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Abstract. Magneto-convection structures the Sun’s magnetic field down to the magnetic
diffusion scale of order 10 m, where the field ceases to be frozen-in. This is about four
orders of magnitude below the current resolution limit of solar telescopes. The subpixel
structuring has a dramatic effect on the derived, spatially averaged flux densities in the
resolved domain, in particular on the angular distribution of the field. Thus we find that the
previously reported apparent predominance of horizontal magnetic flux on the quiet Sun is
an artefact of the subresolution structuring. Here we try to clarify how Stokes profile data
may be used to explore the spatially unresolved domain.

1. Introduction

At resolved scales the magnetic Reynolds
number is very large in the solar photosphere,
but as we go down in scale it decreases un-
til it becomes unity or less. This happens at
a scale of about 10m (de Wijn et al. 2009).
Only at this small scale, which is four orders
of magnitude smaller than the best spatial res-
olution of current solar telescopes, does the
magnetic field cease to be frozen in to the
plasma, so that the magnetic diffusion time
scale becomes shorter than the convective time
scale. Since the viscous diffusion limit for non-
magnetic turbulence is much smaller still, we
can expect the magnetic structuring produced
by magneto-convection to continue all the way
down to the 10m scale. It follows that such
structuring will not be resolved in any foresee-
able future, and that therefore indirect methods
to diagnose the magnetic structures in the spa-
tially unresolved domain will always be indis-
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pensible to properly understand the nature of
solar magnetism and to int erpret observational
data.

Already in the 1960s it was recognized
that such indirect diagnostic methods were ur-
gently needed. Efforts in this direction led to
the introduction of the two main tools to di-
agnose the magnetic fields in the spatially un-
resolved domain, the line-ratio technique with
the longitudinal Zeeman effect (Stenflo 1973),
and the Hanle effect (Stenflo 1982). While in
stellar astronomy it has always been obvious
that our knowledge must be based on indirect
methods, the need has not been equally rec-
ognized among solar physicists. Each new ad-
vance in high-resolution imaging of solar mag-
netic fields has often conveyed the generally
misleading impression that we are at the verge
of resolving most of the fundamental magnetic
structures.
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Fig. 1. In the standard model the subresolution quiet-Sun magnetism is composed of two main
building blocks: flux tubes, which in the photosphere have field strengths of order 1 kG and a typ-
ical filling factor of 1 %, and the turbulent weaker field in between, which occupies the remaining
99 % of the volume. This dualistic view is much a consequence of using two complementary di-
agnostic tools, the Zeeman effect, which responds to the flux tubes but is blind to the turbulent
field, and the Hanle effect, which responds in the opposite way.

2. Standard model

Empirical quantitative information on so-
lar magnetic fields is obtained via spectro-
polarimetry. There are two types of effects that
produce observable magnetic signatures in the
Sun’s spectrum: the Zeeman effect and the
Hanle effect (cf. Stenflo 1994). The polariza-
tion signature relates to the magnetic field in
a non-linear way that depends on the spectral
line and the physical effect used. The line-ratio
technique exploited the differential non-linear
response of two spectral lines that were so cho-
sen that the magnetic effects could be isolated
from the thermodynamic effects. This led to
the discovery that more than 90 % of the to-
tal photospheric flux was due to intrinsically
strong (1-2kG) fields with small magnetic fill-
ing factors, typically 1% for the quiet Sun
(Stenflo 1973). To reach such a conclusion a 2-
component model had been introduced, based
on the assumption that the atmosphere can be
split in a “magnetic” component with a certain
fillin g factor, and a“non-magnetic” component
representing the remaining (typically 99 %) of
the volume. The theoretical scenario was mag-
netic flux tubes embedded in a field-free envi-
ronment. A whole industry of flux tube models
at ever higher levels of sophistication emerged
(cf. Solanki 1993).

Since it was obvious that the highly con-
ducting solar plasma cannot harbor such field-
free regions, and that the notion of a “non-
magnetic” component was an idealization in-
troduced merely for the sake of extracting the

properties of the magnetic component with the
line-ratio approach, the next challenge became
to find an appropriate diagnostic tool to ex-
tract the magnetic properties of the compo-
nent that had been labeled as “field free”. After
magnetic line-broadening had been found to
provide some constraints (Stenflo & Lindegren
1977), the Hanle effect was introduced and
found to be the by far most useful tool for
this domain of solar magnetism. This led to
the discovery of a ubiquitous turbulent mag-
netic field of intermediate strength filling 99 %
of the photospheric volume (Stenflo 1982;
Trujillo Bueno et al. 2004).

These efforts led in the early 1980s to what
we can now refer to as the “standard model”
for quiet-Sun magnetism in the spatially unre-
solved domain, illustrated in Fig. 1. The dualis-
tic nature of the model is however much a con-
sequence of having two highly complementary
diagnostic tools at our disposal, which give us
two filtered versions of reality. When we “put
on our Zeeman goggles” we project out a world
of flux tubes, while when we put on our “Hanle
goggles” we see the turbulent aspects of solar
magnetism. In contrast, numerical simulations
of magneto-convection indicates a continuous
world best described in terms of probability
density functions (PDFs). If we would describe
the standard model of Fig. 1 in terms of PDFs
it would appear rather odd: The PDF would
be composed of two discrete, o-function like
peaks, one near a field strength of 1kG repre-
senting nearly vertical fields, the other peak at
intermed iate field strengths (around 30-60 G)
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with a nearly isotropic angular distribution. As
the filling factor for the strong fields is of or-
der 1 %, the second peak for the isotropic fields
has about 100 times larger amplitude than the
strong-field peak for the vertical fields.

As this 2-peak representation of the PDF
is much an artefact of our idealization with a
2-component model, which was tailor-made to
suit the Zeeman and Hanle diagnostic tools,
our next task should be to try to transcend the
2-component approach and fill the “desert” be-
tween the two peaks of the “standard-model
PDF”. Note that the 2-component concept with
a magnetic filling factor has long been a stan-
dard diagnostic tool also in explorations of
stellar magnetic fields, so the diagnostic tools
beyond the 2-component model that we would
develop for the Sun would naturally relate to
stellar physics as well. Let us however next il-
lustrate direct evidence for ubiquitous subpixel
structuring in the Hinode data.

3. Evidence for subpixel structuring
in the Hinode data

From magnetograms that represent maps of
the signed polarization amplitude in a cho-
sen spectral line it is impossible to conclude
whether the structures displayed by the map
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Fig. 2. If the magnetic fields in the Hinode data set were spatially resolved, the points in the
scatter plot of the flux densities Bg3pz VS. Bgszor would fall along the dashed line with a slope of
unity. Instead the great majority of points fall along a line of slope between 0.6 and 0.7, which
is consistent with intrinsic kG field strengths. However, for small flux densities we find a weaker
population of points that nearly follows a slope of unity.

are spatially resolved or not. Evidence for sub-
pixel structuring has to come from other types
of additional information, which is available
in the Stokes vector spectra recorded by the
SOT/SP instrument on the Hinode satellite.
Here we illustrate some properties of Hinode
recordings of the quiet Sun at disk center. Of
particular importance in this context is that
the Hinode spectral window contains two iron
lines of the same multiplet, Fe1 6301.509 and
6302.502 A, from which various kinds of line
ratios can be formed. These two lines do not
allow the thermodynamic and magnetic ef-
fects to be directly separated, since the two
lines in contrast to the optimum line-ratio pair
5250.22/5247.07 have different line strengths
and therefore are influenced differently by the
thermodynamics. Still the line ratios that we
can form reveal in a direct and unambigu-
ous way the existence of magnetic structur-
ing far beyond the Hinode resolution limit (of
0.3 arcsec).

One classical way of applying the line-ratio
technique is to plot the apparent flux densi-
ties measured in the two lines, Bg3p> and Bgzo1,
against each other. No theoretical modelling is
used in getting these flux densities from the
measured circular polarization, only the as-
sumption that the field is spatially resolved,
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Fig. 3. The histograms for the Stokes V asymmetries are extremely broad for the weakest flux
densities but become narrower as the flux density increases, while remaining systematically offset
from zero asymmetry. These asymmetries are caused by subpixel correlations between the spatial
gradients of the magnetic field and the velocity field, showing that the fields in the Hinode data
set are far from spatially resolved (in particular for the weakest flux densities).

and that therefore the polarization is propor-
tional to 0I/dA, the derivative of the simul-
taneously observed Stokes [ (intensity) pro-
file. If this assumption would be valid, then all
the points should fall along the 45° (dashed)
line of slope unity (see Fig. 2). Instead they
fall along a well-defined regression line with
a much smaller slope, between 0.6 and 0.7.
We also notice a weaker population of points
in the region of small flux densities (below
about 100 G), which fall near the 45° line, al-
though even for the smallest flux densities the
dominant population is the one with the mu ch
smaller slope. The magnitude of the s lope of
the dominant population is in the framework of
a 2-component interpretation consistent with
field strengths of order 1 kG.

Line ratios need not only be formed from
the Stokes V profiles, but complementary in-
formation is obtained from line ratios of Stokes
I, Q, or U profile parameters. They provide in-
dependent confirmation of magnetic structur-
ing on subpixel scales. Such confirmation how-
ever also comes from the particular shapes of

the Stokes profiles. We will illustrate this here
in terms of the Stokes V asymmetries.

The Stokes V amplitude asymmetry a is de-
fined as

_ Vole + Vred

= , (1)
Vblue - Vred

where Vijue, red are the signed amplitudes of the
blue or red wing lobes of the Stokes V profile.
In a static atmosphere the Stokes V profiles
are always anti-symmetric, which means that
Ve = —Vied, and therefore a = 0. Non-zero
values of a are only possible if there is subres-
olution magnetic structuring with correlations
between the gradients of the magnetic and
the velocity fields (Stenflo et al. 1984; Steiner
2000; Sigwarth 2001). The larger the asymme-
try is, the greater is the influence of this sub-
pixel structuring.

Figure 3 shows a set of histograms of
the Stokes V asymmetry for the disk-center
quiet-Sun Hinode Stokes V profiles of the Fe1
6301 A line. Each curve represents an asym-
metry histogram for a narrow range of flux
densities centered around the respective values
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indicated in the figure. While being narrow but
significantly offset from zero for large flux den-
sities, the distributions get extremely broad as
we go down to small flux densities. This large
spread is not caused by noise but is really so-
lar. It shows that all the pixels, and in particular
those with very small flux densities, represent
areas with very significant subpixel structur-
ing, which leads to such dramatically distorted
Stokes profiles.

4. Influence of subpixel structuring
on the determination of spatially
averaged distribution functions

The statistical properties of the inhomoge-
neous magnetic field can be conveniently
characterized by probability density functions
(PDFs) for the vertical, horizontal, and total
flux densities as well as by the angular distri-
bution of field vectors (which in turn is a func-
tion of flux density). To confront theory with
observations we need to compare these dis-
tribution functions as derived from numerical
simulations with those derived from observa-
tions. While we cannot derive empirical distri-
bution functions for the “intrinsic” field, since
this would require infinite spatial resolution, an
achievable objective may be to derive them for
the flux densities that refer to quantities aver-
aged over the angular resolution element of the
instrument used. It might seem that it would
be straightforward to do this from the observed
longitudinal and transverse magnetograms, but
this is far from the case.

To highlight this difficulty with a concrete
example, let us recall that Lites et al. (2008)
concluded from an analysis of Hinode SOT/SP
quiet-Sun data at disk center that there is
five times more horizontal than vertical mag-
netic flux in the photosphere. Subsequently
Schiissler & Vogler (2008) reported that their
numerical simulations of magneto-convection
found the same dominance of horizontal flux,
which was taken as evidence that the fields are
generated by a local near-surface dynamo. I
have however recently analysed the identical
Hinode data set and come to the opposite con-
clusion, namely that it is the vertical flux that
dominates.
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The main reason for such a profound differ-
ence in the derived field structure is to be found
in the way one accounts for the influence of
the subpixel magnetic structuring on the pro-
cess of averaging across the angular resolution
element. The problem is that the relation be-
tween polarization and field strength in not lin-
ear, and that the non-linearities are much big-
ger and entirely different for the linear polar-
ization as compared with the circular polariza-
tion. Because of these non-linearities the way
in which the magnetic field is structured on
subresolution scales has a dramatic influence
on the meaning of the average over a pixel.

While these effects are modest for the cir-
cular polarization, they are huge for the lin-
ear polarization. This is why one can get major
systematic errors in the field inclination, which
is based on the combined use of the circular
and linear polarizations. For instance, if one
for a magnetic field with subpixel structuring
bases the interpretation of the linear polariza-
tion on the incorrect assumption that the field
elements are resolved (and thus homogeneous
across the resolution element), then this may
lead to an overestimate of the transverse flux
density by a large factor.

Using the line-ratio information in the
Hinode data to allow us to model and account
for the effect of the subpixel structuring on the
transverse and longitudinal flux densities, we
find an angular distribution of the field vec-
tors that is nearly isotropic for the smallest
flux densities, but which quickly gets increas-
ingly peaked around the vertical direction as
the flux density increases. If we describe the
angular distribution in terms of the power law
u®, where u is the cosine of the angle of in-
clination with the vertical direction, then the
exponent « is found to be proportional to B,
where B is the flux density. @ = 0 represents
the isotropic case, while larger « values repre-
sent distributions that are more peaked around
the vertical.

Earlier empirical PDFs in published liter-
ature for the horizontal and total flux densi-
ties appear to have their maxima distinctly oft-
set from zero. At first sight this appears to be
the case for the Hinode data set as well (cf.
Lites et al. 2008), but more detailed analysis
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reveals this to be an artefact of noise. When
the noise effects are eliminated we find that all
PDFs for the quiet Sun, not only for the vertical
flux density but also for the horizontal and to-
tal flux densities, all have their maxima at zero
flux density.

5. Outlook

Since we on the quiet Sun always deal with
spatially unresolved magnetic structures, we
should consistently avoid using the term “field
strength” for observed fields but instead speak
about flux densities. Only in the limit of infinite
angular resolution do the two concepts become
synonymous.

In the past several decades spatially un-
resolved magnetic fields have been diagnosed
in terms of the 2-component interpretational
model, also when Hanle effect observations
have been included. Since however a 2-
component model would have a PDF consist-
ing of two discrete ¢ function peaks, which is
unphysical as there are strong reasons to ex-
pect the true PDFs to be smooth, continuous
functions, there is a clear need to transcend the
2-component model towards more realistic in-
terpretational models. Since we have no direct
information about the shapes of the PDFs in
the spatially unresolved domain, we need to
explore the scaling laws of the PDFs in the re-
solved domain to find out to what extent they
can be extrapolated into the unresolved do-
main. Such extrapolation would not be possi-
ble or meaningful if it were not for the high
degree of scale invariance of the magnetic pat-
tern that has been indicated by earlier studies
(Stenflo & Holzreuter 2002, 2003). The scale
invariance appears to be a consequence of the
fractal-like nature of the magnetic pattern as
we zoom in on ever smaller scales. Theoretical
considerations and numerical simulations of
magneto-convection (e.g. Janfen et al. 2003;
Stein & Nordlund 2006) should help us under-
stand the origin of this fractal-like behavior and
its scaling laws. When theory will be able to re-
produce the empirical distribution functions at
resolved scales, then we can have more confi-
dence that it can provide us with scaling laws
that go well beyond the current spatial resolu-
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tion limit, although the 10 m magnetic diffu-
sion scale will be far beyond the reach of the
simulations.
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