolution timescales are roughly
comparable with those of the granulation (Berger and Title 1996, Berger et al. 1998).

Knowing the pointing coordinates, the slit position within the scan and its tilt angle
relative to the solar NS axis, sp_prep also calculates maps of the right ascension x and
declination y (heliocentric cartesian), and thereby the μ value at each pixel of the maps.

Provided these “μmaps”, the limb darkening of the continuum maps could be removed
by dividing them by the 5th-order polynomial in μ of Neckel and Labs (1994) (hereafter
NL).

For the scans nearest to the limb (μ < 0.4), we noticed that the apparent limb in the
continuum maps (drop-off of the intensity) was lying at positive μ values. This mismatch
was enough to cause a departure of the actual limb darkening of the continuum map from
the NL polynomial for μ ≤ 0.3. The correlation tracker of the SP instrument is indeed
known to drift along gradients of the intensity (Lites, private communication), such as
to cause an ever increasing mismatch between the pointing coordinates and the observed
intensity as the slit approaches the visible limb 2. To correct for this systematic error and
properly remove the limb darkening as close to the limb as possible, I applied a linear
stretch of the x coordinate (perpendicular to the slit), so that the corrected μ value equals
zero at the “visible limb”. The intensity value corresponding to this visible limb was
chosen such that it yielded a smooth μ = 0 borderline in the corrected μ maps, and such
that this correction allowed an accurate limb darkening removal down to μ = 0.1 (in the
sense that the NL polynomial well superposes onto any spatial cut of the continuum map).
The precise match between averaged intensity cuts and the NL polynomials calculated
from the μ maps made me confident that the latter are correct up to the second decimal.

The contrast in each map was then defined as the intensity excess relative to a chosen
subfield of pure quiet granulation of area 20′′ × 20′′ :

Contrast =
Ic − 〈Ic〉QS

〈Ic〉QS ,
(4.1)

where 〈Ic〉QS is the mean continuum intensity of the chosen quiet area.
It should be noted that in absence of time series, the contrast precision is limited

by large-scale fluctuations of the intensity, contributing to the statistical scatter in the
measurements.

4.2.3 Inversions

The magnetic parameters at each pixel location of the maps were inferred using VFISV
(Very Fast Inversion of the Stokes Vector), a one-component Milne-Eddington inversion
code developed by Borrero et al. (2009). This code is optimized for speed (it can invert
106 spectra in about 3 min), and is thus particularly suited for statistical studies on large
datasets.

In its current state of development, this code only fits the profiles of the Fe I 630.25
nm line, whereas other Milne-Eddington codes generally invert the profiles of both Fe
lines. Although some information is lost when inverting only one line, I compensated

2The source of this error is unknown, but I noticed a similar behavior in scans at the west limb, showing
that the CT apparently moves limbward
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by choosing rather conservative polarization amplitude thresholds for the pixels to be
considered in this study, in order to obtain reliable results (see below).

Although Milne-Eddington inversions also yield thermodynamic parameters and other
kinematic parameters, I will herein consider only the field strength B, the field inclination
γ with respect to the line of sight (LOS), the filling factor α and the LOS-component
of the velocity vlos in the magnetized plasma. As the model atmosphere possesses one
component only, these quantities can be considered as averaged over the resolution ele-
ment. I will refer to {B, α, γ} as “magnetic parameters”, upon which the dependence of
the contrast shall be investigated.

To solve the problem of simultaneously fitting the Stokes I and the polarization pro-
files in case of unresolved fields or stray-light contamination, we adopted the treatment
of “local stray light” developed by Orozco Suárez et al. (2007b). Explicitely, at each
pixel location, we considered that the Stokes I profile results from a superposition of a
“magnetic profile” Im, and a “non-magnetic” one Inm treated as non-polarized stray light
contamination by the neighbouring pixels: I = αIm + (1 − α)Inm. The Inm profile was
obtained in the same manner as Orozco Suárez et al. (2007b), i.e. by averaging the Stokes
I profiles in a surrounding square region of 1′′ × 1′′ area (excluding the central pixel).

Since this straylight is purely non-polarized (V,Q,U are not affected), the parameter
α can equivalently account for unresolved fields, and is then related to the fraction of the
pixel atmosphere that effectively harbours magnetic fields. But care should be taken with
this interpretation, as VFISV does not invert for a second non-magnetic component, and
both the physical contributions of the filling fraction and stray light are mixed in α. It has
nevertheless been shown by Orozco Suárez et al. (2007a) that at the spatial resolution of
Hinode, the field strength could be reliably inferred using a single-component atmosphere
only and such a “local stray light” treatment, the latter accounting both for the effects of
telescope diffraction (the strict straylight contribution of the Hinode/SP PSF was shown
to be only minor, Danilovic et al. 2008) and for the presence of unresolved fields. By
convention, I simply refer to the parameter α as “magnetic filling factor”

As it was noticed that inverting directly for α as free parameter was yielding an arti-
ficial peak at values very near to α = 1 (not physical since the stray light contamination
cannot be null), the free parameter was chosen as β = 1/(1 + α) ∈ (0,∞) instead, which
was found to remove this artefact.

Finally, in the weighting scheme, we took into account the realistic spatial variation
of the noise in the polarization profiles in the χ2 definition:

χ2 ∝
∑

S

∑
λi

(S obs(λi) − S syn(λi))
2w2

S , S = I,Q,U,V, (4.2)

wS =
1
σS
, S = Q,U,V, (4.3)

wI = 0.2

∑
S=Q,U,V wS

3
, (4.4)

where S obs and S syn stand for the observed and synthetic Stokes profiles, λi for the wave-
length at the pixel i of the spectra andσS for the noise level of the Stokes profiles (standard
deviation of 13 pixels in the red continuum of the Fe I 630.25 nm line, further averaged
with a boxcar of 5 pixels along the slit). The weights wS were thus allowed to vary across
the map to account for the spatial variation of the photon noise due to limb darkening (the
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level of noise in units of Ic increases towards the limb, particularly for μ < 0.7, see Fig.
4.2) and local variations due to granulation. Note that wI was not derived from the noise
in Stokes I, because the latter is strongly affected by CCD residual flat-fielding effects
(Lites, private communication) and not by the photon noise itself. To account only for the
photon noise, wI was set to the average of the weights of Q,U,V multiplied by a factor of
0.2, which was earlier found by Borrero (private communication) to give optimal results
for inversions in the quiet Sun.

To quantify the signal-to-noise ratio in each pixel of the spectropolarimetric maps,
co-spatial maps of the “rms” noise level (in units of Ic) for Q,U,V were constructed 3. To
reduce the graininess of these “noise maps”, the latter were smoothed with a boxcar of 5
pixels, such that the variation of noise due to the variation of granulation brightness was
still visible.

In the subsequent analysis, I only considered pixels whose Stokes V amplitude was
higher than 8 rms, or whose Q or U amplitudes were above 4.5 rms. The reason behind
these polarization thresholds is that for lower Stokes amplitudes, the solutions of the in-
versions tend to become degenerate in B, γ, α. Second, the critical polarization amplitude
at which this degeneracy occurs differs for V and Q,U, requiring a larger threshold in V .
This degeneracy is illustrated in Fig. 4.1 by scatterplots of γ, α, B as a function of the
V and Q amplitudes (the situation is similar for U) at disk center (taking pixels from all
maps where μ > 0.99). To emphasize the degeneracy for low signals, pixels where all
Stokes amplitudes are below 3 times their respective noise rms are overplotted in orange.
As can be seen, a threshold of 3 rms almost removes the degeneracy in Q,U, but it is too
low to remove it in V . This can be explained by the fact that the profile shape of Stokes
Q,U is much more field strength-dependent than Stokes V (due to the ratio of the π to σ
components). Therefore, I chose rather conservative thresholds at 4.5 rms in Q,U and 8
rms in V , indicated by the dashed red line. I mention that the threshold level in Q,U is
the same as chosen by Orozco Suárez et al. (2007b), while their V threshold was set at 4.5
rms only. Since these authors inverted for both Fe lines, it is possible that their inversion
results were less affected by the degeneracy of the solutions for low V signals.

To give an idea of the Stokes signals selected with the above thresholds, probability
density functions (PDFs) of the Stokes Q,U,V amplitudes obtained over all selected pix-
els are shown in Fig. 4.2 for six intervals of μ between μ = 1 and μ = 0.2 (the same
μ intervals were chosen throughout this study, such as to cover an equal range of helio-
centric angle Δθ = 14◦ in each of them and thereby sample an equal portion of the solar
surface). All PDFs are normalized to the total number of selected pixels in each μ inter-
val. The secondary peaks in the PDFs are due to the different thresholds for V and Q,U,
as indicated by the superpositon of the PDFs of the pixels having Q or U above 4.5 rms
(red). The variation of the PDFs with μ is essentially an effect of the increasing level of
the noise rms, whose CLVs (for Q,U,V) are plotted in the bottom right panel of Fig. 4.2.

The PDFs of the inferred magnetic parameters γ, α, B and the unsigned “apparent flux
density” Bapp = Bα are given in Fig. 4.3 for the same μ intervals. These PDFs are not

3I distinguish between the noise level used for the weighting scheme, σS , and the values of the noise
maps denoted simply “rms” (and referring either to Q,U or V depending on the context). These two noise
levels indeed differ because the Stokes profiles were normalized differently (in the inversions, the profiles
were normalized by a constant number of counts corresponding to disk center, instead of by Ic) and because
of the different boxcars applied.
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Figure 4.1: Scatterplots of Stokes V amplitude (left column) and Stokes Q amplitude
(right column) vs. γ, α, B for all analyzed maps at disk center, μ > 0.99. The polarization
amplitudes are in units of Ic. Pixels where all Stokes amplitudes were below 3 times
their respective rms noise levels are overplotted in orange. The red dashed lines indicate
the chosen polarization threshold of 8 rms in V and 4.5 rms in Q,U (for this purpose I
averaged the noise map in V and in Q).
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Figure 4.2: Probability density functions of the Stokes V,Q,U amplitudes for all pixels
selected by our polarization thresholds, in six intervals of μ between μ = 1 and μ = 0.2.
Red PDFs: same for pixels having Q or U above 4.5 rms. All PDFs are normalized to
the total number of pixels in each μ interval. Bottom right: CLV of the noise rms of the
Q,U,V amplitudes (obtained from the “noise maps”) for all selected pixels.

meant to show how the magnetic parameters actually distribute at different μ (most of the
variation is caused by the CLV of our polarization thresholds following the noise rms) but
rather to indicate how the selected magnetic parameters distribute at different μ. Previous
investigations of the PDFs of magnetic parameters in the quiet Sun were carried out by
Martínez González et al. (2007), who reported that the PDFs were self-similar at different
μ, thus suggesting an isotropic distribution of the orientation of weak fields. Unlike us,
however, IR lines were used (better sensitivity to Q,U) and a single polarization threshold
was considered at all μ. Since our polarization thresholds vary from center-to-limb, we
cannot say anything here about the isotropy of the field distribution. Whereas the variation
of our thresholds allows us to invert profiles with equal reliablity at different μ, it does
introduce a bias in the population of fields considered. Throughout this study I followed
the convention of noting the units of apparent flux density (and magnetogram signal) in
Mx cm−2 and the units of intrinsic field strength in G.

In spite of the varying polarization thresholds with μ, note that the mode of PDF(Bapp)
is roughly constant. Conversely, the PDF of γ varies much with μ, with a decrease of
the amount of longitudinal fields (progressive inclination of strong vertical fields) and a
decrease of the transverse fields at γ ∼ 90◦ (increasing polarization thresholds).

Note that the PDF(γ) in the interval 0.97 < μ < 1 compares well with the one retrieved
by Orozco Suárez et al. (2007c), with its broad triple peak of inclined fields between 70◦

and 140◦ (our PDF has somewhat broader wings of vertical fields due to the larger V
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threshold). However, beware that except for the central peak of γ ∼ 90◦, the two “horns”
peaking at about 70◦ and 110◦ are dominated by signals having both Q and U below 4.5
rms. This suggests that part of the retrieved large inclinations are induced by fitting Q
and U profiles dominated by noise (this is still under investigation). If they were induced
by a true excess of horizontal fields, a broadening of these horns would be expected as μ
decreases due to the azimuthal distribution of these fields, but it is not observed.

The shape of the PDF(B) in the interval 0.97 < μ < 1 is reassuring, as the tail toward
kG fields with a sharp drop for B > 1500 G is similar to the PDFs derived from 3D MHD
simulations (see 10G run shown in Sánchez Almeida 2007), and to the one retrieved by
the Milne-Eddington inversions of the Fe I lines of Sánchez Almeida et al. (2003) and
Orozco Suárez et al. (2007b). The PDF(α) in the interval 0.97 < μ < 1, however, differs
significantly from the one obtained by Orozco Suárez et al. (2007b). Instead of a sharp
peak at α ∼ 0.2, our PDF has a broad peak centered about α ∼ 0.5 and a smaller one
at α close to 1. As μ decreases, two effects can be noticed. Firstly, the broad main peak
seems to shift toward lower α values, which could be due to a geometrical effect, as an
increasing area of solar surface is sampled by each pixel. Secondly, the peak at α close
to 1 amplifies, mostly as a contribution of the transverse fields (in red). I argue that
this increase of α relates to the progressive inclination of vertical magnetic elements with
respect to the LOS, giving rise to increasing filling fractions (due to the increasing amount
of transverse fields which cover larger portions of the pixels). In turn, the decrease of kG
field strengths with decreasing μ is likely to be related to this increasing peak of large α,
as the PDF(Bapp) does not vary much and neither does the range of Bapp (see Fig. 4.9).
These two assertions will receive further support in Sect. 4.3.4.

Finally, Fig. 4.4 gives a glimpse at the maps of the inferred magnetic parameters for
three chosen subfields at μ ∼ 0.98, 0.7, 0.31, containing both network and internetwork
features.

4.3 Center-to-limb variation of the contrast. . .

In the present study I followed a “magnetic parameter-binning method” (as TL did for
their magnetogram signal), in which the contrast and the magnetic parameters are com-
pared pixel per pixel (independently, without information about magnetic “structures”),
and investigated statistically after being binned together according to values of the mag-
netic parameters. Except for some particular illustrations, no distinction between the
different SP scans are made and the pixel data are distinguished based solely upon their μ
value.

4.3.1 . . . As a function of "magnetogram signal"

To begin with, I repeated the investigation of continuum contrast as a function of mag-
netogram signal undertaken by TL and Ortiz et al. (2002), to see how the results would
differ at the spatial resolution of Hinode (0.′′3), compared with the spatial resolution of the
magnetograms of TL (0.′′6 at best), and of Ortiz et al. (2002) (5′′). Note that these authors
considered different wavelengths (525.0, 557.6, 630.2 and 676.8 nm for TL and 676.8 nm
for Ortiz et al. (2002)), and when possible the comparisons with TL will always refer to
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Figure 4.3: Probability Density Functions (PDFs) of the inferred magnetic parameters for
six intervals of μ: apparent flux density Bapp, inclination with respect to the LOS γ, filling
factor α and intrinsic field strength B. Red PDFs: same for pixels having Q or U above
4.5 rms. All PDFs are normalized to the total number of pixels in each μ interval.

630.2 nm (although their results at other wavelengths are similar).
As anologon to the proper magnetogram signal derived from the calibration of the

Stokes V amplitude, I used here the unsigned apparent longitudinal flux density Bapp,los =

Bα|cosγ| (i.e. absolute value of the net average of the longitudinal component of the field)
directly inferred from the inversions 4. Following TL and Ortiz, Bapp,los was corrected by
a factor 1/μ to compensate for the decrease of signals due to the progressive inclination
of strong vertical fields with μ, and in the following I denote this “corrected magnetogram
signal” with the symbol M: M = Bapp,los/μ. Note that for vertical fields at fixed μ, M
directly scales with the net flux (normal to the solar surface) in the resolution element.

The PDFs of Bapp,los and M are compared in Fig. 4.5. As shown by the overplot-
ted PDFs of signals with Q or U larger than 4.5 rms, the accumulation of signals at
very low Bapp,los and M is due to transverse fields. Note also that the modal value of the
PDF(Bapp,los) only slightly increases with lower μ (due to the increase of our polarization
thresholds), so that the modal value of the PDF(M) progressively shifts to larger values
of M as μ decreases. This shows that one should be careful in using M for weak fields,
as the 1/μ factor assumes purely vertical fields 5. The rough self-similarity (up to the

4The correspondence between Bapp,los and the amplitude of Stokes V holds only in the weak field regime,
which is the dominant case for the quiet Sun.

5This problem was already pointed out by Berger et al. (2007), as resulting in “rather large magnetogram
signals and subsequently high dispersion in the near-limb datasets”.
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Figure 4.4: Chosen subfields from continuum maps and inversion maps at three different
μ, covering both network and internetwork regions. 〈μ〉 stands for the average μ over the
subfields. The pixels where all Stokes amplitudes are below the respective polarization
thresholds are set to black. These correspond to almost 90 % of the field of views. 101
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Figure 4.5: PDF of the apparent longitudinal flux density Bapp,los (left) and M = Bapp,los/μ
(right) in intervals of μ. Red curves: PDFs restricted to signals having Q or U above 4.5
rms. All PDFs are normalized to their area (i.e. total number of pixels) in each μ interval.

threshold-induced variation) of the PDF of Bapp,los in the different μ intervals is in favor
of a quasi-isotropic distribution of the orientation of the weak fields dominating the PDF
(an excess of horizontal or vertical fields should induce a shift of the PDF toward larger
and lower values, respectively). An isotropic distribution for the internetwork fields was
suggested by Martin (1988), and was strongly supported by the spectropolarimetric work
of Martínez González et al. (2008) using IR lines.

Because one of the major conclusions of TL concerned the negative contrast of mag-
netic features at disk center, I first restricted the study of contrast vs. M to μ > 0.99, as
presented in Fig. 4.6. To perceive a trend within the scatter of the data points, the con-
trast values were averaged into bins of M, and a third-order polynomial was fitted to the
average values.

First, whereas TL reported negative average contrasts at disk center (in fact up to
θ = 14◦) for all values of magnetogram signal (at all their wavelengths), the present values
of the contrast trend do turn positive in the M-range between 400 and 900 Mx cm−2.
This shows that the conclusion of TL does not hold anymore when increasing the spatial
resolution. Moreover, the range of contrast of our trend is much larger, extending from
-0.08 to 0.035, whereas the average values of TL range between 0 and -0.04 (exluding the
“knee”-like abrupt drop of contrast for large magnetogram signals in their data, attributed
to micropores and small pores in active regions). The shape of the trend also differs
from the one of TL (even at 630.2 nm, cf. Lawrence et al. 1993). Whereas their contrast
monotonically drops with M, our trend has a clear concave shape for M > 200 Mx cm−2

with a peak contrast at about 0.035 for M ∼ 700 Mx cm−2. Note that there are still
many individual data points with negative contrast in Fig. 4.6, especially in the range
M < 200 Mx cm−2. As will be clarified below and in Sect. 4.3.2, these do not correspond
to magnetic elements but rather to weak fields located in intergranular lanes.

I then investigated how the relation between the contrast and M varies with μ, by tiling
the data points into the previously defined six μ intervals, as shown in Fig. 4.7. For M >
200 Mx cm−2, the trends of the average values exhibit a concave shape in all μ intervals
(like at disk center). Note that TL found concave trends only for θ > 14◦, μ < 0.97, while
for θ < 14◦ their trend is monotonously decreasing. Further, whereas the contrast curves
of Topka et al. (1992) only reach positive values for θ > 27◦, μ < 0.89 (at 630.2 nm), our
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Figure 4.6: Contrast vs. corrected magnetogram signal M at μ > 0.99. Each data point
corresponds to one pixel. Red crosses: average values of contrast inside M-bins of 50
Mx cm−2 from 0 to 1200 Mx cm−2. The red error bars are the standard deviations inside
each bin. Solid red curve: third-order weighted polynomial fit. Dashed red: guideline for
neutral contrast.

trends reach positive values in all μ intervals, with larger peak contrasts. For example,
the data of Topka et al. (1992) (at 630.2 nm) reach a peak contrast of 0.01 and 0.03 at
μ = 0.89 and μ = 0.73 respectively, whereas the peak of our contrast trends reach 0.015
for the interval 0.9 < μ < 0.97, 0.05 for 0.78 < μ < 0.9 and 0.08 for 0.62 < μ < 0.78.
For comparison, at the much lower spatial resolution of MDI, Ortiz et al. (2002) could
not detect any increase of the contrast as a function of magnetogram signal for μ > 0.88
(like TL for μ > 0.97), but the shape of their contrast trends becomes concave as well for
lower μ values. Because the spatial resolution of Ortiz et al. (2002) is considerably lower,
their peak contrasts are much lower in all μ intervals. Particularly for μ < 0.42, our peak
reaches 0.15 whereas theirs lies at 0.045. The above shows that the spatial resolution not
only affects the contrast values, but also alter the shape of the contrast trend, becoming
more concave and with a larger peak as the resolution increases.

Finally, similar to the results of TL and Ortiz et al. (2002), the magnetogram signal
at which the peak contrast is reached increases at lower μ, which can be understood by
a rough relation between M and the size of underlying flux tubes, assuming the latter
vertical and with constant field strength (larger flux tubes have maximum contrast at lower
μ as the LOS must incline more for their “cool floor” to disappear, and reach higher
contrasts due to their larger “hot wall” area Spruit 1976, Deinzer et al. 1984, Knölker and
Schüssler 1988). However, the assumption of purely vertical fields is doubtful, especially
at low μ values (see Sect. 4.3.2).

Having a closer look to the data points and fitted trends for low M values, one can
notice that for values inferior to M ∼ 200 Mx cm−2, the data points seem to concentrate
in a “blob” extending over a large contrast range between -0.2 and 0.2 at disk center,
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Figure 4.7: Contrast vs. corrected magnetogram signal M for six μ intervals between
μ = 1 and μ = 0.2. Each data point corresponds to one pixel. Red crosses and error bars:
average and standard deviations of contrast data in bins of 100 Mx cm−2. Solid red curve:
third-order polynomial fit. The average values and standard deviations are only calculated
for the bins containing more than 10 data points (meaningful standard deviation). Dashed
red: guidelines for neutral contrast.
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while this range is progressively reduced with μ. This contrast range is typical of pure
granulation, with decreasing rms contrast for lower μ. As μ decreases, this blob extends to
larger M, and a careful comparison with the PDF(M) given in Fig. 4.5 convinced me that
this blob of weak signals corresponds to the main peak of this PDF, which progressively
shifts to larger M because of the 1/μ factor (in the definition of M). More information
about this blob of weak fields will be obtained in the next subsections.

As in the study of Ortiz et al. (2002), the binning of the data can be reversed to obtain
the CLV of contrast for intervals of M (this was impossible in the ground-based study
of TL because their data was recorded at a few discrete μ), displayed in Fig. 4.8. Care
should be taken when interpreting such plots, however, because a given magnetic feature
(even a vertical magnetic element) would probably have different values of M at different
μ (due to varying filling factors), so that the intervals of M cannot be strictly interpreted
as given populations of magnetic features. For M > 250 Mx cm−2, the polynomial trend
of the contrast CLV does reach a maximum like the one of Ortiz et al. (2002), but our
statistics for large M is too poor to confidently claim that the corresponding μ values shift
to lower μ as M increases (as expected for vertical flux tubes, and reported in Ortiz et al.
2002). For M < 150 Mx cm−2, one clearly notices how the contrast range of the data
points reduces with the decrease of the granulation contrast rms.

4.3.2 . . . As a function of apparent flux density

From this point on, I will take advantage of the inversion of the full Stokes vector to
disentangle the different magnetic parameters (γ, B, α) coupled in the definition of M,
beginning with the unsigned apparent magnetic flux density Bapp = Bα (i.e. net average of
the flux density within the resolution element). The PDF(Bapp) has already been presented
in Fig. 4.3.

Fig. 4.9 shows the variation of the contrast as a function of Bapp for the six usual
intervals of μ, analogous to Fig. 4.7 for M. Like for M, the range of Bapp for which
the contrast is positive becomes ever larger for lower μ: from 500 to 900 Mx cm−2 near
disk center, between 350 and 1050 Mx cm−2 for 0.78 < μ < 0.9, and for all Bapp > 250
Mx cm−2 when μ < 0.78. However, the behaviour of the contrast as a function of Bapp

differs from its behaviour as a function of M for μ < 0.78. Whereas the contrast as a
function of M systematically reaches a clear maximum, the peak is less pronounced as
a function of Bapp. For the interval 0.42 < μ < 0.62, the average contrasts rather reach
a plateau for Bapp > 900 Mx cm−2, and for μ < 0.42 the contrast even monotonically
increases. Further, the maximum values reached by the average contrast in bins of Bapp

are larger than in bins of M, particularly for the two lowest μ intervals (contrast up to 0.14
vs. 0.12 in 0.42 < μ < 0.62, and 0.26 vs. 0.14 in 0.2 < μ < 0.42). The shift of the peak
contrast toward larger Bapp as μ decreases is also stronger than the corresponding shift as a
function of M. These differences stem from non-vertical fields, as for purely vertical ones
M = Bapp. At low μ in particular, the values of M differ from the ones of Bapp because
non-vertical fields can have a larger longitudinal component than vertical ones (and are
subject to have large M due to the 1/μ factor, cf. shift of PDF(M) in Fig. 4.5). To check
the importance of this effect, I plotted the PDF(Bapp) for the pixels having M > 200 Mx
cm−2 (avoiding the blob at weak M) in the different μ intervals, shown in Fig. 4.10. As
μ decreases, the PDF discloses a “contamination” by low Bapp, particularly for μ < 0.42.
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Figure 4.8: CLV of contrast for various intervals of corrected magnetogram signal M. Red
crosses and error bars: average and standard deviations of the contrast in μ bins spaced
by 0.1. Red curve: third-order polynomial fit.

106



4.3 Center-to-limb variation of the contrast. . .

When μ < 0.62, the PDF indeed peaks at rather low values Bapp ∼ 100 Mx cm−2. And
as we shall confirm below, the fields in the range Bapp < 250 Mx cm−2 are essentially
tied to granulation, and not to flux concentrations. Assuming that the inference of Bapp

is correct, these weak Bapp fields thus spoil the contrast vs. M relation at low μ, because
their contrast reflects the one of granulation and not of flux concentrations. Regarding the
discrepancy between M and Bapp due to the 1/μ correction factor included in M, one can
notice that the blob of data points at low signals occupies now a roughly constant range
Bapp < 250 Mx cm−2, whereas the same blob was extending to larger M values for lower μ
intervals. As mentioned in Sect. 4.3.1, this blob well corresponds to the main peak of the
PDF(M) (Fig. 4.5) including all selected pixels, and whereas the peak shifts to larger M
for lower μ due to the 1/μ factor, the corresponding peak of PDF(Bapp) (cf. Fig. 4.3) stays
remarkably constant. This constant range Bapp < 250 Mx cm−2 of the blob helps to keep
a clear distinction between the contrast behaviour of weak fields (tied to granulation) and
of stronger flux concentrations.

Let us now examine the CLVs of contrast in intervals of Bapp displayed in Fig. 4.11.
For low signals Bapp < 150 Mx cm−2, the CLV has a quasi flat trend, and the decreasing
scatter of the data points with decreasing μ clearly reflects the variation of the granulation
contrast rms. The interval 150 < Bapp < 250 Mx cm−2 seems to be a transition in which the
decrease of granulation rms can still be recognized, but with a positive trend nevertheless.
Finally, for all intervals Bapp > 250 Mx cm−2, the contrast exhibits a clearly positive
trend toward the limb, as expected for concentrated flux features. Comparing with the
corresponding plots in intervals of M (Fig. 4.8), a striking difference is that there is
no clear indication of a maximum in the polynomial fits. And just as the contrast was
reaching larger values as a function of Bapp than as a function of M in μ intervals, the
contrast reaches larger values in the Bapp intervals than in the M intervals.

We shall now have a closer look at the weaker fluxes and the apparent “blob” in
Fig. 4.12, showing the scatterplots of the contrast and the inferred LOS-component of the
velocity vlos vs. Bapp at disk center. Note that all the vlos of this study were corrected for the
gravitational redshift (inducing an offset of 636 m s−1 in vlos, which is deduced assuming a
Doppler effect only), but not for the convective blueshift (of −0.2 to −0.5 km s−1 Balthasar
1984, playing only a minor role at Hinode’s resolution). Roughly, one can separate the
behaviour of the contrast and vlos into three ranges of Bapp. The range Bapp < 150 Mx cm−2

contains most of the blob points. The decrease of the average contrast is accompanied by
an increase of the average vlos, indicating that the fields progressively shift to intergranular
lanes as Bapp increases. As mentioned previously, the range Bapp ∈ (150, 250) Mx cm−2

is a kind of transition where the average contrast reaches a minimum while the average
vlos reaches a maximum. Finally, for Bapp > 250 Mx cm−2, the blob is no longer visible
and the contrast increases monotonously while vlos slowly decreases. In the following,
the two first ranges of Bapp will often be considered without distinction, as both contain
blob points. Further hints about the nature of the fields in the range Bapp < 250 (blob) and
Bapp > 250 Mx cm−2 can be obtained by considering their scatterplot relations between
the contrast and the inferred LOS-component of the velocity vlos at disk center (Fig. 4.13).
As already visible in Fig. 4.12, the contrast and vlos are clearly correlated for Bapp < 250
Mx cm−2 (the Pearson correlation coefficient is −0.64): the contrast tends to have positive
values for vlos < 0 km s−1 (upflows, granules) and negative values for vlos > 0 km s−1

(downflows, intergranular lanes). Hence, the range Bapp < 250 Mx cm−2 is dominated by
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Figure 4.9: Contrast vs. unsigned apparent flux density Bapp for six μ intervals between
μ = 1 and μ = 0.2. Red crosses and error bars: average and standard deviations of contrast
data into bins of 100 Mx cm−2 (only for bins containing more than 10 data points). Solid
red curve: third-order polynomial fit.

108



4.3 Center-to-limb variation of the contrast. . .

Figure 4.10: PDFs of Bapp

for M in the range M >
200 Mx cm−2 for the six
intervals of μ.

weak fields occuring in and in between granules, whose contrast simply corresponds to
the one at these locations (the fields are too weak to modify the contrast of these regions).
Conversely, the range Bapp > 250 Mx cm−2 is dominantly associated with vlos around 0 km
s−1 (although probably mainly > 0 km s−1 if correcting for the convective blueshift) with
a faint tail toward positive vlos, without obvious correlation between the contrast and vlos.
These fields thus correspond to stronger flux concentrations with inhibited flows. This can
be seen as well in Fig. 4.14, showing subfields of the continuum maps roughly centered
within the six usual μ intervals, where the locations Bapp > 250 Mx cm−2 have been
contoured. Note that the contrasts of these contoured regions become evidently superior
to the granular contrast only in the three subfields closest to the limb. Having a look at
the values of Bapp within the same subfields (Fig. 4.4, saturated at Bapp = 250 Mx cm−2)
reveals that these locations essentially coincide with the network, as well as with some
strong internetwork elements. In what follows I will thus refer to the interval Bapp < 250
Mx cm−2 as the granulation field regime (either due to small filling factors or small field
strengths, see Sect. 4.3.4) and to the interval Bapp > 250 Mx cm−2 as the concentrated
field regime.

4.3.3 . . . As a function of apparent flux density and inclination

As we just have decoupled Bapp from M, the next step is to consider the dependence
of the contrast on both Bapp and the inclination γ with respect to the LOS. This is also
motivated by the concerns raised by TL about the extent to which their results depend on
the inclination of the magnetic fields, since they were only characterizing the variation
of contrast as a function of magnetogram signal, assuming the fields vertical (see Topka
et al. 1997).

We shall first have a look at how γ distributes for the two regimes of “granulation
fields” (Bapp < 250 Mx cm−2) and ”concentrated fields” (Bapp > 250 Mx cm−2), which
is illustrated in Fig. 4.15 by the PDFs of γ for the usual μ intervals. The PDFs of the
granulation fields resemble the one shown in Fig. 4.3 for all selected pixels, except that
it does not exhibit the “wings” of vertical fields near disk center. As expected for inter-
granular flux concentrations, the PDFs of the concentrated fields reveal them to be close
to vertical. Near disk center (0.97 < μ < 1), the PDF peaks at 15◦ and 165◦ for the two
polarities, and the two peaks come closer together as μ decreases.
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Figure 4.11: CLV of contrast for various intervals of apparent flux density Bapp. Red
crosses and error bars: average and standard deviations of the contrast in μ bins of 0.1.
Red curve: third-order polynomial fit.
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Figure 4.12: Scatterplot of the contrast (left) and vlos (right) vs. Bapp at disk center (μ >
0.99). Red crosses and bars: average values and standard deviations in bins of Bapp of
width 25 Mx cm−2. Dashed green: Guidelines separating the fields with Bapp > 250 Mx
cm−2 and Bapp < 150 Mx cm−2.

Figure 4.13: Left: Scatterplot of the contrast vs. LOS-component of the velocity vlos for
Bapp < 250 Mx cm−2 and μ > 0.99 (disk center). Solid blue: linear regression. Right:
Same for Bapp > 250 Mx cm−2.

As the parameter γ adds a dimension to the contrast dependence, we shall first restrict
the problem to the dependence of the contrast on γ for intervals of Bapp at disk center
(μ > 0.99), in Fig. 4.16. As indication, pixels where the amplitudes in Q or U is larger
than 4.5 rms (corresponding to inclined fields) are plotted in green.

In the interval of Bapp between 50 and 150 Mx cm−2, the average contrast values in
bins of γ exhibit a clear trend, as the largest average contrast lies above the standard
deviation bars of the lower contrasts. The contrast is largest for the more horizontal fields
(60◦ < γ < 130◦), then the contrast lowers as the fields become less inclined (20◦ < γ <
60◦, 130◦ < γ < 160◦), and finally increases again while reaching some plateau of slightly
negative values around −0.02 for the more vertical fields with γ < 20◦ and γ > 160◦.
As pointed out in the previous Section, this interval of Bapp is completely dominated by
the contrast of granulation, so that the more horizontal fields (brighter pixels) can be
associated to granules, and the more vertical ones (darker pixels) to intergranules (see
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Figure 4.14: Chosen subfields from continuum maps at six different μ within the usual
μ intervals. 〈μ〉 indicates the average μ over the subfield. Yellow contours: concentrated
fields Bapp > 250 Mx cm−2. Pink contours (〈μ〉 = 0.98): inclined concentrated fields
Bapp > 250 Mx cm−2 and Q or U exceeding 4.5 rms. Green contours (〈μ〉 = 0.98): weak
inclined fields with Bapp < 250 Mx cm−2 and Q or U exceeding 4.5 rms. Cyan contours
(〈μ〉 = 0.98): weak vertical fields with Bapp < 250 Mx cm−2 and γ < 20◦ or γ > 160◦.
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Figure 4.15: Left: Same for the fields with Bapp < 250 Mx cm−2 (“granulation fields”) in
the usual μ intervals. Right: PDF of the inclination γ for pixels where Bapp > 250 Mx
cm−2 (“concentrated fields”).

below and Fig. 4.17 as well).
The same trend is noticeable for Bapp in the range 150 to 250 Mx cm−2, where we can

perceive some kind of dichotomy between horizontal fields (Q,U signals near γ = 90◦)
and more vertical fields. As noted already in Sect. 4.3.2, in spite of being still dominated
by granulation fields, this range of Bapp represents some transition between the granulation
field regime and the concentrated field regime (see previous Sect.) In the concentrated
field regime, the interval of Bapp between 250 and 350 Mx cm−2 contains more vertical
fields, but there are still pixels with γ up to 60◦ and 140◦ (with Q or U signals). And in
both polarities, the contrast decreases as the fields become more transverse. The locations
of these inclined concentrated fields where Bapp > 250 Mx cm−2 and Q or U exceed 4.5
rms have been contoured in the subfield at 〈μ〉 = 0.98 in Fig. 4.14 (pink). The contours
show that these fields are either associated with large network features (e.g. large structure
at x = 31′′, y = 31′′), or are located close to the boundaries of smaller features. This could
then be attributed to the expansion of magnetic flux concentrations with height, causing
the field lines to bend radially away from the center of the flux concentrations, the effect
being stronger for larger features. Finally, for Bapp between 350 and 450 Mx cm−2, the
fields are even more vertical, but the decreasing trend of the average contrast values with
the transversality of the fields is still visible.

As it was previously shown that the fields in the range Bapp < 250 Mx cm−2 are
associated with granulation, the variation of their contrast with the inclination can be
clarified by examining the relation between vlos and γ in Fig. 4.17. It is remarkable
that the trend of the average vlos is similar to the reverse of the trend of the contrast as
a function of γ (cf. Fig. 4.16), owing to the negative correlation between the contrast
of these fields and vlos (cf. Sect. 4.3.2). We can see that for γ < 50◦ and γ > 140◦,
the average values of vlos are close to 1 km s−1 and most data points have positive vlos,
meaning that in this range of γ the fields are mostly located in the intergranular lanes.
For 50◦ < γ < 140◦, the average vlos decreases as the fields becomes more horizontal
and more pixels aquire negative values of vlos. For 80◦ < γ < 110◦, the average values
are near to −0.6 km s−1 while individual pixels span a range of vlos between −2 and +1
km s−1, and almost all the pixels have Q or U larger than 4.5 rms. Horizontal fields thus
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Figure 4.16: Contrast as a function of the inclination γ for various intervals of Bapp at disk
center (μ > 0.99). Green data points: pixels where the Stokes Q or U amplitude is larger
than 4.5 rms. Red crosses and bars: Averages and standard deviations of the contrast in
bins of 10◦ of γ, only for the bins with more than 50 pixels.

have a preference for granules. This can be visualized as well by contouring the regions
where Bapp < 250 Mx cm−2 and Q or U is above 4.5 rms in the subfield 〈μ〉 = 0.98 of
Fig. 4.14 (green). It can be noticed that among these fields, the ones lying onto granules
are preferably located near the granular edges. This is consistent with previous results by
Lites et al. (2007) and Lites et al. (2008) (obtained by their calibration of the “fractional
net linear polarization”). Hence, granules seem to be “wrapped” by weak fields, with
rather horizontal fields at their top and progressively more vertical ones at their border
and in the intergranular lanes.

The information presented above can be condensed in one plot by performing a two-
dimensional binning of the contrast and vlos as a function of Bapp and γ, as shown in Fig.
4.18. For all Bapp < 250 Mx cm−2, one sees even more clearly how the contrast varies
with γ, first with the zone of neutral and slightly negative contrasts (γ < 20◦, γ > 160◦),
then the decrease to negative values before increasing again to large positive values for
horizontal fields (onto granules). Note the remarkably similar pattern of the contrast and
vlos in this granulation field regime: as the contrast increases, the downflows decrease.
One can also differentiate between the range Bapp < 150 Mx cm−2, where the horizontal
fields are on average associated with large contrasts and upflows (due to their location
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Figure 4.17: Scatterplot of
the LOS-component of the
velocity vlos vs. inclina-
tion γ in the granulation
field regime Bapp < 250
Mx cm−2 and at disk cen-
ter (μ > 0.99).

on bright granules), and the range Bapp between 150 and 250 Mx cm−2 (between dashed
lines), where the contrast is rather neutral for horizontal fields and the upflows weaker. It
was checked that the corresponding pixels occupy tiny parts of granular edges or nearby
parts of the intergranular lanes (their contours are not shown because there are very few
cases in one map only). It is thus possible that these pixels are slightly darker simply
due to their locations. It should be noted that the range Bapp < 50 Mx cm−2 (excluded
from Fig. 4.17) contains large contrasts spreading over all γ, a sign that the inference of
γ is probably unreliable for such weak fields. Moreover, the standard deviations of vlos

become excessively large in this range of Bapp.
The rather vertical fields in the range Bapp < 250 Mx cm−2 for which the contrast is

almost neutral deserve some attention. Contouring these weak vertical fields (Bapp < 250
Mx cm−2, γ < 20◦, γ > 160◦) in the 〈μ〉 = 0.98 subfield of Fig. 4.14 (cyan contours) pro-
vides additional evidence for concentrated fields. The contours often lie at the immediate
vicinity of strong concentrated elements (Bapp > 250 Mx cm−2), or are located in inter-
granular lanes. These fields could thus correspond to some boundary layers between the
stronger elements and their surroundings, or simply to smaller magnetic elements. Their
field strength indeed ranges between 400 and 1000 G (see corresponding subfield for B in
Fig. 4.4 and PDF(B) for vertical fields with Bapp ∈ (150, 250) Mx cm−2 in Fig. 4.24).

For Bapp > 250 Mx cm−2, the contrast is almost everywhere positive, except for the
most inclined weak fields and the strong fields with negative contrast (in the positive
magnetic polarity). The contrast increases quickly with Bapp, and reaches its largest values
in the range between 500 and 800 Mx cm−2, for the fields that are most vertical. These
fields are associated with vlos close to 0 km s−1 or slightly negative. Even in this range of
Bapp, the contrast drops quickly back to neutral as the fields incline. For Bapp > 1000 Mx
cm−2, the contrast decreases again (in the positive polarity) to negative, probably due to
the presence of some micropores not removed from the images.

Using the same 2D-binning representation, we can further grasp how the contrast
depends on both Bapp and γ in the six μ intervals usually considered, the first three (0.78 <
μ < 1) in Fig. 4.19 and the other three (μ < 0.78) in Fig. 4.20. In the regime Bapp < 250
Mx cm−2, the variation of contrast with γ is less and less pronounced as μ decreases. This
is not surprising since this regime is dominated by the granulation contrast, which exhibits
a decreasing rms for decreasing μ.
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Figure 4.18: Variation of the contrast (upper panel) and vlos (lower panel) as a function
of both Bapp and γ at disk center (μ > 0.99) in a 2-dimensional binning representation.
Left: Average of the contrast into bins of 2.5◦-width in γ and 25 Mx cm−2-width in Bapp.
Right: Standard deviation of the contrast and vlos in the same bins. Dashed green: limit
Bapp = 250 Mx cm−2 between the granulation field regime and the concentrated field
regime (long dashed), and limit Bapp = 150 Mx cm−2 (short dashed). The full color scale
of the contrast varies between the minimum and maximum average values. Bins with less
than 10 data points (pixels) are set to black.

For the concentrated fields Bapp > 250 Mx cm−2, the contrast mostly depends on Bapp

in the same way as discussed in Sect. 4.3.2. For μ < 0.78, the contrast is entirely posi-
tive regardless of γ. Note that the contrast increases abruptly in the last two μ intervals.
Interestingly, the somewhat weak dependence on inclination varies with μ. Whereas at
disk center the most longitudinal fields were the brightest, as μ decreases below 0.78, the
contrast becomes largest for larger inclinations. As the μ intervals are rather wide, this
variation with γ could be simply explained by the contrast CLV of magnetic elements.
Quasi-vertical magnetic elements located at a lower μ will have a larger contrast and be
attributed a larger γ roughly equal to their heliocentric angle. To give an idea, the average
contrast of the fields with 600 Mx cm−2 < Bapp < 1500 Mx cm−2 increases by about 0.06
between μ = 0.4 and μ = 0.6 (see Fig. 4.11).
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Figure 4.19: Same as Fig. 4.18 for three intervals of μ with μ > 0.78. A common colour
scale is used for the average contrasts in all μ intervals including those plotted in Fig.
4.20. This colour scales differs from that employed in Fig. 4.18.
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Figure 4.20: Same as Fig. 4.19 for three intervals of μ in 0.2 < μ < 0.78. The same color
scale is used as in Fig. 4.20.
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4.3.4 . . . As function of field strength and filling factor

In this Section, I further decouple Bapp into the inferred filling factor α and its associated
intrinsic field strength B, which at the same time brings us closer to the limit of reliability
of the inversions.

As in the preceding Sections, we shall first examine the PDFs of α and B in Fig.
4.21, distinguishing the granulation field from the concentrated field regime. For the
granulation fields, we can notice the strong increase of low α (peak between 0.1 and 0.2)
in the two lowest μ bins. This could be already noticed in the PDF of Fig. 4.3 when
considering all pixels (above polarization thresholds), and can now be attributed to the
weak granulation fields. This increase of low filling factors close to the limb could be
induced by various effects: the increasing area of solar surface projected in the pixels,
the loss of detected flux due to cancellation of mixed polarities in this larger effective
resolution element, and possibly the increasing diffraction and stray light contamination
of the intergranular lanes due to the decrease of the granulation contrast rms. The PDF of
the inferred intrinsic field strength is roughly self-similar at all μ, with peaks between 100
and 150 G and a long tail toward larger field strengths.

For the concentrated field regime, the increase of the peak of α close to 1 is striking,
although it was already visible to a lesser extent in the PDF of all selected pixels (cf. Fig.
4.3). This could be due to the progressive inclination of the strong fields with respect to
the LOS (filling an ever larger portion of the pixels), and/or to the expansion of the flux
concentrations with height. However, the interpretation of α as a geometrical filling factor
is not straightforward as it also accounts for the effects of telescope diffraction (see Sect.
4.2.3). Note that since the maximum field strength in our data is of about 2000 G, the
minimum filling factor in the range Bapp > 250 Mx cm−2 is 0.125. The PDF(B) near disk
center presents a double peak, with a population of equipartion fields (peak around 500 G)
and of kG magnetic elements (peak around 1100 G). This distribution is reminiscent of the
PDF obtained by Lites (2002), using a threshold on the apparent longitudinal flux density
corresponding to “network-like” elements. This is not surprising as we saw that the range
Bapp > 250 Mx cm−2 indeed isolates mostly network-like features in the subfields of Bapp

(Fig. 4.4). However, the population of inferred kG elements strongly decreases in favor
of the equipartition one as μ lowers, in a strikingly similar fashion as the peak of α close
to 1 amplifies. This observation raises doubts about the reliability of the inference of
B and α as μ varies, since they are strongly interdependent and the interpretation of α
at different μ is unclear. For these rather strong fields, we can indeed assume that the
distribution of Bapp is reliable (the signals are well above the polarization thresholds), and
since the range of Bapp does not vary significantly in the different μ intervals (see Fig.
4.3 and Fig. 4.9), an increase of the inferred α must consequently be accompanied by a
decrease of the associated B. Although this could be physically explained by a decrease
of B associated with the expansion of the flux concentrations with height (Frazier and
Stenflo 1972, Stenflo et al. 1987, Solanki et al. 1987, Zayer et al. 1989, Bruls and Solanki
1995), care should thus be taken in interpreting these last results, at least the ones off-disk
center 6.

At disk center, the dependence of the contrast on α and B can be well captured by
directly examining a 2D-binning representation of the contrast and vlos as functions of

6This could possibly be due to the inversion of a single line.
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Figure 4.21: Left column: PDFs of filling factor α and intrinsic field strength B for the
granulation field regime, in the six μ intervals usually considered. Right column: Same
for the concentrated field regime.

these two magnetic parameters, cf. Fig. 4.22. Qualitatively, it can be noticed that the
contrast behaves similarly whether we follow a variation in α at constant B or vice-versa.
In other words, Fig. 4.22 illustrates that there is some symmetry in B and α and that
as a general rule, the variation of contrast is dictated by Bapp. For instance, in the range
Bapp < 250 Mx cm−2, an increase in B or α leads to a general decrease of contrast and
a shift from granules to intergranules, as indicated by the associated increase of vlos (cf.
variation with Bapp in Fig. 4.18). Passed the limit of 250 Mx cm−2, the contrast becomes
increasingly brighter with Bapp, until eventually decreasing in the micropore region.

Quantitatively, however, the contrast is not constant at fixed Bapp. In the concentrated
field regime, the parameter region around α ∼ 0.5 and B ∼ 1500 G has the largest contrast.
It can be noticed that vlos is slightly negative in this region, but would possibly increase to
∼ 0 km s−1 after removing the granular blueshift of 0.2-0.5 km s−1. In the dark downflow
region for Bapp < 250 Mx cm−2, the largest downflows coincide with the darkest pixels
around α ∼ 0.4 and B ∼ 400 G (see below).

More insight into the granulation field regime can be obtained by visualizing the scat-
terplots of vlos vs. α and B shown in Fig. 4.23. As in Fig. 4.22, the dependence of the
average vlos on B and α is qualitatively very similar: vlos increases first with α and B un-
til reaching a maximum around α ∼ 0.4, B ∼ 400 G, after which vlos decreases slowly.
This indicates that the very weak fluxes (α < 0.2, B < 200 G) are on average located on
granules, and reflects the well-known fact that progressively more intense fields tend to
have an increasing preference for intergranular lanes. I note that most of these granulation
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4.3 Center-to-limb variation of the contrast. . .

Figure 4.22: Variation of the contrast (upper panel) and vlos (lower panel) as a function of
both B and α at disk center (μ > 0.99) in a 2-dimensional binning representation. Left:
Average of the contrast in bins of 0.035-width in α and 75 G-width in B. Right: Standard
deviation of the contrast and vlos in the same bins. Dashed green: limit Bapp = 250 Mx
cm−2 between the granulation field regime and the concentrated field regime. The full
color scale varies between the minimum and maximum average contrasts. Bins with less
than 10 data points (pixels) are set to black.

fields have intrinsic field strengths B < 400 G, i.e. they are dominated by equipartition
fields (cf. PDF in Fig. 4.21). This range of B corresponds both to positive and negative
vlos, which can be associated with the blobs of granulation contrast in Fig. 4.9, charac-
terizing the granulation field regime (see also Fig. 4.13). All these observations could
be consequences of the “flux expulsion” process (although it cannot be followed using
scans). Namely, the “blob” could be related to the intensification of the field strength
and increase of the filling factor by the granular flows, which leads stronger fields to be
located in the downflow lanes. The following reduction of the downflows with increas-
ing α or B could then be attributed to the “quenching” of those flows by the opposing
Lorentz force of the intensified fields. We have thus more evidence that the granulation
field regime contains some strong fields as well, but in minority. It is interesting to see
that this minority of intense fields (B > 400 G) actually corresponds to the rather vertical
fields with neutral contrast in the range Bapp ∈ (150, 250) Mx cm−2 (visible as prolon-
gations of the two “horns” of strong vertical fields in Fig. 4.18). This is shown by the
PDF(γ) restricted to the pixels having B > 400 G and Bapp ∈ (150, 250) Mx cm−2 (Fig.
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Figure 4.23: Left: Scatterplot of the LOS velocity vlos vs. filling factor α for the pixels
with Bapp < 250 Mx cm−2 at disk center (μ > 0.99). Red crosses and bars: average values
and standard deviations in bins of α of width 0.005. Green: Pixels where the Q or U
amplitude exceeds 4.5 rms. Red dashed: guideline for vlos = 0 km s−1. Right: Same for
the scatterplot of vlos vs. intrinsic field strength B, in bins of 50 G.

4.24 right), indeed revealing quasi-vertical fields. If looking instead at the PDF(B) for
these “weak vertical fields” (Bapp ∈ (150, 250) Mx cm−2 and γ < 20◦ or γ > 160◦, Fig.
4.24 left), one notices a mode at roughly 400 G, followed by a long tail towards kG field
strengths. These vertical fields with Bapp ∈ (150, 250) Mx cm−2 are thus “half-way” be-
tween weak equipartition fields and intense kG fields. It can be seen in Fig. 4.14 that these
fields (cyan contours) are often located in the immediate vicinity of the stronger flux el-
ements, although they also appear as isolated elements in the internetwork. Of particular
interest also are the strong fields with low α, e.g. the region B > 1000 G, α < 0.1 in Fig.
4.22. As revealed by their PDF(γ) in Fig. 4.25, these fields are rather vertical, indicating
that they very probably belong to “true” magnetic elements. But unlike the quasi-vertical
fields with Bapp ∈ (150, 250) Mx cm−2 discussed above, they mainly appear as isolated
small flux concentrations within supergranular cells (this was checked over a whole map
of 320′′ × 160′′ at disk center, but the corresponding locations were not contoured in Fig.
4.14 because they represent less than 0.4% of the map).

Finally, we can see how the dependence of the contrast on B and α evolves from
the center to the limb in the six usual μ intervals, as presented in Fig. 4.26 and Fig. 4.27.
Leaving aside the decrease of the range of B as μ decreases (cf. beginning of this Section),
the qualitative symmetry in B and α is very similar at all μ. In all intervals of μ, the region
of darker contrasts is located at roughly the same portion of the plots, and the division
Bapp = 250 Mx cm−2 seems to well represent the limit between the granulation fields
and the concentrated ones. For Bapp < 250 Mx cm−2, the variation of contrast attenuates
with lower μ due to the decrease of the granulation contrast rms. For the concentrated
fields, while the brightest parameter region always corresponds to B in the kG regime,
the corresponding α increases together with an associated decrease in B (from B ∼ 1600
G near disk center to B ∼ 1200 G near the limb). This variation thus seems related to
the increase of the peak close to 1 in the PDF(α) (see Fig. 4.21) and the corresponding
decreasing amount of inferred kG fields (see remarks at the beginning of this Section).
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Figure 4.24: Left: PDF of the field strength B for pixels with Bapp ∈ (150, 250) Mx cm−2,
and γ < 20◦ or γ > 160◦. Right: PDF of γ for pixels with Bapp ∈ (150, 250) Mx cm−2 and
B > 400 G.

Figure 4.25: PDF of γ for
for pixels with B > 1000 G
and α < 0.1 at disk center
(μ > 0.99).

Thus the shift of the peak contrast toward stronger Bapp (cf. Fig. 4.9) is primarily related
to an increase of α. This could be explained by the “hot wall picture”, if we consider that
larger filling factors correspond to bigger features, which have their hot wall visible closer
to the limb, and that this wall also appears brighter because it is better resolved.

4.4 Summary and open questions

Finally, I summarize here the main results presented in this Chapter, and raise the attention
on some remaining open questions.

1. Contrast as a function of “magnetogram signal” M = Bαcosγ/μ: At the resolution
of Hinode, the trends of the average contrast as a function of M exhibit a peaked shape
reaching positive values (i.e. brighter than the average quiet Sun) at all μ, including at the
very disk center. This contradicts previous studies performed at lower resolution, which
reported a monotonous decrease of the contrast with magnetogram signal near disk center,
with negative average contrasts for all magnetogram signals (Topka et al. 1992, Lawrence
et al. 1993). Away from disk center, the herein obtained peak contrasts as a function of
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Figure 4.26: Same as Fig. 4.22 for three intervals of μ with μ > 0.78. The average
contrasts for all μ intervals have been set to the same unique color scale common with
Fig. 4.20, but differing from Fig. 4.22.
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Figure 4.27: Same as Fig. 4.26 for the three intervals of μ with μ < 0.78.
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M are significantly larger than those of previous studies (Topka et al. 1997, Ortiz et al.
2002), and the trend of the average values spans a larger contrast range. It is thus expected
that further progress in telescope resolution will reveal more pronounced contrast peaks.

2. Contrast as a function of apparent flux density Bapp = Bα: It was found that for
μ lower than ∼ 0.8, the behaviour of the contrast as a function of Bapp deviates from its
behaviour as a function of M. At these μ, the contrast increases to larger values and
decreases more slowly toward large Bapp. In particular, the contrast is entirely positive
for Bapp > 250 Mx cm−2 (whereas it drops back to negative for large M). The different
dependence of the contrast on Bapp and M becomes more obvious as μ decreases and
for μ < 0.42, the contrast increases monotonously with Bapp. I argued that at low μ, the
relation between contrast and M was spoiled by non-vertical fields with low Bapp but larger
M. Hence, at low μ, the variation of the contrast with M cannot be interpreted in terms
of magnetic elements only, and the contrast as a function of Bapp should be used instead
for comparison with flux tube models. However, whereas the center-to-limb variation
(CLV) of the average contrast was reaching a maximum in all intervals of M, there is no
evidence of such a maximum in intervals of Bapp, even for low Bapp. The CLVs rather
seem to reach some plateau, indicating a possible maximum for μ values lower than the
range investigated here (μ < 0.2).

3. “Granulation field regime” and “Concentrated field regime”: Two distinct regimes
of Bapp were identified, in which the contrast varies differently with Bapp and μ. At the
resolution of Hinode, these two regimes can be roughly segregated by Bapp = 250 Mx
cm−2. The regime Bapp < 250 Mx cm−2 is dominated by pixels located both in and in-
between granules, whose contrast is close to the one at these locations. In this regime, the
CLV of contrast is induced by the decrease of the granulation contrast rms. Therefore this
regime was referred to as the “granulation field regime”. The pixels with Bapp > 250 Mx
cm−2 essentially correspond to network elements and similar strong flux concentrations
in intergranular lanes. The contrast CLV should thus be dictated by the geometry of the
features. This regime was therefore referred to as the “concentrated field regime”.

4. Dependence of contrast on inclination γ (with respect to the line of sight): In the
regime Bapp > 250 Mx cm−2, the fields are quasi-vertical and thus the contrasts depend
only weakly on γ. For more inclined fields, the contrast decreases either because they are
associated with larger magnetic structures or are located near the boundary of magnetic
features. For Bapp < 250 Mx cm−2, the dependence of the average contrast on γ is tied
to granulation (as revealed by the similar dependence of the contrast and of the line of
sight-velocity vlos on γ at disk center). Pixels with horizontal fields are on average located
within granules and are brighter, while pixels with more vertical fields are preferably
located in the intergranular lanes and are thus darker. This dependence on γ is extremely
similar at all μ, but less pronounced as μ decreases and as the contrast difference between
granules and intergranules attenuates.

5. Dependence on field strength B and filling factor α: Qualitatively, at all μ, the
contrast depends in a very symmetric fashion on B and α, for both the granulation field
and the concentrated field regime. To first order, it thus seems that the contrast is mainly
dictated by Bapp. Quantitatively, in the concentrated field regime, the contrast reaches
its largest values for kG fields. But as μ decreases, the filling factor associated to these
brightest pixels increases, while the field strength slightly decreases. Although this could
be related to larger magnetic features whose hot walls brighten closer to the limb, it should
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be kept in mind that the inferences of B and α are completely interdependent, and the
interpretation of the filling factor close to the limb is unclear. Finally, in the granulation
field regime, the contrast similarly decreases (correlated with an increase of vlos at disk
center) with larger α and B until reaching a parameter range where the contrast reaches a
minimum (and vlos a maximum). In this regime, both B and α thus seem to increase from
granules to intergranules.

6. Flux expulsion: The granulation field regime is dominated by B < 400 G, but also
contains a minority of fields with B > 400 G (including kG fields). Interestingly, the con-
trasts decrease and the downflows increase with B until B ∼ 400 G, after which the down-
flows reduce and the contrast increases, while the fields become quasi-vertical. These
fields of intermediate strength are often located in the immediate vicinity of stronger flux
concentrations (Bapp > 250 Mx cm−2). Hence the granulation field regime seems to cor-
respond to the regime where the flux expulsion operates, and further discloses a range of
fields between the equipartion fields and the kG fields.

I conclude with some remaining open questions:

• Why does the CLV of contrast in intervals of Bapp not reach a maximum even for
low Bapp? Assuming some relation between Bapp and the size of flux concentra-
tions, smaller flux tubes should reach a maximum contrast at larger μ (Spruit 1976,
Deinzer et al. 1984, Knölker and Schüssler 1988)...

• Why is the dependence of contrast on B and α so symmetric? It could be explained
by an effect of the spatial resolution. For magnetic features to turn bright in the
concentrated field regime, they need enough field strength to engender a sufficient
depression of the optical depth scale toward deeper and hotter layers. But they also
need a sufficient size in order not to be smeared out. The resulting contrast could
be the consequence of both factors.

• How does the inference of B and α depend on the treatment of stray-light?

• How do the obtained results depend on the target, how would they differ for active
regions? The study of the contrast as a function of magnetogram signal should
probably be repeated for active regions, to rule out that the differences with previous
studies (mostly performed in active regions) are not related to the target alone (For
instance, Lawrence et al. 1993, obtained some positive contrast as well in quiet
Sun).

• How reliable are the results of the inversions near the limb, in particular the treat-
ment of the filling factor (and its interpretation) and the value of the associated field
strength?

• What is the error due to neglecting the vertical geometrical structure of the flux
concentrations close to the limb (Solanki et al. 1998)?

• How is the contrast affected by the PSF (Danilovic et al. 2008)?
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5 Outlook

The novel classification method of BPs and faculae presented in Chap. 2 allowed the
extraction of constraints for simulations (center-to-limb variation of the fraction of BPs
and faculae, contrast profiles), and the obtention of some hints about the nature of the
observed BPs and faculae (Chap. 3). To fully use the potential of this method and further
elucidate the relationship between BPs and faculae, this work should be extended along
the following two directions:

• Firstly, the classification method shall be applied to a dataset of high-resolution im-
ages with joint spectro-polarimetric information. This would allow on one hand the
validation and improvement of the method, and on the other hand the determination
of the magnetic properties of BPs and faculae. In particular, we shall verify the
hypothetical association of faculae near disk center with inclined fields (Chap. 2,3).
Such investigations are already foreseen using data from IBIS (Cavallini 2006) and
SUNRISE (using both SuFi and IMaX, see Gandorfer et al. 2007). Through their
seeing-free quality, SUNRISE images will be particularly suited for the application
of the classification method (requiring a homogeneous spatial resolution).

• Secondly, the method should be applied to MHD simulations for different viewing
angles. Complemented by the retrieval of the magnetic properties of BPs and facu-
lae (cf. above), the results herein obtained would then provide powerful constraints
to enhance the models.

The analogy between the contrast–area (projected onto the plane of the sky) relation of
the bright features (see Chap. 3) and the results of magnetogram studies seem promising
for proxy magnetometry, but require some additional intermediate steps:

• The association of the apparent area of the features in images and the flux of the
corresponding magnetic elements should be verified and calibrated (e.g. using the
aforementioned datasets).

• Using SUNRISE data, the contrast–area relation of BPs shall be probed at an un-
precedented spatial resolution and compared with model predictions (e.g. Spruit
1976, Deinzer et al. 1984, Fabiani Bendicho et al. 1992). By relating the BP con-
trast to the inferred field strength (Stokes inversions), one could check to which
extent the contrast is affected by the finite resolution, and whether the inhibition of
convective collapse plays a role (Venkatakrishnan 1986, Rajaguru and Hasan 2000,
see Sect. 3.6.2).
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Finally, Chap. 4 presented a first assessment of the dependence of the contrast of
magnetic features on their magnetic parameters at different heliocentric angles, which
also raised a number of open questions.

• An obvious extension would be to repeat this study using scans of active regions,
in particular to rule out that differences with previous studies using magnetograms
(mostly performed in active regions) are due to the different targets (for instance,
different results were obtained by Lawrence et al. 1993, for the quiet Sun and for
active regions).

• We are currently comparing the inversion results with other codes inverting the
profiles of both Fe lines (the code used herein inverted only one line), in particular
the treatment of stray light (especially near the limb) and the robustness against the
noise in the spectra.

• Although the obtained results provide some indications about the “kind” of mag-
netic features appearing bright at different heliocentric angles (cf. questions in
Sects. 1.2.4 and 1.4), the employed method (“magnetic parameter binning”) con-
veys no information about the identity of the features. To effectively determine the
properties of bright magnetic features and how their visibility is affected at different
heliocentric angles, these features should be segmented in G-band images (compos-
ites) co-spatial with the spectropolarimetric scans, and their magnetic parameters
retrieved per feature.
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