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NEW POSSIBILITIES FOR THE DIAGNOSTICS
OF SOLAR MAGNETIC FIELDS

J. 0. STENFLO
Institute of Astronomy, ETH Zentrum, CH-8092 Zurich, Switzerland
(Received October 11, 2000)

The polarized spectrum that is produced by coherent scattering processes has a structural richness
comparable to that of the intensity spectrum but different in appearance and physical origin. The
amplitudes of the polarization features are influenced by magnetic fields via the Hanle effect in a
way that is very different different from the ordinary Zeeman effect. While the main contribution
to Zeeman-effect observations comes from the strong fields of the photospheric magnetic flux
tubes, the Hanle effect is sensitive to weak magnetic fields, turbulent fields of mixed polarities,
and chromospheric fields. As different spectral lines respond very differently to the Hanle effect,
the scattering polarization offers novel and rich diagnostic opportunities. In the present overview
we illustrate some of these new effects and indicate what can be learnt from them.

KEY WORDS Sun - magnetic fields — polarimetry — Hanle effect

1 WHY ARE NEW DIAGNOSTIC METHODS NEEDED?

Since it was first introduced in astrophysics by Hale (1908), the Zeeman effect has
allowed us to map the Sun’s magnetic field in great detail. Polarimetric observa-
tions in combinations of Zeeman-sensitive lines have revealed that solar magnetic
fields have a highly intermittent structure at scales beyond the spatial resolution
limit of the observations. Taking advantage of differential effects in the non-linear
polarimetric response of the Zeeman effect in different spectral lines it has been
possible to extract information about field strengths and thermodynamics at scales
beyond the telescope resolution (Stenflo, 1973, 1994). As these are the scales at
which most of the magnetic flux resides, one needs to interpret the polarimetric
Zeeman-effect data in terms of models for the magnetic field. A consistent picture
has emerged in terms of strong-field magnetic flux tubes, which cover on average
only about one percent of the solar surface. Inversion of Stokes spectra has led to
the construction of flux tube models at increasing levels of sophistication (Solanki,
1993; Nagendra and Stenflo, 1999).

This flux tube picture is however incomplete and unsatisfactory, since it leaves
us with a detailed description of 1% of the photosphere while providing few clues
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Figure 3 Example of the spatially varying Hanle effect in the cores of the Nal D2 and D; lines
(Stenflo et al., 2000). Q/I shows varying Hanle depolarization, U/I varying Hanle rotation of the

plane of polarization, V/I the longitudinal Zeeman effect. The recording was made with ZIMPOL
II at NSO/Kitt Peak on October 9, 1999, near the SE limb (at p = 0.1).

symmetrical signature of the transverse Zeeman effect with the polarization maxima
of the o components in the line wings. The same signature is seen in the U/I
diagram. In addition, we see in the Srl line in the top and bottom part of the U/I
diagram a hint of a single-peak core signal, which may be understood in terms of
some Hanle rotation of Q into U. The V/I diagram is exclusively characterized by
the anti-symmetric profile signatures of the longitudinal Zeeman effect.

We have found it to be typical for the behavior of the Sr1 4607 A line that
its scattering polarization exhibits very little spatial variation (for constant limb
distance) of the Hanle depolarization and very little of the Hanle rotation effect.
Still comparison between radiative-transfer modelling of this line and observations
(Faurobert-Scholl, 1993) shows that the average polarization amplitude has been
suppressed by a Hanle depolarization that would occur if there is a turbulent mag-
netic field of mixed polarities and a strength of about 10G. For an isotropic distribu-
tion of field vectors within the spatial resolution element there is no net orientation
of such a field and therefore no net Hanle rotation.
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In contrast the Nal Dy 5890A line, which is formed in the lower chromosphere,
often exhibits large spatial variations of its Hanle effect, as illustrated in Figure 3.
The scattering polarization in Q/I in the Dj line has a narrow peak in the Doppler
core, surrounded by broad maxima in the line wings (the diffuse and broad bright
bands in the @/I diagram). In U/I there is no wing polarization. The spatial
fluctuations along the slit occur exclusively in the Doppler core for both @/I and
U/I. This behavior is exactly what we expect from the Hanle effect, which only
affects the line core but not the wings. The fluctuations seen in Q/I can thus be
understood in terms of Hanle depolarization due to spatially varying chromospheric
magnetic fields, while the fluctuating signal in U/7 is due to spatially varying Hanle
rotation. Note that the fluctuations in @/I and U/I are fairly uncorrelated, which
is natural since the Hanle depolarization and rotation have different functional
dependencies on the field orientation and strength. The V/I diagram is as always
purely a domain of the longitudinal Zeeman effect.

4 CHROMOSPHERIC FIELD GEOMETRY FROM LOWER-LEVEL ATOMIC
POLARIZATION

The scattering polarization across the Nal Dy and D; lines that we showed in
Figure 3 has long remained enigmatic and a fascinating challenge for quantum and
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From such theoretical considerations it follows that the observed core polariza-
tion peak in the D; line can only exist and survive if the magnetic field in the
observed solar region is nearly vertical. Since the D; line is formed in the lower
chromosphere, and core polarization in D; is almost always seen in quiet solar re-
gions (but not much in magnetically more active regions like the one in Figure 3), we
are led to the conclusion that the typical orientation of the magnetic field in quiet
regions is vertical. This conclusion apparently contradicts the previous paradigm
that chromospheric fields are largely horizontal with a canopy structure (Giovanelli,
1980; Jones and Giovanelli, 1983). With horizontal fields there is no known way to
explain the existence of the Dy core polarization peak.

The core peak of the D line does not have to be produced by lower-level atomic
polarization, since the D, transition is intrinsically polarizable without this phe-
nomenon. For D; it is rather the triplet profile shape of the core and wing peaks
that presents the interpretational challenge. If the D, core peak were due to lower-
level atomic polarization, then the Hanle-effect fluctuations of the peak amplitudes
in the Dz and D, lines would be closely correlated. Observations (Stenflo et al.,
2000) in weakly active facular regions near the limb show that this is not the case,
as expected if the Dy and D; lines belong to two entirely different Hanle regimes.
This indicates that the D, core polarization is governed by the excited state life
time and polarization and therefore is in the non-saturated Hanle regime. The ob-
served distribution functions for the Hanle effect in the weak facular regions can be
understood reasonably well in terms of an isotropic angular distribution of the field
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step, starting with idealized models. Nevertheless the Hanle effect has already given
us new insights about turbulent and chromospheric magnetic fields not possible to
obtain via the Zeeman effect.

Observationally this new diagnostic territory can only be explored with highly
sensitive imaging polarimeters, with which the polarimetric accuracy is only de-
termined by photon statistics. The resulting accuracy then depends on the light-
gathering power of the telescope. Even with the largest solar telescopes one needs to
make major trade-offs between the four parameters polarimetric accuracy and spa-
tial, spectral, and temporal resolutions (Stenflo, 1999). Instrumental polarization
that leads to cross talk between the Stokes parameters is another major concern in
vector polarimetry. In the design of future solar telescopes one therefore strives for
the largest possible aperture and for minimal or constant instrumental polarization.
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