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ABSTRACT

We report a study of the quiet sun’s magnetic field
based on high-resolution infrared spectropolarimet-
ric observations (TIP/VTT). We find that in almost
50%.of the pixels Stokes V and in 15% the Stokes
Q and/or U profiles have a signal above 1073, The
statistical properties of the mainly intranetwork field
sampled by these observations are presented, show-
ing that most of the observed fields are weak (the
field strength distribution peaks at 350 G and has a
FWHM of 300 G) with very few kG features. The
magnetized regions occupy a very small fill fractions
(about 2%). The field changes properties on a gran-
ular spatial scales and the size of the patches formed
by similar profiles is close to 1”. Most of the pa-
rameters of the observed polarization profiles show
correlations with granulation parameters.

1. INTRODUCTION

What is the nature of the magnetic field in the in-
tranetwork? Do the measured weak fluxes comprise
spatially unresolved tiny intense fluxtubes or they
are intrinsically weak? Are they randomly directed
and moved by the turbulent granular flows?

Observations of the field in the intranetwork are
scarce and the results are contradictory. The first
spectral observations in circular polarization in the
intranetwork were performed by Keller et al. [5] who
showed evidence that these fields are below kG. Lin
[7], followed by Lin and Rimmele [8] directly mea-
sured Zeeman splitting in the intranetwork with the
help of circular polarized spectra of 1.56 um IR lines.
They reveal sub-kilogaus field strength and a new
weak ”granular” component of the magnetic field
in the quiet region that was probably of turbulent
origin. Other hypothesis like MISMA scenario by
Sénchez Almeida and Lites [13] lead to strong mixed-
polarity fields occupying small fill fractions. How-
ever, Lites [9] argues in his most recent paper from
the analysis of the same data as Sadnchez Almeida
and Lites [13], that the two components are present

in the intranetwork - one is similar to the ”granu-
lar” fields of Lin and Rimmele [8] and another is a
diffuse extremely weak larger-scale component which
the Hanle effect is sensitive to.

This paper presents preliminary results from the
analysis of high resolution, low noise spectropo-
larimetric observations of the full Stokes vector of
Fe1 215648 A and Fe1r A15653 A lines taken with
the Tenerife Infrared Polarimeter (TIP) attached
to the German VTT in Tenerife. We use these
IR lines for the measurement of the magnetic field
strength directly from the splitting of the Stokes V
o-components without involving line formation.

2. OBSERVATIONS

Full Stokes spectropolarimetric images were taken
using the Tenerife Infrared Polarimeter (TIP, [10])
attached to the echelle spectrograph of the 70 cm
German VTT operating at the Spanish Observato-
rio del Teide (Tenerife) in two independent observ-
ing runs. The first dataset was obtained on July
29" 2000 and the second on September 5", 2000.
In both cases, a quiet region located at disk cen-
ter was scanned, and the presence of plage or net-
work magnetic signals were intentionally avoided to
increase the statistics of the observed weak intranet-
work fields, located inside supergranules.

The observed spectral range covered the two Fe1lines
15648 A (g = 3) and 15653 A (g = 1.6), with a
sampling of 29.1 mA /px. The slit covered 38" on
the sun, with a sampling of 0.4”. In both campaigns,
the sun was scanned perpendicularly to the slit at
steps of 0.4". The field of view thus measured had
a size of 20" x 38" in July, and about 40" x 38" in
September. This last region, due to its larger size,
included a small patch of network.

The seeing conditions were rather good and stable
during the first observing campaign, and slightly
worse-during the second campaign. The instanta-
neous granulation contrast was between:5 and 6% in~
the first case and approximately 3% in the second
case. A correlation tracker {1] was used to stabilize
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Figure 1. Histogram of Stokes V o-component split-
tings. Only 2-lobe profiles were used. Upper horizon-
tal azis indicates splitting in A. Dashed line: the fit
by an exponent Aexp(—B/By) to the right part of
the histogram.

the image and to make the scan. To increase the sig-
nal to noise ratio, 120 sets of four images were on-line
added up in July, and 100 in September (correspond-
ing to total integration times of 50 and 60 seconds,
at each position of the slit). After this integration,
The noise in the Stokes @, U, and V spectral images
was about 2-3 x107% in units of the continuum in-
tensity. The data reduction procedure included the
removal of crosstalk between the Stokes parameters
[2]. No crosstalk between Stokes @, U and V larger
than of a few percent remains in the data. The po-
sition of zero velocity wavelength was defined as an
average of the intensity minimum positions taken at
the pixels where the magnetic signal was undetected,
i.e. below noise.

In almost 50% of the pixels Stokes V and in 15%
the Stokes @ and/or U profiles have a signal above
the threshold level of 1073 (in the units of I.). The
amount of linear polarization indicates that the ob-
served fields have a broad range of inclinations. The
Stokes V' and @Q/U profiles were classified using a sin-
gle value decomposition approach [see for details our
forthcoming paper 6]. This classification shows that
57% of the observed pixels with signal contain fields
with the dominant single value. In 10% of the mag-
netic features several components with the same po-
larity, but different field strengths and velocities are
present. Areas with mixed polarities and different
velocities occupy about 30% in total. The spatial dis-
tribution of the magnetic signal shows that profiles
of different classes (having different velocities, split-
ting, asymmetries) are clustered together and form
patches. The statistical distribution of the profiles
of different classes is similar in July and September,
except for the fact that in September more homoge-
neous and less mixed polarity fields were observed.
In general, the spatial scale of the field changes is

close to the granular scale, it is of about 0.95" in the
July data and 1.25" in the September data.

3. MAGNETIC FIELD PROPERTIES

For the determination of Zeeman splitting, ampli-
tudes, velocities, and other line parameters discussed
below we used only profiles of regular shape with a
well-defined zero-crossing and two lobes (for Stokes
V) or 3 lobes (Stokes @ and U). We applied a data
analysis procedure similar to that of Lin [7]. Each
observed V profile was represented by a sum of two
Gaussians. We have fitted both spectral lines and
have 8 free parameters of the fit. The minimum de-
tectable field strength with our fitting procedure is
about 200 G which is limited by the width of the
spectral lines (equivalent width 140 m A for the g = 3
line). The uncertainty of the field strength determi-
nation increases for smaller splitting (see the discus-
sion by Lin [7]) and the results should be considered
an estimate.

3.1. Magnetic field strength

Fig. 1 shows a histogram of the splitting of the Stokes
V profiles in our data. The histogram peaks at 350
G. The intranetwork fields in our observations show
very few kG features. The field strength values are in
agreement with [5, 7, 8]. The tail of the distribution
goes up to the field strengths about 1200 G, likely
due to some remaindings of a network piece in the
September data. The number of profiles cuts rapidly
near 200 G and its maximum is reached close to this
value, so that the absence of lower fields in the his-
togram may be a consequence of the limitations of
the analysis procedure. The preliminary results from
the inversion of the July dataset using SIR inversion
code [12] give a shape of the distribution of the field
strengths that is similar to one obtained from the
Gaussian fit algorithm [see 3], but the values of the
field strength are lower. The number of pixels with
a given magnetic field strength increases as this de-
creases. The shape of the histogram is nearly expo-
nential (see the fit by an exponent shown in Fig. 1).
A significant fraction of the field is below 350 G. This
value is close to the equipartition field strength value
of 200-400 G for the case the turbulent pressure of
the convective motions supports the magnetic field
concentrations.

We found hints that the splitting is larger in the dark
intergranular lanes. The right panel of Fig. 2 demon-

-strates this result. Here the continuum intensity con-

trast (Stokes I) was measured at points with appre-
ciable signal in Stokes V. Only the July dataset was
used because of the better seeing. The data from
September show a similar but weaker tendency. De-
spite the large standard deviation, the binned data
show a clear tendency: the field increases from about
450 G t0 600 G as the continuum intensity of the fea-
ture decreases from 1.02 to 0.96. Another indication
of the concentration of the field in intergranular lanes
is that there are more data points with significant V
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The Stokes V' splitting as a function of zero crossing velocity (left panel) and continuum Stokes I

intensity (right panel). 7808 2-lobed Stokes V profiles were used. Values of the splitting are binned into 9
intervals with an equal number of points. Error bars show the standard deviation within each interval.

signal at the darker pixels (I. < 1). Since we consid-
ered only pixels with the amplitude of the signal in
Stokes V above the threshold, it means there is a less
intense magnetic field in the bright granular pixels.
At the same time, the Stokes V splitting increases
with the increase of the zero-crossing velocity. The
field is larger where the downflow is stronger (left
panel of Fig. 2) The intensification of the magnetic
field takes place when the flow of material is down-
ward and the reverse process is observed when the
flow is upward.

3.2. Filling factor and flux

The amplitudes of the polarization signal are very
weak. The Stokes V amplitudes vary from below
0.001 up to 0.01 (in the units of I.). This speaks for
a low filling factor of the observed field. Since the
magnetic field strengths are also small, the influence
of the magnetic field on the thermodynamical prop-
erties of the plasma should not be large. We assume
that the thermodynamical properties of the atmo-
sphere inside and outside magnetized regions are the
same. Then, we can estimate the filling factor from
the following relation:

2V

= 0= Toyeosn”

(1)
where V is the amplitude of the V profile o-
component taken from the Gaussian fit, I, is the
continuum intensity, I is the minimum residual in-
tensity and vy is the inclination angle, estimated using
the relation:

V _ cosy @)
JOEr U2 sty

where Q, U and V are the amplitudes obtained from
the Gaussian fit. This expression is only valid for a
weak line (the two observed spectral lines are near
this limit). The values of the filling factor obtained

vary up to 8%, but most of them are lower than 2%.
Such values can be an underestimate, because the
values of the Stokes V' amplitudes returned by the
Gaussian fit become less reliable with decreasing of
splitting (and, thus field strength). It is difficult to
separate the effect of the increase of the amplitude
due to increase of the field strength and the filling
factor in the weak field regime. We believe the ac-
tual values of the filling factor to be larger, but the
field strength to be smaller, leading however to sim-
ilar flux values. This conclusion is supported by the
results of the SIR inversion of the same dataset [see
3]. We estimate the flux by

¢ = fR’Bcosy, 3)

where R is the radius of our resolution element
(0.38"x 0.38"), B is the magnetic field strength. The
scatter plot of the flux vs. splitting is given in Fig. 3.
This figure is similar to the results found by Lin [7].
It demonstrates that the scattering of fluxes increases
with the fields strength. Also, the field strength in-
creases with the amount of flux, in agreement with
Solanki et al. [15]

Assuming the average value of the filling factor to be
f = 0.02, we obtain the size of the magnetic elements
to be about 40 km. This value is only half that found
by {8] .

4. DISCUSSION AND CONCLUSIONS

High resolution spectropolarimetric observations
show that the field in the intranetwork is highly dy-
namic. Concentrations of field appear in intergranu-
lar lanes and are accompanied by strong downflows.
However, kG concentrations are not formed. The
fluxes are extremely low, the lowest observed so far
with the help of Zeeman effect. These weak fields
occupy-only about 2% of the area.

Conclusions on the nature of these fields are not easy
to draw. Their properties are close to the "gran-
ular” magnetic fields seen by Lin and Rimmele [8]
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Figure 8. Scatter plot of the magnetic fluz and split-
ting.

and Lites [9]. Our observations are at the limit of
the sensitivity which can be reached with the Zee-
man effect. They do not exclude the presumption
that even more weak fields are present in between
the observed flux concentrations, which cannot be
detected with the present techniques.

Realistic magnetoconvection simulations are starting
to be available at present [see 14]. They show that
the convective collapse mechanism is responsible for
the formation of the magnetic field concentrations.
The initially homogeneous field is swept to the in-
tergranular lanes where the flows converge and fur-
ther intensification is reached by a thermal instabil-
ity. Our observations are in agreement with the pic-
ture of the magnetic flux expulsion [11] into down-
flow regions. But, the estimated width of the con-
centrations formed, that is 40 km, is smaller than the
photon mean free path, and such flux tubes should
have thermodynamical properties not very different
from the surrounding atmosphere. Further intensi-
fication of the field according to the convective col-
lapse instability will not be effective for such small
field dimensions. An alternative scenario for the ap-
pearance of the magnetic field in the quiet sun is
the local dynamo mechanism in the simulations by
Emonet and Cattaneo [4]. In these idealized simula-
tions (no compressibility of the fluid, ionization and
radiative transfer included) a random seed field is
enhanced by dynamo action and turbulent motions
concentrate the magnetic field into discrete struc-
tures that evolve with the granulation time scale.
Emonet and Cattaneo [4] show that this mechanism
is able to generate kG fields. The finite spatial res-
olution in observations will result in the appearance
of these fields in the form of small patches of differ-
ent polarity. Emonet and Cattaneo [4] demonstrated
that with decreasing spatial resolution most informa-
tion on the strong fields will be lost and the filling
factor that can be obtained from observations for
such fields becomes smaller. Thus, the information
of the random component of the magnetic field will
be lost in observations.

Our results (the weakness of the field, exponential
shape of the histogram of the field strength distribu-
tion, dependence on granulation parameters, varia-
tions of inclination) point toward a turbulent char-
acter of the intranetwork field. However, the mecha-
nisms of its generations are unclear.
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