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ABSTRACT

Context. Faculae at the poles of the Sun, or polar faculae (PFe), take part in the solar magnetic cycle. Their occurrence maximum is
shifted by 5-6 years with respect to the sunspot cycle. PFe are stable phenomena, with lifetimes of several hours to days, and harbour
magnetic fields of kilo-Gauss strength. Yet their role for the global magnetic field at the solar poles is unknown.

Aims. To contribute to the knowledge of the physical properties of PFe and to the understanding of their role in the global magnetism
of the Sun.

Methods. PFe were observed on 21-24 August 2005 with the Vacuum Tower Telescope at the Observatorio del Teide. The “Gottingen”
Fabry-Perot spectrometer was used with a Stokes V polarimeter to scan the Fe1 6173 A line (Landé factor g =2.5) and the He line
in two-dimensional fields of view (FOVs). A large observational coverage of the polar caps was obtained. The data were analysed
with speckle methods. Magnetic field strengths were determined with the weak field approximation, with the approximation of the
strong field regime, and with the centre of gravity (COG) method. Velocities were measured with the COG method and from the
zero-crossing of the Stokes V profiles.

Results. PFe show a decrease of the continuum and broadband intensity contrast towards the disc centre and no decrease of contrast
towards the limb, similar to as faculae in active regions near the equator. Extrapolating from the observed FOVs to the total areas of PF
occurrence around the solar poles, we find 4 120 PFe in the northern polar cap and, asymmetrically to this number, 1250 PFe near the
south pole. The total area coverages by PFe are ~7.6 x 108 km? and ~3.4 x 10® km? near the solar north and south poles, respectively.
Some of the PFe exhibit magnetic polarities opposite to the global polarity at the time of observation. The resulting total magnetic
fluxes in PFe fall short by an order of magnitude from those found in the literature for the fluxes at the polar caps. This also holds if
we include magnetic structures which are not related to brightenings. We conclude that with the present spatial resolution of 074-0”5

(FWHM), PFe represent the “large-scale” end of a distribution of unipolar strands near the solar poles. The velocities in PFe show

amplitudes of 2 kms™!

, with systematic up-flows in the Stokes / profile, but no average velocity measured in the V zero-crossings.
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1. Introduction

The polar areas of the Sun are of particular interest for under-
standing solar magnetism. They take part in the magnetic activity
cycle with a shift by 5-6 years with respect to the sunspot activ-
ity. The polar coronal holes are largest during sunspot minimum.
At the same time, the polar faculae (PFe), which are bright struc-
tures of approximately 1” and are seen in white light and in chro-
mospheric lines, show maximum occurrence and appear down
to latitudes of || = 60°. During maximum sunspot activity the
regions of PFe appearance around the poles vanish (Waldmeier
1955, 1962; Sheeley 1964, 1991; Makarov & Sivaraman 1989;
Makarov et al. 2003a,b). A study of the cycle variation of small-
scale magnetic structures near the poles was performed by Lin
et al. (1994).

The modulation of the polar magnetic flux has been mod-
elled by Wang et al. (2002) and Baumann et al. (2004) with sim-
ulations of surface flux transport including injection of bipolar
fields during sunspot activity, diffusion, differential rotation, and
meridional poleward flows. Wang & Sheeley (2003) show the
consequences of such flux emergence and surface transport for
the coronal magnetic field configurations, and Baumann et al.
(2006) extend the surface transport to volume diffusion such that
the “memory” of the solar field structure becomes shortened.

The surface transport of small magnetic flux elements instead of
monolithic sunspot tubes appears reasonable in view of the dy-
namic disconnection of sunspots at near-surface layers discussed
by Schiissler & Rempel (2005).

The polar caps with their magnetic field structure are also rel-
evant for the polar coronal holes as the sources of the fast solar
wind from the poles. DeForest et al. (1997) find from simultane-
ous observations with EIT (Delaboudiniére et al. 1995) and MDI
(Scherrer et al. 1995) on-board SOHO, that polar coronal plumes
are rooted on X-ray bright points above unipolar magnetic fields
at network boundaries. Yet Wilhelm et al. (1998, 2000) favour a
picture in which the plumes are footed on closed loops and they
identify the outflow regions with dark coronal areas, not with
bright plumes.

Tu et al. (2005) combine photospheric magnetic fields, mea-
sured with MDI near the poles, and intensities and veloci-
ties from SUMER measurements (Wilhelm et al. 1995). From
extrapolation of the magnetic fields to the corona, they con-
struct models of (open) magnetic funnels which they sug-
gest are the origin of the fast solar wind. Wiegelmann et al.
(2005) come to similar conclusions for equatorial coronal holes.
Furthermore, Tu et al. (2005) invoke the furnace model by
Axford & McKenzie (1997) to release energy by reconnection
and to accelerate the wind by Alfvén waves.
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PFe, as magnetic features at the poles of the Sun, are candi-
dates for the magnetic footings of the coronal funnels. Homann
et al. (1997), Okunev (2004) and Okunev & Kneer (2004) have
established the kilo-Gauss field strength in PFe and fast small-
scale evolution on short timescales (1 min), while as PF enti-
ties, they are long-lived (longer than 1 h). Three-dimensional at-
mospheric models of PFe were worked out by Okunev (2004)
and Okunev & Kneer (2005). However, the role of PFe for the
global magnetic field structure and its variation and dynamics
of the transition zone and coronal dynamics is not yet under-
stood. Okunev et al. (2005) point out that for a magnetic flux
from PFe at the solar photospheric level, compatible with the
average flux density of approximately 6 Gauss (Svalgaard et al.
1978) and with the radial magnetic flux density at 1 AU of 3.5nT
from Ulysses measurements (Smith & Balogh 1995), one would
need of the order of 2 x 10* PFe simultaneously (during sunspot
minimum), many more than are seen. A similar reasoning ap-
plies to the magnetic funnels in the Tu et al. (2005) model.

Thus, in this work, we study the role of PFe. While the ob-
servations presented by Okunev (2004) and Okunev & Kneer
(2005) stem from a period of maximum sunspot activity, and
thus of minimum appearance of PFe, the current years around
the sunspot minimum are a better epoch to observe many PFe.
Furthermore, since our earlier observations (before May 2002),
important instrumental improvements have been achieved. The
Kiepenheuer Adaptive Optics System (KAOS, von der Liihe
et al. 2003) has been put into regular operation at the German
Vacuum Tower Telescope (VTT), and during the first half
of 2005 the “Gottingen” Fabry-Perot interferometer (FPI) used
for two-dimensional spectropolarimetry, was upgraded to have
a substantially increased efficiency concerning FOV, frame rate,
and noise (Puschmann et al. 2006). We may expect then, with
improved techniques, better detection of small-scale magnetic
features near the poles of the Sun.

We describe the two-dimensional observations with a large
coverage of the northern and southern polar caps in Sect. 2 and
the data analysis in Sect. 3. The results are discussed in Sect. 4.
The variation of the contrast of PFe towards the limb from broad-
band measurements is presented. We study statistical properties
of PFe, such as number density, magnetic polarity, and magnetic
flux in comparison with the total magnetic flux from the poles.
Gas velocities in PFe are also addressed. Section 5 concludes the

paper.

2. Observations

The observations for the present contribution were taken from
the area near the northern and southern poles of the Sun. They
were obtained during 21-24 August 2005 with the VTT at the
Observatorio del Teide/Tenerife. The observations were usually
taken between 8 and 10 UT in the morning. The two-dimensional
“Gottingen” FPI spectrometer (Puschmann et al. 2006) was used
with a Stokes V polarimeter. In addition to its high efficiency
which has increased by a factor of ~60, it now allows quasi-
simultaneously scanning through several spectral lines. We ob-
served the photospheric, magnetically-sensitive Fe 16173 A line
(Landé factor g =2.5) and in Ha. The latter line was observed to
study the chromospheric dynamics above PFe. The results from
this investigation will be published in a forthcoming paper.

To obtain a large coverage of the northern polar cap, spectro-
polarimetric scans were performed at 19 different heliographic
latitudes, 14 at the north and 5 at the south pole. The coverage
of the southern polar cap was smaller than at the north pole be-
cause the heliographic latitude of the disc centre was By = 7°0,
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so the northern polar area was more accessible for observa-
tion. No strong activity was present at high latitudes during the
time of observation. The FOVs were 28" x 46" for the narrow-
band, spectroscopic FPI channel and 73" x 55" at the broadband
speckle camera, with pixel sizes of both CCDs corresponding to
07112 x0”112. The seeing conditions were good and stable dur-
ing the whole observation period, with a mean value of the Fried
parameter 7y ~ 13 cm.

The scanning parameters were chosen slightly different
for each day of the observing period. The scans covered
sometimes 21 and sometimes 22 spectral positions around
Fe1 6173 A, with 15 exposures at each position, with an expo-
sure time of 5ms for Fe16173 A, and a step width of 23.65 mA
for Fe16173 A.

Broadband images were taken at 6302 A (FWHM 50 A)
and strictly simultaneously with these narrow-band data, which
is necessary for post-facto image reconstruction. Additionally,
scans with dark frames and flat fields were taken for the data
analysis.

3. Data analysis

Dark corrections and flat fielding were applied to the data in the
usual way. For the broadband images, we applied the Gottingen
speckle reconstruction code (de Boer 1996) which uses the spec-
tral ratio method by von der Liihe (1984) for the Fourier ampli-
tudes and the speckle masking method by Weigelt (1977) for the
Fourier phases. The code was recently improved by Puschmann
& Sailer (2006) to take into account the field dependent correc-
tion of the adaptive optics (AO). This gives a constant spatial
resolution over the whole FOV and improves the image quality
beyond that achieved with KAOS.

The speckle reconstruction of the broadband images gives
the instantaneous optical transfer function of the atmosphere to-
gether with the AO. The narrow-band images were thus recon-
structed using the method by Keller & von der Liihe (1992),
also described recently by Bello Gonzalez et al. (2005). Before
further analysis of the data, a careful, sub-pixel alignment of
the images from both channels of the V polarimeter and of
these images with the broadband images was performed. This
included de-stretching with an extension of the code by Yi &
Molowny Horas (1992), which corrected for small displace-
ments due to different optical paths of the two polarised light
channels and the broadband optical train. For comparison with
the broadband images, the de-stretching parameters were calcu-
lated for averaged continuum images in the spectral channels
and transferred to the (reconstructed) images taken within the
spectral lines.

From the spectral data of each pixel in the FOV, the magnetic
field strength was determined by three different methods: weak
field approximation (WFA), strong field regime (SFR), and cen-
tre of gravity (COG). The two former methods extract the field
strengths from the Stokes V profiles whereas the COG method
uses the profiles corresponding to the two circular polarisation
states %(IA + V) and %(IA -V.

The Zeeman splitting, Adg, is given as

e
Adp = Wgeﬁ‘/lzB = CgerA*B
= 4.67x 107 %g.sA’B, (1)

where e, m, and ¢ denote the electron charge, electron mass, and
speed of light, respectively. In the last expression of Eq. (1) Adg
and A are measured in A and the flux density B in G. In the
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Fig. 1. Examples of Stokes V profiles. Solid: measured profiles; dashed:
double Gaussian fit to the data; dash-dotted: V(1) from Eq. (2) with

appropriate B

following, we use magnetic field strength synonymously with
magnetic flux density.

In the WFA, the Zeeman splitting is assumed to be much
smaller than the Doppler width of the line. In this case, the
amplitudes of the Stokes V profiles increase linearly with
the line-of-sight (LOS) component of the magnetic field. From
the expansion of Stokes V in a Taylor series to the first order
(Landi Degl’Innocenti 1992) we have

dI)

V() = —4.67 x 10—‘3gefmz§eﬁ-v,

2

where Beg = cosy B is the LOS component of the flux density
averaged over the resolution element (and over the formation
heights), with y the angle between the LOS and B. The rms noise
level in the V, profiles is <10721., where I, is the continuum
intensity.

In the SFR, the Zeeman splitting is bigger than the Doppler
width of the line and the Stokes V profiles are saturated. Its am-
plitudes no longer increase with the field strength, while the sep-
aration of the two lobes, Ady, increases and approaches twice
the Zeeman splitting Adp. For sufficiently strong magnetic fields
one thus obtains

Ady = 2CgeA°B. (3)

The separations Ady were determined by least square fits of two
Gaussians to the V profiles (Okunev 2004; Okunev & Kneer
2004).

Figure 1 presents two examples of Stokes V profiles obtained
from our data in solid lines as well as the fit of two Gaussians
to them, as dashed lines. For comparison, the curve correspond-
ing to V() in Eq. (2) with the appropriate B.g is overplotted
as dash-dotted lines. The effective field strengths, obtained with
the WFA, are —180 G and —80 G for the upper and lower panel,
respectively.

The WFA gives approximately correct magnetic field
strengths for fields <1kG, while the SFR applies only for
fields >1.5kG. Thus, the two methods of field measurement are
mutually exclusive.
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The COG method (cf. Semel 1967; Rees & Semel 1979) ob-
tains the LOS component of the magnetic field from the sepa-
ration of the COGs of the two circularly polarised line profiles
I, = Y(Iy + Vy and I_ = §(I, - V). Using Eq. (1) we have

2 X Adp

2% 4.67 % 1073 g5 Begy
[l - 1.(D1AdA [ —I-()]ada

Jue-1.1dd [l -1-()1da’

“)

where the integration is performed over the line profile and I. is
the continuum intensity.

For the measurement of the velocities, two methods were
applied: 1) the Doppler shift of the COG of the Stokes I pro-
files with respect to the average line position in the FOV gives
the average LOS velocity of the magnetic and non-magnetic gas
in the resolution element (and in the line forming layers along
the LOS); 2) the position of the zero-crossing of the V profiles
yields the LOS velocity in the magnetised plasma. The zero-
crossings were determined from the above-mentioned fits of two
Gaussians to the V profiles. Third order polynomials to the cen-
tral parts of the V profiles gave essentially the same results. Yet
for the latter method the V profiles should contain less (relative)
noise than for the Gaussian fits, which use more parts of the line
profiles.

The determinations of B.s and of velocities, the latter from
the positions of the V' zero-crossings, are susceptible to instru-
mental crosstalk, especially Q, U — V crosstalk. This has been
estimated by Okunev (2004) and Bello Gonzdlez et al. (2005).
While the / — V crosstalk is corrected during data analysis,
the Q and U profiles distort Stokes V. The crosstalk increases
towards the limb with increasing Q and U. The separations of
the V extrema are barely affected (i.e. in the SFR). According to
our estimates for the WFA and for the COG method, B.g comes
out too small by 20%. This will not change the counts of PFe and
the estimates of the total magnetic flux from the polar caps below
(Sects. 4.2 and 4.3.3). Yet the position of the zero-crossing has
to be taken with caution. In future observations with the VTT, it
will be possible to measure both the full Stokes vector and the
instrumental crosstalk, which will allow correction of the latter.

Figure 2 shows, as an example of the resulting reconstructed
broadband images and magnetograms, a section from a FOV at
cost? = u = 0.4. The spatial resolution here is estimated to
be 074-0"5 (FWHM). We note the facular substructure which
does not differ substantially from the granular pattern. The right,
large facula in Fig. 2 appears as abnormal granulation. The gran-
ules within the faculae appear brighter which is explained by the
hot-wall effect (see the recent review by Steiner 2007, and ref-
erences therein). Yet not all bright granules are related with sub-
stantial magnetic flux, e.g. in the lower left part of the panels of
Fig. 2. And not all magnetic structures possess a conspicuous,
very bright counterpart, e.g. in the upper right part of the panels
of Fig. 2.

4. Results
4.1. Variation of contrast towards the limb

A photometric measurement of PFe was performed to study their
contrast and its variation towards the limb as observations were
taken from ¢ = 0.6 to u =~ 0.2. Since PFe are bright magnetic
structures, the combination of thresholds in intensity and mag-
netic field strengths allows selection of the PFe in our FOVs. We

required for the broadband intensity of PFe, Iy, pr > 1.1 X Tbb,
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Fig. 2. Example of PFe at cos¢ = ¢ = 0.4, sections of speckle recon-
structed broadband image (upper) and relevant magnetogram (lower),
obtained with the centre of gravity method. Dark and light shades in the
magnetogram refer to negative and positive magnetic polarity, respec-
tively. The minimum effective field strength is —230 G, the maximum is
+120 G. Only fields with |B.g| > 75 G have entered the magnetogram.
Circles indicate areas with bright features but no significant magnetic
flux (lower left), and areas with significant flux, but without substantial
brightness (upper right). The arrow points towards the limb.

with Iy, the average broadband intensity in the neighbourhood
of the facula, and for the flux density measured with the COG
method |Begpr| = 60G (=30 of the noise). Magnetic field sig-
natures and facular brightenings do not necessarily coincide.
Especially close to the limb, the magnetic fields appear to be
displaced from the brightenings towards the disc centre (e.g.,
Okunev & Kneer 2004, 2005, and references therein). The iden-
tification of magnetic PFe was therefore performed “manually”
by inspection of the intensity images and magnetograms. In ad-
dition, a size threshold for the minimum area of 2 x 10* km?
(corresponding to three contiguous pixels on the detector) was
used.

Before evaluating the contrasts, the intensities were nor-
malised to a second order surface in each FOV to eliminate the
centre-to-limb variation. The contrast C is defined as

_ (obmax — Ibb,FOV)

C 5)

Ty Fov

where Iy, max denotes the maximum broadband intensity in each
faculae. It turned out to have a negligible effect irrespective of
whether the Tbb’FOV surfaces were calculated including or exclud-
ing the faculae or whether the contrast was measured relative to
the average of the local surrounding intensity.

Figure 3 depicts the average contrast of PFe from each
FOV as a function of heliocentric angle. The error bars corre-
spond to the standard deviation of facular contrast within each
FOV. The dashed straight lines are linear fits to the facular con-
trast. Obviously, towards the disc centre, the facular contrast de-
creases, similarly as for equatorial faculae. Towards the limb, the
contrast stays constant at C =~ 0.4 or is possibly slightly increas-
ing. In any case, the PF contrast does not decrease, within our
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Fig. 3. Contrast C of PFe and of granules vs. . The asterisks give the
mean contrast of PFe within one FOV and the error bars represent the
standard deviation of facular contrast within the same FOV. The dashed
straight lines are linear fits to the facular contrast. The crosses show
twice the rms contrast of granules in the FOVs with no (or little) mag-
netic flux, 2X Cps gran (see text). The dotted straight line is a least square
fit to the granular contrast.

limited range of observations (u > 0.2), in contradiction with the
result presented by Okunev & Kneer (2004) and in agreement
with the centre-to-limb variation obtained with the same speckle
imaging as here by Hirzberger & Wiehr (2005). Also the ampli-
tude of the PF contrast is in good agreement with that given by
the latter authors. This finding is relevant since it requires a re-
vision of the facular models, i.e. of their physical structure (cf.
Spruit 1976; Okunev & Kneer 2005, and references therein). We
suggest that a temperature higher than those in these models at
elevated photospheric layers, can explain the high PF contrasts
near the limb. Such enhanced temperatures are a natural con-
sequence of irradiation from the hot flux tube walls, as demon-
strated e.g. in two-dimensional radiative equilibrium simulations
by Fabiani Bendicho et al. (1992).

For comparison, the contrast variation towards the limb of
the brightest, non-magnetic granules in the FOVs is also shown
in Fig. 3. As an estimate for this contrast we use 2 X Cips gran =
2 X o. (For a pure two-dimensional sinusoidal intensity distribu-
tion one has oo = 2 x A with amplitude A. For two-dimensional
Gaussian noise, the threshold AI/I > 2 X o gives the brightest
intensity values.) The crosses in Fig. 3 represent the measure-
ments (not corrected for foreshortening or parasitic light), the
straight dotted line, not based on a theoretical interpretation, is
a fit to the data. The fluctuation of the granular contrast about
the straight line is a result of the low numbers of granules with
contrast >2 X o in each FOV. The decrease towards the limb
and, apart from the factor of two, the amplitudes compare well
with the values obtained by Sanchez Cuberes et al. (2000, see
also references to earlier work therein). Towards the disc centre,
the bright granules and faculae possess similar contrast, i.e. near
the disc centre, faculae are difficult to detect among the bright
granules in broadband (excluding G-band) or continuum obser-
vations alone (Fig. 2).

4.2. Number of PFe, magnetic polarity, and area distributions

The same criteria as described above for the definition of PFe
can be used to estimate their total number present at one solar
pole during the observation, at the epoch of minimum sunspot
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Table 1. Extrapolated number counts and extrapolated areas of PFe.

Total numbers  Total areas [10% km?]

North pole, total 4120 7.65
Magn. positive 620 0.65
Magn. negative 3500 7.0

South pole, total 1250 3.44
Magn. positive 720 2.8
Magn. negative 530 0.64

activity. Due to the similarity in contrast of granulation and PFe
towards the disc centre, special care was taken when looking at
those FOVs.

At the northern solar pole, most of the PFe have the same
magnetic polarity as the global magnetic field. Yet in contrast
to the conjecture raised by Okunev & Kneer (2004) which
was based on a much smaller sample than analysed here, some
PFe possess opposite polarity (Fig. 2). In fact, such opposite-
polarity faculae are not uncommon, especially near the south
pole. Negative and positive polarity faculae appear as isolated
magnetic patches, rather than in bipolar combinations, in agree-
ment with the magnetograms shown by Lin et al. (1994).

Table 1 gives, in its first column, the numbers of PFe for the
north and south pole separately as well as for positive and nega-
tive magnetic polarities. These numbers are extrapolated values
from the observed FOVs to one total polar cap area, Fpc, with
occurrence of PFe. The latter is given by

90°
Fpc = f 27R2 cos ydy ~ 4.1 x 10" km?, (6)
60°

where the integration is taken over the latitudes ¢ of a polar cap
at which PFe occur during maximum appearance and R, is the
solar radius. The total numbers of PFe detected were 221 and 26
at the northern and southern polar caps, respectively. The cov-
erage of the polar areas with our FOVs amounted to 5.5% at
the northern cap and to 2.1% at the southern cap. The extrapo-
lated numbers are clearly different for the north and south poles.
A similar asymmetry between the two poles was also noticed
by Benevolenskaya (2004), who analysed SOHO/MDI magne-
tograms between latitudes 78° and 88°. We point out that, with
the achieved spatial resolution, the total numbers of PFe are
one to two orders of magnitude larger than those estimated by
Sheeley (1966).

The area Fpg of a PF is measured from its magnetic field,
i.e. from the number of pixels covered by the magnetic field of
the PFe. The effective field strength, determined with the COG
method, is again required to have |Begpr| > 60 G. Surprisingly,
the field strengths of PFe did not vary much towards the limb
(see Sect. 4.3 below), indicating that the geometry of PF fields
is more complex than just a vertical flux tube with constant di-
ameter (e.g. numerical simulation results by Keller et al. 2004;
Vogler et al. 2005). Figure 4 shows the area distributions after
correction for foreshortening, i.e. after dividing by p. In the left
panels, the observed distributions for the northern polar cap are
depicted, with negative and positive magnetic polarities in the
upper and lower panels, respectively. The right panels are for the
southern polar cap. PFe with polarity opposite to the global mag-
netic field tend to be smaller than those with the same polarity
as the global field.

The total areas in PFe, extrapolated from the observed FOVs
to the polar cap areas, are also given in Table 1. Here we see
again a strong asymmetry between the northern and southern
polar caps.
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Fig. 4. Distributions of PF areas determined with the COG method, i.e.
from the number of pixels covered by the magnetic field of the PFe,
for the northern polar cap (left two panels) and the southern cap (right
two panels). The areas are corrected for foreshortening (dividing by ).
The dashed vertical line in the upper left panel indicates the area of a
circular PFe with 1” diameter.

Table 2. Number of observed PFe in intervals of Ay = 0.05.

pinterval  PFe counts
0.20-0.25 16
0.25-0.30 0
0.30-0.35 12
0.35-0.40 14
0.40-0.45 43
0.45-0.50 36
0.50-0.55 74
0.55-0.60 0
>0.60 62

Table 2 gives the variation with u of the number of analysed
PFe for intervals of Au = 0.05. We note that the PFe counts
are not related to the heliographic latitude . Apparently, the
counts are lower for y < 0.4 than for larger 4. We interpret this
as an observational selection effect: the AO system encounters
increasing difficulties to lock onto a solar feature towards the
limb. Although the PFe have high contrast, their apparent size
and absolute brightness become smaller and their surrounding
area becomes structureless with decreasing y.

4.3. Magnetic fields and total flux
4.3.1. Weak field approximation and centre of gravity

The WFA and COG methods gave very similar results for Beg.
Figure 5 presents the centre-to-limb variation of the field
strength determined with the COG method, irrespective of the
magnetic polarity or whether the PF occurred at the solar north
or south pole. The straight dashed line in Fig. 5 gives u - B repre-
senting a hypothetical limb variation of the COG measurement
for a purely vertical and constant flux density of B = 300G.
The measured B.g does not exhibit an obvious centre-to-limb
variation. It is unlikely that the puzzling result, against naive ex-
pectation, is caused by instrumental Q,U — V crosstalk. Our
experience with simulations of crosstalk gives generally a “mea-
sured” field strength weaker than the input field. This means
that crosstalk would result in even more reduced measured fields
towards the limb with increased Q and U signals.
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Fig. 5. Variation towards the limb of PF magnetic field strengths |Beg]
measured with the COG method. The asterisks represent averages from
each PF. The straight dashed line gives u - B representing a hypothet-
ical limb variation of the COG measurement for a purely vertical and
constant flux density of B = 300 G.
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Fig. 6. Histogram of magnetic field strengths from the separation of
Stokes V extrema. The solid lines correspond to the northern PFe and
the dashed lines to the southern PFe.

The requirement |Beg pr| > 60G to identify a PF does defi-
nitely not introduce a bias, i.e. missing counts towards the limb.
Whenever a bright facula was seen near the limb its effective
field strength was sufficiently large to be counted.

4.3.2. Strong field regime

We present in Fig. 6 histograms for the magnetic field strengths
in PFe derived from the separation of the Stokes V extrema, i.e.
assuming the SFR. The values for the north and south poles of
the Sun are given by the solid and dashed histograms, respec-
tively. The percentages (ordinate of Fig. 6) refer to the observed
facular pixels, separately for the northern and southern polar
caps. The criterion for an entry into the histograms was again
| Bet pe| = 60 G in the COG measurements.

The V profiles could not be fitted at all pixels in the FOV
with two Gaussians to determine the separation of their extrema.
For this reason, the histograms in Fig. 6 show different statistical
properties than those for the area distributions, Fig. 4, especially
in the ratio of positive to negative magnetic polarity.
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The histograms exhibit maxima at field strengths of
1400—-1600G. It was shown earlier that PFe harbour kilo-Gauss
fields (Homann et al. 1997; Okunev 2004; Okunev & Kneer
2005). The latter two works also demonstrated by means of
model calculations that the strong field tails in the distribu-
tions, towards 2000 G and beyond, arise from overestimating the
strengths with the SFR method. For further use below we adopt
a field strength of 1500 G at the base of PFe, i.e. where, on aver-
age, Tspo0 = 1 in the quiet Sun.

4.3.3. Total magnetic flux

From magnetic flux densities in PFe and from the areas of PFe
extrapolated from the observed FOVs to the polar cap areas, we
can conclude on the total magnetic fluxes from PFe. Okunev
et al. (2005) estimated the total magnetic flux from PFe to be
much too low for the global magnetic flux at the polar caps, be-
cause approximately 2.5 x 10* PFe would be needed, many more
than observed.

Sheeley (1966), via a calibration of the PF flux with equato-
rial faculae of similar size, obtained a flux of ®pr ~ 2 x 102 Mx
per facula and arrived, with approximately 60 PFe present dur-
ing maximum PF occurrence, at a total flux from a polar cap
of ®pc ~ 1.2 x 10?> Mx. For comparison, our estimate of the
upper limit of the magnetic flux in one PF, assuming a circu-
lar shape with a diameter of 725km (=1”) and a field strength
of 1500 G, gives ®pr ~ 6.2 x 10'® Mx. This is a factor of 30 less
flux than Sheeley’s (1966) estimate. Note that the area of a PFe
with 1” diameter is significantly larger than the usual areas of
observed PFe (Fig. 4).

According to Svalgaard et al. (1978) the average polar mag-
netic field is of the order of 6 G. With the polar cap area (Eq. (6)),
one obtains a signed magnetic flux of ®pc ~ 2.5x10% Mx. From
the variation of the average magnetic flux density towards the
poles, these authors obtained a total flux ®pc ~ 3.2 X 10?2 Mx.

The (signed) magnetic flux in the fast wind, ®gw, calculated
at 1 AU with Byyg =~ 3.5nT (=35 uG) (Smith & Balogh 1995) is

Q

90°
Opw ~ 3.5 107 x 271(1 AU)? f cos ydyr
25°

2.8 x 102 Mx. (7)

Q

Here the integration from 25° to 90° takes into account the an-
gular expansion of the solar wind (McComas et al. 2000). The
flux in the fast solar wind is consistent with the value given by
Svalgaard et al. (1978). For the magnetic flux at 1 AU approxi-
mately 4500 PFe, with flux per PF from our optimum estimate,
are needed.

Benevolenskaya (2004), from an analysis of SOHO/MDI
magnetograms between 78° and 88°, obtained total unsigned
magnetic fluxes for the north polar cap ®pc = 2.7 X 10?> Mx
and for the south polar cap ®pc ~ 3.4 x 10?2 Mx. She pointed
out the asymmetry in both poles, however it was not as strong as
that identified in the present study.

The above numbers for the total magnetic fluxes are com-
piled in Table 3. We compare them with the values obtained in
the present study from PFe. For this, we took the areas (in cm?)
of PFe, Fpg, from Table 1 and multiplied them with a magnetic
filling factor @ and a field strength of 1500G, i.e.

Dpc = a x 1500 x (Z Fer) [Mx]. 8)

This was done separately for the northern and southern polar
caps, for both magnetic polarities. Magnetic filling factors of



J. Blanco Rodriguez et al.: Properties of faculae at the poles of the Sun

Table 3. Total magnetic fluxes ®pc at the polar areas of the Sun around
the minimum of the sunspot cycle. The three numbers for the entries
from this work refer to the fluxes with magnetic filling factor  =0.1,
a=0.3, and @ = 1.0, from left to right. The signs indicate the polarity.

Source Magnetic flux ®pc [10%2 Mx]
Smith & Balogh (1995) 2.8
from Ulysses data
Svalgaard et al. (1978) 3.2
from direct magnetograms
Sheeley (1966) 1.2
Summing over PFe fluxes
Benevolenskaya (2004) ~3.0
SOHO/MDI magnetograms
This work
Summing over PFe fluxes a=01|a=03| a=1.0
north pole, signed flux —-0.095 -0.32 -0.95
north pole, unsigned flux 0.115 0.38 1.15
south pole, signed flux +0.032 +0.11 +0.32
south pole, unsigned flux 0.052 0.17 0.52
Summing over non-PFe fluxes
north pole, signed flux -0.13 -0.39 -1.32
north pole, unsigned flux 0.25 0.76 2.52

a = 0.1, a = 03, and @« = 1.0 were used. In view of the
COG measurements of PF magnetic fields (Fig. 5) which gave
strengths of ~100 G without variation towards the limb, a mag-
netic filling factor of @ = 0.1 appears reasonable.

Table 3 shows that, with this latter filling factor, the summed
magnetic fluxes in PFe are lower by factors 30—100 than needed,
to account for the fluxes emanating from the polar caps of the
Sun. This is in agreement with the estimate by Okunev et al.
(2005). Around the south pole, more flux is “missing” in the
PFe than near the north pole. Yet, since the southern polar area
with ¥ < —-60° was not well observable during the end of
August 2005, the extrapolation from the observations to the po-
lar cap is uncertain for the south pole.

The filling factor 1.0 appears unlikely as we would have seen
much stronger magnetic signals. But even with @ = 1.0, the mea-
sured total signed fluxes are too low by factors of 3 and 10 for
the northern and southern polar caps, respectively.

We include in Table 3 the magnetic fluxes in non-facular
structures (see the example shown in Fig. 2), but only for
the north pole. For their selection, a flux density of |Beg| >
60 G within at least three contiguous pixels was also required.
Usually, the field strengths (from COG) of the non-magnetic
structures were smaller than 100 G and, on average, their ar-
eas a little smaller than those of PFe. We see from Table 3 that
these non-facular structures can account for the same amount of
magnetic flux as the PFe. Yet here also a filling factor of 1.0
is unrealistic. We expect that in this case they would appear as
bright structures. Thus the non-PFe magnetic structures seen in
this study also do not harbour the missing flux.

We made two further estimates as follows:

1. A measurement of 60 G in three contiguous pixels (as a min-
imum requirement for a PF identification) at u = 0.4 (as
an example) gives after correction for foreshortening of the
area, a flux of 3 x 10'® Mx. Then assume a magnetic feature
which is spread due to limited resolution to a Gaussian field
distribution of (/5 FWHM from which we measure a max-
imum field strength of 60 G. This structure contains a flux
of ~9 x 10'® Mx, i.e. a factor of three more than the three
pixels above. We conclude that the filling factor « is possi-
bly larger than 0.1.
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2. We adopt a total (extrapolated) number of detected PFe
per polar cap of 3500 (Table 1). The polar areas with
4.1x 10" km? of PFe occurrence contain approximately 500
supergranulation (or chromospheric) network cells (NCs)
of 3 x 10* km average diameter. This yields 7 detected
PFe per NC. We further assume an unsigned flux per po-
lar area of 4 x 10%2 Mx, with 25% of it in flux of magnetic
polarity opposite to the global general field at the solar poles
(Table 3). Thus each NC harbours a flux of 8 x 10!° Mx. This
flux would be contained in 13 PFe with the above upper flux
estimate per PF of 6.2x 10'8 Mx. These numerous strong flux
features were not identified and are definitely not present.

Magnetic fields are prone to become intermittent and concen-
trated flux tubes by convective collapse and to be advected
to the borders of granular and supergranular convection cells
(Galloway & Weiss 1981; Hasan 1985; Vogler et al. 2005).
We therefore retain the picture of small-scale, strong-field flux
tubes as the building blocks for the general, unipolar magnetic
field at the solar poles. Mixed-polarity structures are not ex-
cluded, yet require sufficient surplus of one polarity over the
other. Assuming a magnetic filling factor @ = 0.3 (Table 3),
we measure in PFe 3—10% of the net flux in polar areas. The
magnetic non-PFe structures in the polar areas detected in this
investigation also carry much too little flux to account for the
global magnetic field at the poles of the Sun.

We conclude that the overwhelming part of the total flux is
still hidden in smaller flux tubes or bundles with fewer flux tubes
than those seen in PFe with the present resolution. We suggest
that PFe represent the “large-scale” end of a distribution of flux
tubes with kilo-Gauss field strength, with increasing number but
decreasing magnetic flux towards smaller scales.

4.4. Velocities

A statistical study of LOS velocities in PFe was performed.
First, an analysis of the variation of velocities towards the limb
was carried out. Studying separately upflows and downflows, we
found an increase in both of them towards the disc centre. In
Fig. 7 the mean velocities, determined from the COG shifts of
the I profiles, of PFe within each FOV are depicted. The error
bars correspond to the standard deviation of facular velocities
within the same FOV, negative velocities are towards the ob-
server, and zero reference velocity refers to the average of all
line positions in the FOVs. The dotted straight line is the least
square fit to the data. A clear dependence of velocities on u is
seen, in the sense of increasing blueshift towards the disc centre.
On average, there is a surplus of negative velocities, i.e. flows to-
wards the observer. We interpret this as predominant up-flows in
the bright convective elements as the main constituents of facu-
lae (Fig. 2). Regarding the observed downflows, one explanation
is that near the limb, at u < 0.6, and depending on the inclina-
tion of the convective up- and down-flows, the velocities may
also appear in the direction away from the observer.

Second, Fig. 8 shows separately for PFe near the north and
south poles, the velocities measured from all PFe pixels with the
COG method applied to the [ profiles and with the zero-crossing
of the V profiles. As is also seen in Fig. 7, the PF I profiles
tend to be blue-shifted, with velocities [vcog| > 2.5 kms™!. The
average COG velocities are —0.30 kms™! and —0.61 kms™! at
the north and south pole, respectively. The velocities from the
V zero-crossings are as well spread between +2 kms™', with
averages U, = 0.15 km s7! and v, = —0.29 kms~! at the north
and south pole, respectively.
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Fig. 8. Velocities measured from Doppler shift of Stokes / COG and
from V zero-crossing. Reference zero velocity is the average of the line
positions in the FOVs. Vertical dotted lines indicate the average veloci-
ties. Positive velocities are away from the observer.

These findings, i.e. a tendency to negative velocities mea-
sured in [ profiles and, within the measurement accuracy, zero
average velocity from V zero-crossings, is consistent with the re-
sults by Okunev & Kneer (2004, see their Fig. 11). After adding
a velocity due to the gravitational limb effect (Schroter 1957), a
net up-flow was found by the latter authors. Okunev et al. (2005)
argued that very few PFe with an up-flow of vpg ~ 0.5 kms™!
would suffice to feed the fast solar wind from the polar coronal
holes. In view of the large width of the velocity distributions and
in view of the limited accuracy, we refrain from further estimates
into this direction, especially since the reference zero velocity in
the present observations refers to the average of the line posi-
tions in the FOVs, not to the position of the average I profile.
This means that the limb effect must not be taken into account
in the determination of the zero veloctiy. We conclude that a
method of infering the properties of PF flows is to compare the
observed velocities with numerical magneto-hydrodynamic sim-
ulations of facular magnetic flux tubes and bundles of flux tubes.
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5. Conclusions

This study intended to shed light on the physical structure of
PFe of the Sun and their role for the global magnetic field. To
this end, observations during maximum appearance of PFe (and
minimum sunspot activity) were performed with large coverage
of the polar areas. During the observations, the northern pole was
most visible, thus most of the observations were taken from the
northern polar cap. To detect as many PFe as possible, high spa-
tial resolution measurements in Stokes / and V were performed
with speckle methods, yielding a spatial resolution of 0’4—-0'5.

At the time of the observations, only / and V could be mea-
sured with the “Gottingen” FPI spectro-polarimeter. Thus, the
instrumental Q,U — V crosstalk had to be estimated, and
corrections were not applied to V. Our estimates showed that
the magnetic fields B.g, determined with the centre-of-gravity
method (Rees & Semel 1979), are measured too low by ~20%,
possibly still lower near the solar limb with decreasing V and in-
creasing Q, U signals. Yet the results on PF counts and on total
flux estimates from the polar caps are not affected by the instru-
mental crosstalk.

The following are the main conclusions of this work:

1. The earlier finding by Okunev & Kneer (2004) on the de-
crease of the facular contrast towards the limb has been re-
vised. In the present study, we find that the contrast stays
rather constant towards the limb, in agreement with the re-
sults by Hirzberger & Wiehr (2005) from equatorial faculae.

2. Several thousand PFe were found after extrapolation of the
area covered by the observations to the polar caps in which
PFe occur, many more than assumed hitherto. The north and
south poles behaved asymmetrically. At the time of obser-
vation, the southern polar cap contained about three times
fewer PFe than the northern polar cap. Yet during the ob-
servational period for this study, many fewer, and thus not
sufficiently conclusive, data could be taken from the south-
ern polar cap than from the region around the north pole.

3. There exist faculae with magnetic fields of polarity opposite
to the global magnetic fields at the solar poles. These contain
of the order of 25% of the unsigned flux in PFe.

4. Many faculae of subarcsec size were found. The smaller the
covered area, the larger the number count.

5. The center-of-gravity method (Rees & Semel 1979) gave no
variation of the measured field strength towards the limb,
presumably because the magnetic structures of PFe are not
simply vertically oriented but more complex.

6. The magnetic flux contained in the PFe studied here is too
small by an order of magnitude to account for the global flux
from the solar poles. The north and south poles also behaved
asymmetrically in relation to the amount of magnetic flux.
From the south pole, a factor of three more magnetic flux is
“missing” compared to the north pole.

7. The non-PFe flux seen in this study is of the same order as
the PFe flux. Thus, it also can clearly not account for the
global magnetic flux.

8. The Stokes I profiles from PFe exhibit Doppler shifts cor-
responding to velocities of up to 2.5 kms~! with average
velocities of v ~ 0.4 kms~! towards the observer. The av-
erage velocities from V zero-crossings are close to zero.
Comparison with numerical magneto-hydrodynamic simula-
tions are needed to understand the dynamics revealed by the
velocity observations within PFe and in their vicinity.

Magnetic fields in the solar photosphere are destined to be ad-
vected by convective flows and to collapse to intense flux tubes
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(Galloway & Weiss 1981; Hasan 1985; Vogler et al. 2005). It
is thus unlikely that the global polar field of the Sun is rooted
in diffuse fields of 5-6 G measured as average flux density by
Svalgaard et al. (1978). Instead, we keep the picture of small-
scale kilo-Gauss fields as the building blocks of the magnetic
fields at the solar poles. The PFe found in this study harbour
apparently too little flux to cover the total flux from the poles.
There must exist many more flux regions, smaller still than those
detected here and eventually not related with brightenings, i.e.
with faculae proper. The PFe seen so far may be considered as
the “large-scale” end of a wealth of tiny magnetic strands in the
polar caps. The numerical modelling by Baumann et al. (2004,
2006) of surface flux transport via meridional flows suggests that
the magnetic flux in PFe and thousands more small-scale flux
tubes are disconnected remnants from the activity belts closer to
the solar equator. Higher polarimetric sensitivity and higher spa-
tial resolution than are available at present are needed to study
the very small-scale flux tubes or bundles of flux tubes at the
solar poles. They are certainly relevant for the corona above the
solar poles and the fast solar wind from the polar coronal holes.
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