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Most of our knowledge of solar surface magnetism comes from the analysis of polarization
spectra. The Stokes spectra contain detailed information on the structure and dynamics of the
magnetized photospheric plasma and its interaction with convection, i.e., magnetoconvection. The
interpretation of high-resolution observations requires sophisticated techniques such as radiative
transfer of polarized light in 3D model atmospheres. On the other hand, 3D magnetoconvection
simulations include elaborated physics and are becoming sufficiently realistic to make predictions
about the complex processes that take place in the Sun’s magnetized atmosphere. This paper
concentrates on the diagnostics of the magnetic fields in quiet solar photospheric regions outside
sunspots and active regions. Until recently the influence of the magnetic field on the dynamics of
these regions was considered unimportant. However, it turns out that a considerable amount of
magnetic energy is probably stored in the “quiet” Sun. The issue of quiet solar magnetism remains

open and is much debated in the literature.
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I. STOKES DIAGNOSTICS

One of the most powerful tools for the diagnostics
of magnetic fields in the Sun is the interpretation of
spectropolarimetric observations (Landi Degl’Innocenti
& Landolfi (2004)). Magnetic fields affect the polariza-
tion state of solar radiation via the Zeeman and Hanle
effects.

The use of the Zeeman effect became a standard tech-
nique for the magnetic field measurements during the last
century (see, for example, the review by Solanki (1993)).
It has an advantage that a mere detection of polarization
implies the presence of a magnetic field.

Due to the relative simplicity of the physics of the
Zeeman effect, many approximate methods have been
developed in order to derive information about the mag-
netic field under the assumption that the influence of
other atmospheric parameters on spectral lines is less
important. An example is the magnetic line ratio tech-
nique, which was applied first by Stenflo (1973) to the
Fel A5247, A5250 A line pair in order to measure the
field strength of spatially unresolved magnetic elements
in the network.

Zeeman-based measurements have also disadvantages.
Firstly, even at high spatial resolution not all the fields
are resolved and the resulting polarization signal is af-
fected by the cancellations produced by magnetic ele-
ments with opposite polarities in the resolution element.
Secondly, the polarization signal is smaller for spectral
lines with a larger Doppler width. For most photospher-
ic lines this implies that, typically, fields stronger than
200-300 G can be reliably measured. It also makes it in-
sufficient to determine the magnetic field vector in the
solar corona.

Another effect that produces linear polarization in
spectral lines is anisotropic radiation pumping. If the ra-
diation illuminating an atom is anisotropic it can pro-
duce population imbalances among the magnetic M ;
sublevels of the J level. Since the populations of the
magnetic sublevels are different, the contributions from
o and 7 transitions do not cancel out and polarization is
observed without the need for a magnetic field.

The presence of a magnetic field alters the polariza-
tion state of the radiation via the Hanle effect. The
most recent reviews on the Hanle effect and its appli-
cations can be found in Trujillo Bueno (2001, 2003a,b);
Trujillo Bueno & Manso Sainz (2002). Briefly, in the 90-
degree scattering case observed at the solar limb, the
magnetic field inclined with respect to the direction of
the symmetry axis of the radiation produces a decrease
of the linear polarization amplitude and a rotation of the
polarization direction. At the solar disk center, no scat-
tering polarization is created in the absence of the mag-
netic field. However, an inclined magnetic field breaks
the symmetry of the scattering problem and can produce
linear polarization via the Hanle effect.

The Hanle effect produces a significant contribution
when the Zeeman splitting is of the order of the natural
width of the spectral line. Therefore, the Hanle effect is
sensitive to the fields in the range from 1072 up to about
300 G, depending on the transition.

An advantage of the Hanle effect is that it is sensitive
to the presence of complex magnetic fields with mixed
polarities at sub-telescopic scales. It is sensitive to much
weaker magnetic fields than the Zeeman effect, indepen-
dently of the spectral line width. However, a disadvan-
tage of Hanle-based measurements is that they cannot
distinguish between magnetic strengths larger than the
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saturation limit (e.g., 200 G for the Sr1 4607 A line).
Another disadvantage is that the quantum theory of po-
larization needs to be applied, which is complicated and
makes the interpretation less straightforward than in the
case of the Zeeman effect.

Nevertheless, in recent years the Hanle effect has
changed from being considered simply an exotic theo-
retical (de)polarization mechanism to a powerful tool for
the diagnostics of solar magnetism. The applications of
the Hanle effect are efficient in the regions of weak fields
or in hot chromospheric and coronal plasmas, where the
Zeeman effect does not provide enough sensitivity.

II. RETRIEVING INFORMATION FROM
STOKES SPECTRA

A. Stokes inversion

The inversion of Stokes profiles has proved to be a ro-
bust technique for the analysis of spectro- polarimetric
observations based on the Zeeman effect (see, for ex-
ample, the reviews by del Toro Iniesta & Ruiz Cobo
(del Toro Iniesta & Ruiz Cobo, 1996) and Socas-Navarro
(2001)). Generally, the relation between the observables
(Stokes parameters) and the atmospheric quantities is
non-linear and cannot be expressed analytically. To be
able to solve an inversion problem, the radiative trans-
fer equation (RTE) is linearized assuming small varia-
tions of the atmospheric parameters. The linearization
allows to express the variations of the outcoming Stokes
spectra in terms of response functions (RFs; Ruiz Cobo
& del Toro Iniesta, 1992, 1994). RFs give information
about the height and wavelength location of the response
of the Stokes spectra to the perturbations in the param-
eter x. Based on this information, an inversion code per-
forms the minimization of a merit function, i.e., the dif-
ference between the observed and synthetic Stokes spec-
tra. The model atmosphere, or the set of free parameters
of the inversion, is modified iteratively and finally con-
verges to the model that reproduces an observed profile
to some degree of accuracy.

The inversion strategies described in the literature
can be classified depending on their degree of sophisti-
cation. The simplest inversion is based on the Milne—
Eddington (ME) approximation (Skumanich & Lites
(1987)), which assumes a linear variation with optical
depth of the source function and a constancy of all
the other atmospheric parameters, which allows for the
analytical solution of the Unno—Rachkovsky equations
(Landi Degl’Innocenti (1992); Rachkovsky (1967); Un-
no (1956)). Since there are no gradients with height,
the asymmetry of the Stokes profiles cannot be fitted.
The ME inversion has the advantage of simplicity, speed
and a small number of free parameters. However, the
results of the ME inversion are reliable only for the mag-
netic and velocity fields of a simple structure. The re-
sults on thermodynamics can be affected by a trade-
off between the magnetic and line formation parameters
(Westendorp Plaza et al. (1998)).

Based on ME atmospheres, fast inversion techniques
have been developed (Socas-Navarro et al. (2001); Socas-
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Navarro (2005b)). These are extremely useful for the rou-
tine processing of huge amounts of data obtained from
space missions or daily monitoring observations from
ground-based telescopes. As for today, two alternative
methods of fast inversion have been applied: artificial
neural networks and principle component analysis (PCA;
Rees et al. (2000); Socas-Navarro et al. (2001); Socas-
Navarro (2005b)). Both techniques need a database of
precomputed profiles and their corresponding models
that represents, in a statistical way, all possible observed
profiles. In order to limit the number of free parameters,
these profiles are computed using ME atmospheres. The
best correspondence between the observed and precom-
puted profiles is then looked for.

Considerably more realism is reached in the SIR in-
version code, which allows for gradients of the phys-
ical magnitudes along the line of sight (Ruiz Cobo &
del Toro Iniesta (1992)). A similar strategy was also ap-
plied in the SPINOR code developed by Frutiger et al.
(1999, 2000). This inversion is based on the information
provided by the response functions. The free parame-
ters T', P., V1L,os, Vinic, Vinac, B are calculated at several
points (called nodes) in optical depth. Thus, the number
of free parameters is significantly larger than in the case
of the ME inversion. The atmosphere is assumed to be in
vertical hydrostatic (or MHS) equilibrium. Several, mag-
netized and non-magnetized, components with different
thermodynamics are permitted to co-exist in a resolu-
tion element producing an observed Stokes profile. The
limitation of the SIR and SPINOR inversions is the as-
sumption of local thermodynamical equilibrium (LTE),
which makes the solution of the RTE easier, but is at
the same time inappropriate for the strong lines formed
high in the atmosphere (or those sensitive to non-LTE
effects).

The MIcroStructured Magnetic Atmosphere (MISMA)
inversion is an alternative way of treating spatially un-
resolved magnetic structures (Sdnchez Almeida (1997);
Sénchez Almeida & Lites (2000)). The MISMA atmo-
sphere is representative of a conglomerate of thin (<100
km) vertical flux tubes having the same temperature as
the surrounding atmosphere at all heights. There is a lat-
eral pressure balance between the different magnetic and
non-magnetic components, and hydrostatic equilibrium
is assumed along the magnetic field lines. This constraint
provides the vertical stratification of the magnetic field.

The shortcoming of the assumption of the LTE is over-
come by the non-LTE inversion code developed by Socas-
Navarro et al. (1998, 2000). The method used for the in-
version is similar to SIR (Ruiz Cobo & del Toro Iniesta,
1992), but the assumption of LTE is relaxed in the solu-
tion of the RT equation. The non-LTE inversion methods
are extremely important since they can be applied to re-
cover the thermal and magnetic structure of the solar
chromosphere. A recent application of the non-LTE in-
version to the Call and Fel lines at 850 nm has allowed
Socas-Navarro (2005a) to infer the thermal structure and
vector current densities in the photosphere and chromo-
sphere of a sunspot.
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B. Hanle effect diagnostics

In the case of the Hanle effect, the magnetic field can
be inferred based on a single- or multi-line approach.
If only one spectral line is available, one has to com-
pare the observed linear polarization amplitude with the
amplitude corresponding to the zero-field reference case,
obtained from the radiative transfer modeling under non-
LTE conditions (see, for example, Bommier et al. (2005);
Faurobert et al. (2001, 1995); Trujillo Bueno et al. (2002,
2004, 2005)). The difficulty in this case is that the solu-
tion depends on the model atmosphere and other free
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parameters, such as microturbulent and macroturbulent
velocities, collisional rates, etc., thus introducing a bias
into the magnetic field measurements. The way to reduce
the number of free parameters is to perform 3D radiative
transfer calculations in realistic model atmospheres from
numerical simulations (Trujillo Bueno et al. (2004)).

The multi-line case is based on line ratio techniques for
the Hanle effect. A careful selection of the spectral lines
must be done in order to guarantee the same sensitivity
to all the atmospheric parameters except for the mag-
netic field (see, for example, Manso Sainz et al. (2005)).
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Fig. 1. Stokes V (left) and Q (right) profiles for the Mn1 5537.7 A line. Three cases of the same spectral line are displaced
horizontally by 1 A for clarity purposes. They are computed using ME atmospheres with constant magnetic field strengths of,
from left to right, 100, 600, and 900 G. From Loépez Ariste et al. (2002).

C. Hyperfine structure

An alternative possibility to extract information about
the magnetic field strength in the photosphere from
Stokes spectra was suggested by Ldpez Ariste et al.
(2002). It is based on the Zeeman effect of the hyper-
fine structure (HFS) of particular atoms. Due to the in-
teraction between the total angular momentum J and
a nuclear angular momentum I for some atoms, the J
atomic level is split into F' sub-levels in the absence of
a magnetic field. When a magnetic field is present, each
F level is further split into M magnetic sub-levels. As a

result, the Stokes profile has a complicated structure and
multiple peaks. An example of this structure is given in
Figure 1. The Stokes V shows an inversion in the line
core and multiple peaks appear in Stokes () and U. An
increase of the field leads to a crossing between the Mg
sub-levels of each F' level and the relative amplitude of
the HFS components changes. For the MnT1 line shown
in Fig. 1, the multiple peaks in Stokes V disappear at
900 G. This suggests the possibility of estimating the
strength of the magnetic field directly from the shape of
the Stokes profiles.

Note that the presence of HF'S depends on the intrinsic
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field strength, not on the magnetic filling factor or flux.
The ratio of the peaks of the HFS gives a direct mea-
sure of the field strength similar to the line ratio method
applied to different lines (Stenflo, 1973), but with the
advantage of not being affected by their different sensi-
tivity to the other atmospheric parameters (Lépez Ariste
et al. (2002, 2006)). The disadvantage is that the addi-
tional peaks have low amplitudes that can be confused
with a noise.

D. MHD simulations

Another approach for studying magnetic fields in the
Sun is based on the numerical modeling of magnetocon-
vection (see the reviews by Schiissler (2001, 2003), and
references therein). Realistic magneto-convection simula-
tions involve the solution of the full compressible MHD
equations including elaborated physics, such as multi-
dimensional radiative transfer or partial ionization and,
thus, can make clear predictions about the complex pro-
cesses that take place in the Sun’s magnetized atmo-
sphere. The results of simulations of the solar photo-
sphere and the uppermost layers of the convection zone
can be directly compared with observations (Khomenko
et al. (2005b); Sanchez Almeida et al. (2003a); Shemi-
nova (2004); Stein & Nordlund (2003)). Existing simu-
lations of the photospheric magnetic structure in 2 and
3 dimensions show similar properties as the observed so-
lar magnetoconvection: flux expulsion and field inten-
sification in intergranular lanes, spatial scales of po-
larity changes, network bright points and limb faculae
regions, fine structures in intergranules, etc. (Carlsson
et al. (2004); Emonet & Cattaneo (2001); Gadun et al.
(2001); Grossmann-Doerth et al. (1998); Keller et al.
(2004); Stein & Nordlund (2003); Végler et al. (2005)).
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In recent years successful attempts have been made to
extend realistic MHD simulations to the chromospheric
layers (Schaffenberger et al. (2006); Wedemeyer-Bshm
et al. (2006)). Chromospheric simulations show very dif-
ferent dynamical scales of the plasma below and above
the =1 level. Above this level, the atmosphere is much
more dynamic and shock formation occurs frequently.

Simulations can be compared to observations by means
of spectral synthesis. An advantage of the simulated
spectra is that we know exactly the atmosphere produc-
ing this or other type of profile. The disadvantage of the
simulations is the same as their advantage, i. e., their re-
alism and complexity. It is often difficult to separate the
different physical processes primarily responsible for an
observed event. The synthetic spectra must be reduced
and studied statistically, similarly to observations.

III. NETWORK vs INTER-NETWORK FIELDS

The magnetized solar plasma is organized on differ-
ent temporal and spatial scales, from super- granulation
down to the fine structures seen in high-resolution mag-
netograms in intergranular lanes (Berger et al. (2004)).
The average unsigned flux decreases with decreasing
scale of convection. It is largest at the supergranular bor-
ders, intermediate at the borders of mesogranules (see,
for example, Dominguez Cerdenia et al. (2003)) and stays
almost at the detection limit for the granular magnetic
fields (Lin & Rimmele (1999)). There is almost an order
of magnitude difference between the flux in the network
and inter-network areas. Bright points observed in inter-
granular lanes in the G-band follow the strong magnetic
field concentrations located mostly at the supergranular
borders or in plage areas (Carlsson et al. (2004); Keller
et al. (2004); Schiissler et al. (2003)).
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Fig. 2. Stokes V splitting as a function of continuum intensity (left) and Stokes V' zero-crossing velocity (right) from the
inter-network observations in the infrared Fe1 1.56 pm lines (Khomenko et al. (2003)). Error bars show standard deviation

within each interval.
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There has been much confusion in the literature re-
garding the definition of “quiet Sun”. By “quiet Sun”
one understands both network and internetwork areas,
whose flux level and, possibly, the characteristic field
strength are rather different. The older measurements
based on the Zeeman effect in the quiet Sun, such as
those by Grossmann-Doerth et al. (1996); Keller et al.
(1994); Sigwarth et al. (1999), have rather low sen-
sitivity and a high noise level and are thus detected
mainly network fields. This is probably also true in the
case of the observations analyzed in Sdnchez Almeida
& Lites (2000), where the profiles selected for analysis
are located in the network and its immediate surround-
ing. By decreasing the threshold limit, Socas-Navarro &
Sanchez Almeida (2002) re-analyzed the same dataset
including more inter-network fields. The results on the
inter-network fields with the network being intentional-
ly avoided are presented by Dominguez Cerdena et al.
(2003); Khomenko et al. (2003, 2005a); Lin (1995); Lin
& Rimmele (1999); Lites & Socas-Navarro (2004); Lites
(2002); Lites et al. (1996); Martinez Gonzélez et al.
(2006); Sanchez Almeida et al. (2003b); Socas-Navarro
et al. (2004).

The fields observed in the inter-network with the Zee-
man effect show a strong dependence on granulation. Fig-
ure 2 gives an example of such dependence from the inter-
network observations in Fel 1.56 pm lines analyzed in
Khomenko et al. (2003). The Stokes V splitting gets larg-
er in the dark intergranular lanes. The magnetic field is
more intense when the flow of material is downward and

Fel

is weaker when the flow is upward (Dominguez Cerdena
et al. (2003); Khomenko et al. (2003); Lin & Rimmele
(1999)). Theoretically, the scattering polarization sig-
nals should also show a dependence on the granulation
structure. Trujillo Bueno et al. (2004) have demonstrat-
ed that the degree of the anisotropy of the continuum
radiation field at 5000 A is larger in the upflowing re-
gions of the quiet solar photosphere. The number densi-
ty of C; molecules is also greater in the upflows above
a given height. Thus, the significant linear polarization
in Cs lines due to the anisotropic pumping should come
mainly from these regions. Such theoretical calculations
suggest a tool for measuring weak turbulent magnetic
fields in the “granular” upflowing zones (Asensio Ramos
& Trujillo Bueno (2005); Trujillo Bueno et al. (2004)).
High-resolution scattering polarization observations are
needed to confirm whether such a correlation between
the scattering polarization amplitude and the granular
velocity field is indeed present in the Sun.

IV. ASYMMETRY OF STOKES SPECTRA
AS A DIAGNOSTIC TOOL

Stokes profiles observed in the quiet Sun are asymmet-
ric. The asymmetry of Stokes V' reflects gradients of the
LOS components of velocity and magnetic field vector
(Illing et al. (1975)) and can be used as a diagnostic tool
for these parameters.
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Fig. 3. Scatter plot of the normalized Stokes V area asymmetry versus the product of the gradients of the vertical components
of the magnetic field strength and velocity calculated for the Fe1 6302 A line in the MHD simulations of Végler et al. (2005).

From Shelyag & et al. (2006).

385



E. KHOMENKO, R. KOSTIK

The asymmetry of Stokes V' at the quiet Sun disk cen-
ter is positive for both network and inter-network fields
(defined as da = (ap — ar)/(ap + a,), where subscript
“b” and “r” denote the blue and red wing, respectively).
The amplitude asymmetry usually exceeds area asymme-
try (see e.g., Grossmann-Doerth et al. (1996); Khomenko
et al. (2003); Sigwarth et al. (1999)). The positive area
asymmetry can be explained on the basis of a schemat-
ic model of a flux tube with the field lines fanning out
with height and a combination of flows inside and out-
side this feature (Bellot Rubio et al. (1997); Frutiger &
Solanki (1998); Grossmann-Doerth et al. (1988, 1989);
Solanki (1989)). If the flow and the magnetic field over-
lap spatially, the sign of the asymmetry depends on the
sign of the velocity and magnetic field gradients at the
heights of formation of the line wings (Sdnchez Almeida
et al. (1989); Solanki & Pahlke (1988)). The asymmetry
is positive if the product of this gradients is negative.

Alternatively, the concept of MISMA was shown to
explain any type of asymmetric profile observed in the
quiet Sun (Sanchez Almeida et al. (1996)). The MISMA
model assumes a set of magnetic components with dif-
ferent polarity and velocity co-existing in the resolution
element.

The picture suggested by MHD simulations is signif-
icantly more complex, but conceptually similar to the
classical flux tube (Shelyag & et al. (2006)). The strong
magnetic field concentrations in intergranular lanes pro-
duce profiles with a negative or zero asymmetry inside
the feature and a positive asymmetry in the canopy re-
gions (Khomenko et al. (2005b)). Figure 3 shows the
scatter plot of the Stokes V area asymmetry of the Fel
6302 A line in the MHD simulations of Vogler et al.
(2005) as a function of the product of the gradients of ver-
tical components of magnetic field and velocity (Shelyag
& et al. (2006)). It demonstrates that, on average, the
asymmetry grows with the increase in the product of
the gradients and has a sign that agrees with the expec-
tations from the theoretical predictions based on sim-
ple radiative transfer reasonings (Séanchez Almeida et al.
(1989); Solanki & Pahlke (1988)).

Realistic MHD simulations produce, on average, posi-
tive area and amplitude asymmetry of Stokes V profiles
(Khomenko et al. (2005b)). In the case of the spectra
computed with the original numerical resolution, both
area and amplitude asymmetry have the same order of
magnitude. Profiles in upflowing regions are character-
ized on average by positive area asymmetries, while pro-
files in downflowing regions have negative asymmetries,
although these are on average weaker. Similar behaviour
was first noted in 2D simulations by Sheminova (2003).
Recently Socas-Navarro et al. (2004) studied weak polar-
ization signals in Fe16302 A observed in an inter-network
region and showed that, on average, over granules Stokes
V profiles are characterized by a strong positive asymme-
try, while in intergranules the asymmetry is negative and
weaker. Thus, the simulations are in qualitative agree-
ment with these observations, despite the difference in
the spatial resolution.

The spatial smearing leads to a significant increase of
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the average amplitude asymmetry, while the area asym-
metry does not change (Khomenko et al. (2005b)). The
dominance of amplitude asymmetry over area asymme-
try is in good agreement with observations. Note that in
the idealized turbulent dynamo simulations of Emonet
& Cattaneo (2001) analyzed by Sénchez Almeida et al.
(2003a) the average asymmetry is close to zero.

Summarizing all the above, several conclusions may be
drawn: 1) the schematic picture of a fluxtube producing
positive area asymmetry in the canopy zones is confirmed
by the 3D MHD simulations; 2) the area asymmetry is
positive in upflows and is negative in downflows; 3) on
average, both area and amplitude asymmetries due to
the vertical gradients are positive; 4) horizontal spatial
smearing makes the observed amplitude asymmetry larg-
er than the area asymmetry.

V. MAGNETIC FIELD STRENGTH AND FLUX
IN INTER-NETWORK

The issue of characteristic field strength and the true
amount flux contained in the inter-network fields remains
contradictory.

There are several sources of uncertainties that affect
the determination of the inter-network magnetic fields.
Firstly, the polarimetric signals are very weak, of the or-
der of 1072 — 102 in units of the continuum intensity.
Thus, noise and insufficient polarimetric sensitivity do
not allow the weakest signals to be reliably detected and
analyzed. Secondly, the spatial structure of the magnetic
fields remains unresolved even in the best-resolution ob-
servations. As a consequence, the measurements of the
Zeeman effect can be affected by polarity cancellations,
leading to non-detection of a (possibly) significant part
of the flux. Finally, the weak profiles in inter-network
are strongly asymmetric and have irregular shapes. The
interpretation of such kinds of spectra in terms of sim-
plified models often lead to confusion and contradictions
between the different measurements.

The unsigned longitudinal magnetic flux in the inter-
network measured with the Zeeman effect remains typ-
ically within 6-9 G at 1 arcsec resolution (see, for ex-
ample, Khomenko et al. (2003); Lites & Socas-Navarro
(2004); Lites (2002); Sénchez Almeida et al. (2003b)).
These, however, are not true values, since a part of flux
can be hidden due to unresolved polarities. One possible
way of overcoming this disadvantage of Zeeman measure-
ments is to compare MHD simulations with observations.
This comparison is based on a unique relation between
the flux in a region and the amplitudes of Stokes V mea-
sured there. The direct comparison of the amplitudes
of Stokes V' in the simultaneous observations in the IR
1.5648 ym and visible 6302 A Fer lines with the MHD
simulations allowed Khomenko et al. (2005a) to conclude
that the “true” value of mean magnetic field strength in
inter-network is of 20 G. This corresponds to an average
longitudinal flux of 11—-15 G at logrs from —1 to 0.

The occupation fraction of the fields measured with
the Zeeman effect is usually a few per cent. It becomes
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clear now that the rest of the volume is not fully field-
free, but can be occupied by turbulent fields. The average
strength of such fields can be measured with the help of
Hanle-sensitive spectropolarimetric data. The most rig-
orous modeling of the Hanle effect performed until now is
that of Trujillo Bueno et al. (2004). A comparison of the
3D multilevel radiative transfer in the Sr1 4607 A line,
performed in a 3D HD model atmosphere of Asplund
et al. (2000), with observations allowed the authors to
conclude that the average field strength in the quiet Sun
can be of the order of 100 G.

Thus, there is a contradiction between the Hanle and
the Zeeman measurements of the magnetic flux. How-
ever, it should be kept in mind that the results of both
Khomenko et al. (2005a) and Trujillo Bueno et al. (2004)

A(6301)/A(6302)

are model-dependent and probably suffer from the lack of
turbulent component of the magnetic and velocity fields
in the numerical simulations due to the insufficiently high
magnetic Reynolds number (Vogler et al. (2005)).

At the same time, there is no agreement between the
magnetic field strength distribution measured in inter-
network with the help of the different spectral lines. The
infrared Fer lines at 1.56 pum reveal mostly weak fields
with an exponential distribution (Dominguez Cerdena
et al. (2006); Khomenko et al. (2003); Lin (1995); Lin &
Rimmele (1999); Martinez Gonzélez et al. (2006)). While
the visible Fe1 6301 and 6302 A lines suggest that the
characteristic field strength is kG (Dominguez Cerdena
et al. (2003, 2006); Lites (2002); Sdnchez Almeida et al.
(2003b); Socas-Navarro & Sanchez Almeida (2002)).
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Fig. 4. Ratio of the Stokes V amplitudes of the Fe1 6301 and 6302 A lines (top left), Fe1 5247 and 5250 A lines (top right)
and Fe1 15652 and 15648 A lines (bottom left). Bottom right panel: map of the magnetic field strength at log7s = —1 in the
30 G flux snapshot from the simulations of Vogler et al. (2005). Bright pixels are the pixels where the kG field strength would
be recovered if we measure the original field distribution with the corresponding pair of lines.
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The reason for this difference could be, on the one
hand, the noise present in the observational data.
Bellot Rubio & Collados (2003) have demonstrated that
noise can affect the results of the Stokes inversion in a
way that the maximum of the PDF obtained from the
visible lines may be shifted to peak in the kG range, while
the IR lines seem to recover the original exponential PDF
reasonably well.

On the other hand, the interpretation of the data could
be affected by the different Zeeman sensitivity in the two
spectral regions. A numerical experiment performed by
Socas-Navarro & Sénchez Almeida (2003) suggests that
if there are at least two — weak and strong — compo-
nents of the magnetic field co-existing in the resolution
element, then the IR lines tend to detect the weak com-
ponent while the visible lines are selective to the strong
component. This happens because the visible lines form
in weak-field conditions for the fields as high as 1-1.5
kG, while the infrared lines already enter in a strong-field
regime for the fields above 500-800 G. Thus, a profile re-
sulting from a combination of the two components, one
weak (with a larger filling factor) and one strong (with
a smaller filling factor), in the infrared would have the
same amplitude as a weak-field profile accompanied by
additional lobes. These lobes would, likely, remain below
the noise level in observations due to their small am-
plitude. A fit to this profile would reveal only the weak
component. In the visible, such a composite profile would
change its amplitude instead of its shape. Thus, the rela-
tive amplitude of the Fe1 6301 and 6302 A lines would be
modified in the direction appropriate for the strong fields.
A fit to this line pair would reveal some weighted average
between the weak and strong field components. For the
details see Socas-Navarro & Sénchez Almeida (2003).

Eventually, the conclusion on whether or not the char-
acteristic field strength in inter-network is kG depends
on the reliability of the diagnostic techniques applied to
the observations. The results of the line ratio or magne-
togram calibration and Milne-Eddington inversions de-
pend on the assumption that the gradients of parameters
such as temperature, velocity and magnetic fields are ab-
sent. However, this approach is only valid if the spectral
lines used for the inversion have exactly the same sensi-
tivity to all atmospheric parameters, except for the mag-
netic field, and form at the same height. Figure 4 gives
a test calculation of the Stokes V amplitude ratio per-
formed in a snapshot of the MHD simulations of Vogler
et al. (2005) for the different pairs of lines. For simplici-
ty, the profiles are taken at their original numerical res-
olution of 20 km and no noise is added. The values of
the ratio of Stokes V' amplitudes of the pair of lines de-
pend (among other parameters) on the field strength and
atomic parameters of the spectral lines used. In the sim-
plest case of constant magnetic field, this ratio changes
within 0.5-0.95 for the Fe1 6301, 6302 A lines, 0.67-1.0
for the Fe1 5247, 5250 A lines and 0.37-0.8 for the IR
lines, where the first value corresponds to the case of a
weak field and the second value corresponds to the case
of a strong field. Note, that these values are calculated as-
suming both Vi and Viae equal to zero. The line ratios
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presented in Fig. 4 are scaled in such a way that light col-
ors would correspond to a kG field strength. The original
“true” snapshot is shown in the bottom right panel. It fol-
lows that the locations with strong fields in the original
snapshot correspond rather well to locations with max-
imum line ratio for the Fe1 5247, 5250 and 1568, 15652
line pairs. This is not the case for the Fe1 6301, 6302 A
lines. There, the line ratio is greatest not where the field
is the largest, but rather in the canopy regions surround-
ing the magnetic field concentrations and in the transi-
tion regions between granules and intergranules. The rea-
son for such a behavior is a large difference in the heights
of the formation of the Fe1 6301, 6302 A lines: on aver-
age, about 100 km (Shchukina & Trujillo Bueno (2001)).
The vertical gradients of the magnetic field and veloc-
ity and the horizontal fluctuations of the temperature
around the snapshot produce a distortion of the line ra-
tio of these lines in the way that appears in Figure 4. This
does not happen for the Fe1 5247, 5250 and 1568, 15652
A lines, whose heights of formation are close enough and
for which the assumption about the absence of gradients
is not crucial. Thus, the results of magnetic field mea-
surements based on the line ratios or magnetograms of
the Fe1 6301, 6302 lines should be viewed with caution.
The latter probably applies to Milne-Eddington inver-
sions as well. The way of treating the gradients in the
inversion of these lines affects the conclusions concern-
ing the magnetic field distribution in the quiet Sun in a
significant way.

VI. CONCLUSIONS

The resolution of modern ground-based and space ob-
servations has reached a detection of small scale varia-
tions of the magnetic field on the Sun of the order of
100-200 km. However, even such a high resolution does
not seem to be high enough to completely resolve the spa-
tial structuring of the magnetic field. The MHD simula-
tions show extremely complex structures on scales close
to their numerical resolution of a few tens of km. But
the presence of this turbulent component in the simula-
tions is limited by problems of numerical stability and an
insufficiently high Reynolds number. Thus, the present
simulations probably do not resolve the topology of the
field as well.

The simplified diagnostic methods applied in the anal-
ysis of such complex fields at high resolution often fail
in giving reliable results. The noise level and the insuffi-
cient resolution make the weak quiet Sun signals compat-
ible with different physically reasonable scenarios. The
results of the inversion depend on the treatment of the
asymmetries (as, for example, in the case of the Fe1 6301,
6302 A lines). Thus, a careful selection of lines should
be made for the investigation of the weak inter-network
fields. Several types of diagnostics, based on the Zeeman
and Hanle effects in atomic and molecular lines, should
be combined together to constrain the results.

Future work is needed to answer open questions such
as the following:
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e What is the characteristic field strength and shape
of the magnetic field distribution in the quiet Sun?

e How large is the magnetic energy contained in the
quiet Sun and how important is it for the energy

balance of the upper solar atmosphere?

e What process generates the quiet Sun magnetic

fields that are present independently of the solar
cycle?
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JOCJIIOYKEHHSI MATHETU3MY CIIOKIMHOI'O COHIIH:
TEXHIKA BUMIPHOBAHBb TA PE3VJIBTATN

0. Xomenko?, P. Kocrux?
L Inemumym Acmpogizusu mwa Kanapax, Ja Jaryna, Tenepuge, E-38200, Icnawis
2 [onosna acmpornomivwna obcepeamopia HAH Yxpainu, eya. 3abosomnozo, 27, Kuis, 03680, Ykpaina

3HavyHa YaCcTUHA HAIIMX 3HAHDb PO MarHeTu3M noBepxHi COHISI OTpUMAaHA 3 aHAJI3Y CHEKTPa M0JIIPU30BaAHOIO
ceimia. [Tapamerpu Crokca MicTaTh JOKIaHY iH(OpPMAIIO PO CTPYKTYPY ¥ AuHaMmiky 3amaraedenol dporocdep-
HOI ILJIa3MU, & TAKOXK IIPO 11 B3a€MO/IiI0 3 KOHBEKIII€IO, T. 3B. MarHeTOKOHBeKIIisA. IIpu inTepnperanii ciocrepeskHUX
CIIEKTDIB, #AKi ofep2KaHi 3 BUCOKOIO PO3iJIbHOIO 3/IaTHICTIO, IIOTPIOHO 3aCTOCOBYBATH CKJIQIHY TEOPII0 PaJIisgTUB-
HOT'O IIEPEHOCY ITOJISPU30BAHOIO CBITJIa y TPUBUMIDHUX MOJENAX. 3 IHIIOro GOKY, 06 peasiCTUYHO ONUCATH 10
BEJIHKY IIJIa3Mu B 3amarHedeHiii armocdepi CoHIst, TPUBUMIpHE MOJIEIIOBAHHS BUMAra€ JI€TAJbHOIO BPaXyBaHHS
ckJIaHUX (DI3UYHUX mporieciB. Y Iiil mpani My pobUMO HAr0JIOC HA JiSTHOCTHKY MAarHETHHX IIOJIIB y CHOKIHHHX
dorocdepHnX JiNAHKAX 32 MeKAMU COHSYHUX IUISM Ta aKTHUBHUX MUIAHOK. JlOHejqaBHA BBaXKaJyd, 110 MarHeTHE
I[I0JIE CYyTTEBO HE BILUIMBAE HA JUHAMIKY IJIa3MH B X jainsgHkax. OHaK caMe B CIOKIMHUX JISHKaX HAKONWYEHA
Glsbita yacTuHa MaraeTHol edeprii. Tomy nuranusa npo Mmaruerusm crokifinoro CoHrg i Ha1all BigKpuTe if MHUPOKO
nebaryerncs B iTeparypi.
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