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Abstract.

This paper highlights the increasing interest of astrophysical spec-
tropolarimetry by showing how remote sensing techniques based on the
Hanle and Zeeman effects are allowing us to investigate the magnetism of
the extended solar atmosphere. Particular emphasis is given to the devel-
opment of new diagnostic windows on the weakest magnetic fields of the
photosphere, chromosphere and corona. Spectropolarimetry in the He 1
10830 A multiplet is allowing us to infer the three-dimensional geometry
of the magnetic fields that confine the plasma of solar prominences. Mul-
tilevel modelling of the Hanle and Zeeman effects in the Ca 11 IR triplet
and other chromospheric lines is helping us to decipher the strength and
topology of chromospheric magnetic fields in regions where photospheric
magnetograms show the well-known ‘salt and pepper’ patterns of mixed
polarities. The Hanle effect in molecular lines, as well as in atomic lines of
rare-earth elements like Ce 11, offers a novel diagnostic tool for empirical
investigations of ‘turbulent’ magnetic fields in relatively deep regions of
the ‘quiet’ solar photosphere.

1. Introduction

As pointed out in the preface to the book on Astrophysical Spectropolarimetry
(Trujillo Bueno et al. 2002a), the polarization of light is the key to unlocking
new discoveries and obtaining the information we need to understand the physics
of many phenomena occurring in the Universe. Particularly relevant examples,
besides the magnetized plasmas of the Sun and peculiar A- and B-type stars, are
young stellar objects and their surrounding disks, symbiotic stars, stellar winds,
active galactic nuclei, black hole jets, magnetized neutron stars, X-ray pulsars,
the interstellar medium, the cosmic microwave background radiation and its cos-
mological implications, etc. Spectropolarimetry provides powerful diagnostics of
the physical conditions in astrophysical plasmas, for instance, concerning mag-
netic fields, which cannot be obtained via conventional spectroscopy. Moreover,
since completely unpolarized radiation can be expected only from a perfectly
symmetric object, it may also help us to verify the geometry of the astrophysical
system under investigation, even without being possible to resolve it spatially.
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Figure 1.  The full Stokes vector of the Na 1 D line observed with the
telescope THEMIS in very ‘quiet’ regions of the solar atmosphere. Left
panel: solar disc center. Right panel: at about 5” from the solar north
limb and with the spectrograph’s slit parallel to it. The disk-center
figure shows the Stokes profiles normalized to the local continuum in-
tensity, while the solar limb figure shows the fractional polarization
(i.e., X(A)/I(N); with X = Q,U, V). The reference direction for Q > 0
is as indicated in Figure 2. From Trujillo Bueno et al. (2001).

Spectropolarimetry is being used with great success in solar physics. Al-
though its application to other fields of astrophysics is still at an early stage of
development, it is actually becoming increasingly attractive. This is mainly due
to the observational opportunities opened up by the new generation of ground-
based and space-borne telescopes as well as to recent advances in the theory
and numerical modelling of the generation and transfer of polarized radiation in
magnetized plasmas. This paper highlights the increasing interest of astrophys-
ical spectropolarimetry by illustrating how remote sensing techniques based on
the Hanle and Zeeman effects are allowing us to investigate the weak magnetism
of the solar atmosphere.

2. The Zeeman effect, optical pumping and the Hanle effect

In stellar atmospheres, the most important mechanisms that induce (and mod-
ify) polarization signatures in spectral lines are the Zeeman effect, anisotropic
radiation pumping and the Hanle effect (e.g. Trujillo Bueno 2001). All these
physical mechanisms leave their ‘fingerprints’ in the polarization of the electro-
magnetic radiation that we collect with our increasingly large telescopes. The
interesting point is that the development of diagnostic techniques that combine
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the Hanle and Zeeman effects in suitably chosen spectral lines may allow us to
investigate the strength and topology of stellar magnetic fields in a parameter
domain which ranges from at least milligauss to many thousands of gauss.

The Zeeman effect requires the presence of a magnetic field, which causes
the atomic and molecular energy levels to split into different magnetic sublevels.
This Zeeman splitting produces local sources and sinks of light polarization
because of the ensuing wavelength shifts between the 7 and o transitions. The
Zeeman effect is most sensitive in circular polarization (quantified by the Stokes
V parameter), with a magnitude that for not too strong fields scales with the
ratio between the Zeeman splitting and the width of the spectral line (which is
very much larger than the natural width of the atomic levels), and in such a way
that the emergent Stokes V'(\) profile changes its sign for opposite orientations
of the magnetic field vector. This so-called longitudinal Zeeman effect responds
to the line-of-sight component of the magnetic field. Accordingly, if we have
a perfect cancellation of mixed magnetic polarities within the spatio-temporal
resolution element of the observation, the measured circular polarization would
be exactly zero if the thermodynamic and dynamic properties of the mixed
magnetic components are similar.

In contrast, the transverse Zeeman effect responds to the component of the
magnetic field perpendicular to the line of sight, but produces linear polarization
signals (quantified by the Stokes @ and U parameters) that are normally below
the noise level of present observational possibilities for intrinsically weak fields
(i.e. with B< 100 gauss). Note that in spectropolarimetric observations at
the very center of the solar disk vertical fields produce zero linear polarization,
independently of whether or not we have mixed magnetic polarities. However, in
observations at other heliocentric angles (e.g. at yu = cosf = 0.5) vertical fields
with opposite polarities could be detected via the transverse Zeeman effect,
simply because the Stokes @ profile is invariant to a reversal of the transverse
field direction if the magneto-optical effects are negligible (Stenflo 1994; see
also Landi Degl’Innocenti & Landi Degl’Innocenti 1981). For example, with
the Tenerife Infrared Polarimeter developed by the IAC such a detection should
be feasible for vertical fields with sufficient filling factor and strengths B> 100
gauss. Similarly, horizontal fields with random azimuth within the resolution
element of the observation give zero linear polarization at the center of the solar
disk, while such fields could in principle be detected via the transverse Zeeman
effect in observations close to the solar limb.

The Stokes V() profiles shown in Fig. 1 are mainly due to the longitudinal
Zeeman effect. However, the physical origin of the observed linear polarization
signals has nothing to do with the transverse Zeeman effect. They are due to
atomic polarization, i.e. to the existence of population imbalances and quan-
tum interferences (or coherences) among the sublevels pertaining to the upper
and/or lower atomic levels involved in the line transition under consideration.
This atomic level polarization results from radiative transitions induced by an
anisotropic radiation field.

As illustrated in Fig. 2, the atoms and molecules in a stellar atmosphere
are illuminated anisotropically (see also Fig. 5 in Trujillo Bueno 2001). The
mere presence of population imbalances among the sublevels of degenerate lev-
els implies local sources and sinks of linear polarization, even in the absence
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Figure 2.  Anisotropic illumination of the outer atmospheric layers
of a stellar atmosphere. The ‘degree of anisotropy’ of the incident
radiation field is quantified by A = JZ/J§, where J{ is the familiar
%ﬁi(&uz — 1)1, 5 (where I g is the spe-
cific intensity -i.e. the Stokes-I parameter- as a function of frequency
v and direction 3, while u = cos6, with 6 the polar angle with re-
spect to the Z-axis). The possible values of the ‘anisotropy factor’
W = V2A vary between W = —1/2, for the limiting case of illu-
mination by a purely horizontal radiation field without any azimuthal
dependence, and W = 1, for purely vertical illumination. It is impor-
tant to point out that the larger the ‘anisotropy factor’ the larger the
fractional atomic polarization that can be induced, and the larger the
amplitude of the emergent linear polarization (see the review by Tru-
jillo Bueno 2001, and note that there is a typing error in his Eq. (11),
which is correct for 24 and not for A, as it was typed). We choose
the positive direction for the Stokes ) parameter along the X-axis, i.e.
along the perpendicular direction to the stellar radius vector through
the observed point. The inset shows the wavelength dependence of the
anisotropy factor corresponding to the center to limb variation of the
observed solar continuum radiation. Note that W ~0.14 at 5000 A. In-
terestingly, the maximum anisotropy factor occurs around 2800 A, i.e.
very near the central wavelengths of the h and k lines of Mg 11, whose
polarization may contain valuable information on the magnetic fields
and physical conditions of the solar transition region. This strongly
suggests that we should urgently put a good UV polarimeter in a space
telescope.

mean intensity and J3=
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of magnetic fields. A useful formula to estimate the emergent fractional polar-
ization at the core of a spectral line for an observation along the line of sight
specified by p is (Trujillo Bueno 1999; 2002):

Q/ =~ %(1 — u*)Wai(up) — Z ag(low)], 1)

where 03 = p3/pY quantifies the fractional atomic alignment or degree of popu-
lation imbalance of the upper or lower levels of the line transition under consid-
eration, while W and Z are simply numbers which depend on the total angular
momentum values of both levels (e.g. W = Z = —1/2 for a transition with
J;y = J, = 1). For example, a level with total angular momentum J = 1 has
three magnetic sublevels with individual populations denoted by Nj;; for this
level p3 = (N1 —2No+ N_1)/v/6 and p} = (N1 + No+ N_1)/+/3, so that 62 = 0
if the three sublevels turn out to be equally populated. Thus, the scattering
polarization Q/I = 0 if 6 = 0 in the upper and lower levels of the spectral
line under consideration. In Eq. (1) the o values are those corresponding to
the optical depth 7 where 7/p ~ 1 (which means 7 = 0 for a limb observation
at u = 0). Eq. (1) can be used for estimating the amplitude of the emergent
scattering polarization in relatively strong spectral lines, either for the case of
an unmagnetized stellar atmosphere or for a stellar atmospheric model with a
microturbulent and isotropically distributed magnetic field. It is indeed a very
useful formula because it shows clearly that the observed fractional polarization
in a given spectral line has in general two contributions: one from the frac-
tional alignment of the upper-level (¢2(u)) and an extra one from the fractional
alignment of the lower level (03(l)). In general, the first contribution (caused
exclusively by the emission events from the polarized upper level) is the only one
that is normally taken into account. However, the second contribution (caused
by the selective absorption resulting from the population imbalances of the lower
level) plays the key role in producing the ‘enigmatic’ linear polarization signals
that have been discovered recently in ‘quiet’ regions close to the solar limb, as
well as in solar coronal filaments (see the reviews by Trujillo Bueno 1999, 2001;
see also Trujillo Bueno & Landi Degl’Innocenti 1997; Manso Sainz & Trujillo
Bueno 2001; Trujillo Bueno & Manso Sainz 2002; Trujillo Bueno et al. 2002b).
The observed polarization signals are weak because the ‘degree of anisotropy’
of the solar radiation field is weak (which leads to population imbalances and co-
herences that are small compared with the overall population of the atomic level
under consideration), but also because we have collisions and magnetic fields
which tend to modify the atomic polarization. The Hanle effect is the modifi-
cation of the atomic-level polarization (and of its ensuing observable effects on
the emergent linear polarization) caused by the action of a weak magnetic field
(see the review by Trujillo Bueno, 2001). As the Zeeman sublevels of degenerate
atomic levels are split by the magnetic field, the degeneracy is lifted and the co-
herences (and, in general, also the population imbalances among the sublevels)
are modified. Therefore, the Hanle effect is sensitive to magnetic fields such that
the corresponding Zeeman splitting is comparable to the inverse lifetime (or nat-
ural width) of the lower or the upper atomic levels of the line transition under
consideration. For the Hanle effect to operate, the magnetic field vector (B) has
to be significantly inclined with respect to the symmetry axis of the pumping
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radiation field. The basic approximate formula to estimate the magnetic field
intensity By (measured in gauss) to which the Hanle effect can (in principle) be
sensitive is

8.79x10% By g5 ~ 1/tise , (2)

where gy and tjs are, respectively, the Landé factor and the lifetime (in sec-
onds) of the atomic level under consideration (which can be either the upper or
the lower level of the chosen spectral line). This formula shows that the mea-
surement and physical interpretation of weak polarization signals in suitably
chosen spectral lines may allow us to diagnose magnetic fields having intensities
between 10™3 and 100 gauss approximately, i.e., in a parameter domain that
is very hard to study via the Zeeman effect alone. As illustrated in Fig. 3 of
Trujillo Bueno (2002), the Hanle effect in photospheric molecular lines offers a
promising diagnostic window for the empirical exploration of magnetoconvection
in the solar photosphere (see also Fig. 5 below).

3. Photospheric Magnetism: Zeeman and Hanle Diagnostics

This section considers various diagnostic windows for the empirical investiga-
tion of the distribution of magnetic fields in the ‘quiet’ solar photosphere, with
particular emphasis on how to derive Probability Density Functions or PDFs
(see, e.g., Emonet & Cattaneo 2001 for PDFs that result from numerical sim-
ulations of the interaction between turbulent convection and magnetic fields).
The Cumulative Distribution Function (CDF), or fractional volume occupied by
fields of strength smaller than B (cf. Stenflo 1999), can be suitably obtained
by integrating the PDF. The PDF gives the probability of finding a magnetic
intensity between B and B + dB.

3.1. Zeeman diagnostics in the near IR

When one uses the Zeeman effect as diagnostic tool of the quiet Sun magnetic
fields (e.g. Lin & Rimmele 1999; Sanchez Almeida & Lites 2000; Khomenko et
al. 2002), one is able to obtain very useful empirical information like that given
in Fig. 3. It shows histograms of the line-of-sight component of the magnetic
field as obtained directly from the Zeeman splittings measured in some of the
several classes of Stokes V profiles we have observed under extraordinary see-
ing conditions on July 29, 2000 in a disk-center inter-network region using the
Tenerife Infrared Polarimeter. Only ‘normal’ Stokes V' profiles with a positive
and a negative lobe have been used (i.e. these histograms do not include the
extra information provided by the ‘anomalous’ Stokes V' profiles with three lobes
observed in about 40% of the pixels). These histograms confirm that the photo-
spheric plasma of the ‘quiet’ Sun has a continuous distribution of magnetic field
strengths, from the kilogauss range to at least 300 gauss. All these ‘quiet-Sun’
magnetic fields that have been detected via the Zeeman effect seem to occupy a
very small fraction of the photospheric volume (i.e. the inferred filling factors are
of the order of a few percent, only). Note that the histogram corresponding to
the granular pixels (dashed-line) has its peak at 300 G with a sudden (artificial)
decrease towards smaller field strengths, while the inter-granular histogram (dot-
ted line) peaks at about 500 G and does not show such a sudden cutoff. Clearly,
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Figure 3. Histograms of the observed Zeeman splittings in some of
the various classes of Stokes V' profiles observed at the solar disk center
in a very quiet inter-network region using the Fe 1 lines at 1.56um,
and distinguishing between granular and inter-granular pixels. From
Khomenko et al. (2002).

Confinuum intensity

Distance [pixel]

0 20 40 60 80 1
Distance [pixel]

Figure 4. The shaded image represents the map of solar granulation
over which are plotted contours showing the location of the class 4
Stokes V profiles discussed in the text. Solid and dotted lines indicate
opposite magnetic polarities.
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the magnetic field tends to be stronger in the inter-granular lanes than above
the bright granular areas (as seen in continuum intensity). Interestingly, the
larger the downflow velocity the stronger the field, while the weakest fields tend
to be located in the upflowing regions. Finally, it is important to point out
that the peak at about 350 G in the total solid-line histogram (or Probability
Density Funtion) is artificial since it is produced by both the limited spatial and
temporal resolutions of the observations (1”7 and 1 minute, respectively) and by
the limited Zeeman sensitivity of the chosen Fe I lines at 1.56 um. Actually,
both general physical arguments and the magnetoconvection simulations shown
at this conference by Cattaneo and by Stein & Nordlund suggest that the PDF
should actually continue increasing towards very weak fields. The weaker the
field the easier the possibility of having highly tangled field lines with the result
of mixed polarities at small spatial scales.

The eight classes of Stokes V profiles found by Khomenko et al. (2002)
for the 1.56um Fe 1 lines can be used for new investigations on some interest-
ing points. Fig. 4 shows a very recent result obtained in collaboration with
Elena Khomenko (Main Astronomical Observatory; Kiev). The contours show
the inter-granular locations where happen to be situated just one of the eight
discovered Stokes-V classes for the IR lines. The selected class corresponds to
Stokes V' profiles with two lobes showing the largest observed splittings and a
red-shift in their zero-crossing. This class of Stokes V profiles is seen in only
15% of the total number of pixels that show circular polarization above the noise
level. Moreover, note that they are situated in some (but not all) of the inter-
granular lanes. It will be interesting to investigate whether or not the observed
locations of the magnetic fields which lead to this and other classes of Stokes V'
profiles correspond mainly to the boundaries of the meso-granular scale cells, as
it happens to occur for the relatively few kilogauss fields that arise in the mag-
netoconvection simulations for weak seed-field values shown at this conference
by Stein & Nordlund.

3.2. The Hanle effect in the Sr 1 4607 A line.

How could we investigate empirically the weak-field part of the PDF (e.g. for
B< 100 gauss) 7 The Hanle effect may well have the required diagnostic potential
(e.g. Stenflo 1994), but the problem is how to apply it to obtain reliable infor-
mation given that a Hanle-effect diagnostics relies on a comparison between the
observed linear polarization and that calculated for the zero-field reference case.
Fig. 4 in Trujillo Bueno (2001) demonstrates that the ‘degree of anisotropy’ of
the radiation field sensitively depends on the source function gradient of the spec-
tral line under consideration: the larger the gradient the larger the anisotropy.
In a forthcoming paper, Shchukina & Trujillo Bueno will show how ‘dangerous’
can be a Hanle-effect diagnostics of a mixed-polarity weak field, when this diag-
nostics is based on scattering polarization calculations of the Sr 14607 A line in
one-dimensional semi-empirical models of the solar atmosphere. However, these
authors conclude that a reliable diagnostics can indeed be achieved by means of
three-dimensional (3D) scattering polarization calculations in snapshots taken
from the time-dependent hydrodynamical simulations of solar surface convec-
tion described by Asplund et al. (2000). The computed ‘degree of anisotropy’
of the strontium line radiation shows a considerable horizontal fluctuation at
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all heights in the 3D model. The fluctuation in the emergent fractional linear
polarization (Q/I) is also very significant. We find that both, upflowing and
downflowing regions contribute to the emergent fractional polarization for the
B = 0 G reference case. The spatially and temporally averaged Stokes profiles
give a /I that is lower than that calculated in one-dimensional semi-empirical
atmospheric models, but it is still a bit larger than the observed Q/I, thus
indicating the need of invoking a depolarizing mechanism.

Multilevel Hanle-effect calculations in snapshots taken from ‘realistic’ sim-
ulations of magnetoconvection for different values of the assumed seed field will
be helpful to end up with a more accurate knowledge of the distribution of mag-
netic fields in weakly magnetized regions of the solar photosphere. Note that
the Hanle field for the Sr I line at 4607 A is By ~23 G (see Eq. 2). Because
of the high intermittency of the photospheric magnetic field, we expect that
the largest Hanle depolarization will take place in the downflowing regions at
the boundaries of the meso-granular and granular scales. Therefore, a Hanle
effect diagnostics assuming a microturbulent field with strength independent of
the horizontal position will be biased towards magnetic strengths smaller than
those which are actually producing the observed Hanle depolarization. Finally,
it is important to emphasize that one should ideally use several spectral lines
simultaneously. A good choice is the linearly polarized spectrum of Ti 1, which
has been studied recently by Manso Sainz & Landi Degl’Innocenti (2002).

3.3. The Hanle effect in molecular lines

The empirical PDF that we are obtaining via 3D scattering polarization simula-
tions of the observed polarization in the Sr 14607 A line corresponds to relatively
high regions of the quiet solar photosphere (i.e. around 400 km for observations
at u = 0.1). Is there any possibility of a reliable empirical investigation of the
weak field part of the PDF, but at considerably deeper photospheric regions 7
Figure 5 shows a practical estimation of the ‘upper-level Hanle fields’ calcu-
lated with Eq. (2) for the lines of the P and R branches of C, molecules, which
show beautiful scattering polarization signatures on the Sun (see the atlas of
Gandorfer 2000). Because the Landé factors of the upper-levels of the Ry (P2)
lines are much smaller than those of the R; (P1) and R3 (P3) lines, the magnetic
field strength needed for a significant Hanle-effect suppression of the scattering
polarization signal is considerably smaller for the R; (P;) and Rg3 (P3) lines than
for the Rs (P3) lines. For example, for Cs lines of the R branch with total angu-
lar momentum 30 < J < 40 our estimation of the Hanle field lies between only
4 and 8 gauss for the R; and Rg lines, but between 100 and 200 gauss for the Ry
lines. This very sizable difference in the sensitivity to the Hanle effect between
the Ry lines (which are blended with the R; lines) and the Rg lines is being
used by us for constraining the weak-field part of the solar ‘magnetoturbulent
spectrum’ in relatively deep regions of the solar photosphere. As it can be seen
in Gandorfer’s (2000) atlas, the ratio (R) of the observed fractional polariza-
tions between Rg lines and Rg lines is R = 2, concerning those Ry lines which are
perfectly blended with R; lines. However, a detailed investigation of the scat-
tering polarization in such molecular lines taking into account the overlapping
effect between the R; and Rj lines shows that there is no significant magnetic
depolarization of the Rz lines with respect to the Ro lines. Actually, if there
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Figure 5. Application of the basic formula of the Hanle effect (see
Eq. 2) to the upper levels of C; lines taking tyfe ~1/Ay,j,, with Ay,
the Einstein coefficient of the P or R line under consideration. Al-
though this approximation leads to a subestimation of the upper-level
Hanle fields by about a factor of 2, the magnetic strengths given here
are actually indicating the intensity of a ‘turbulent’ field that would be
sufficient to produce a significant modification of the scattering polar-
ization amplitudes. Each point refers to a spectral line of the P or R
branches, whose lines with lower-level angular momentum J; = J have
Ju=4J —1and J, = J + 1, respectively. Note that the Hanle field is
much larger for Py (R2) lines than for P; (R1) and P3 (R3) lines.

were a significant magnetic depolarization the above-mentioned ratio R would
then be larger than 2, which is not observed. Therefore, only a relatively small
fraction of the volume occupied by the photospheric regions that are effective in
producing the observed molecular polarization can be filled with magnetic fields
of strength similar or larger than the above-mentioned ‘Hanle fields’ of the R,
and Rj lines. But, which photospheric regions contribute to the observed linear
polarization in molecular lines ?

It is very important to realize that molecular lines are indeed sensitive to the
Hanle effect, because the Landé factor of their lower and upper levels, although
small, is non-zero. The fact that the ‘Hanle field’ in Fig. 5 increases with J is
simply the result of the corresponding decrease of the Landé factor, as it can be
deduced directly from the ensuing formula for Hund’s case (b) given by Landau
& Lifshitz (1982), which offers a good approximation for J > 10. Therefore, the
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Figure 6. The horizontal variation of the degree of anisotropy of
the solar continuum radiation at 5000 A calculated at two heights in
a snapshot taken from a realistic hydrodynamical simulation of solar
surface convection. The solid lines delineate upflowing regions. Note
that in this range of heights where the C; lines are ‘formed’ (concerning
simulated observations at p = 0.1), there is a clear correlation between
the upflowing regions and the degree of anisotropy of the continuum
radiation. Moreover, there is also a significant correlation with the
horizontal fluctuation of the molecular number density.

explanation of the interesting observational fact reported by Gandorfer (2001)
and by Berdyugina, Stenflo & Gandorfer (2002) that in quiet-Sun regions close
to the solar limb the scattering polarization amplitudes of molecular lines remain
practically invariant over the years is not because molecular lines are ‘magnet-
ically insensitive’ or ‘inmune to the Hanle effect’, as claimed by those authors,
but because the observed scattering polarization in molecular lines is coming
mainly from the upflowing regions of the solar photosphere where the weakest
magnetic fields tend to be located. In fact, as we shall show in a forthcoming
publication, the central part of our empirically-determined PDF turns out to
be very narrow, implying that most of the upflowing photospheric volume can
only be occupied by very weak fields. This important conclusion is supported by
Fig. 6, which shows that the weakly magnetized upflowing regions are precisely
the locations where the anisotropy factor of the solar continuum radiation is the
largest.

3.4. The Hanle effect in atomic lines of rare earth elements

The very same fact illustrated in Fig. 6 helps to explain why the scattering
polarization observations reported by Stenflo & Keller (1997) and by Gandor-
fer (2000; 2002) show significant polarization peaks in spectral lines of the rare
earth elements (e.g. Nd 11 at A\5249.57, Yb 1 at A3987.96, Eu 11 at \4129.72,
Ce 11 at A4062.23, Ce 11 at A\4083.22, etc.). The solar abundance of these chem-
ical elements is extremely low (e.g. Nce/Nuy ~ 1071!). However, their tran-
sitions have sizable Einstein coefficients for the spontaneous emission process
(e.g. Ay ~108s~! and A, ~6x107s™! for the above-mentioned Ce 11 lines, re-
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spectively) and they show interesting scattering polarization signals of great
diagnostic potential (e.g. the upper-level Hanle fields for those Ce 11 lines are
Bup~14 G and By=6 G, respectively). Rare earth ions like Ce II have a very
high density of levels whose populations seem to be determined by interlockings
through radiative excitations and de-excitations (Canfield 1971). It is of great
scientific interest to model the scattering polarization in the spectral lines of rare
earth elements. At present, the first choice for us is Ce 11, because it produces
clean polarization peaks above and below the level of continuum polarization
in several transitions and because it has no hyperfine structure splitting, which
facilitates the ensuing modelling problem. Interestingly, the Ce 1I lines which
show linear polarization peaks above the level of continuum polarization have
Ji = Jy. There is a beautiful physical explanation for this observational fact.

4. Chromospheric Magnetism: Hanle and Zeeman Diagnostics

As we have seen, most of the photospheric surface is occupied by the ‘quiet’ inter-
network regions of mixed polarity fields and we have lots of good reasons to wish
to know how important is the degree of intermittency of the chromospheric field
(see, e.g., Title’s keynote paper in this volume; see also Trujillo Bueno & Manso
Sainz 2002). Do chromospheric field lines result mainly from the extension of
the underlying mixed polarity field of the ‘quiet’ solar photosphere ? Or is
the chromospheric field dominated by the field lines from the boundaries of the
supergranulation network ? The true empirical answer to this type of questions
is encoded in the polarization of chromospheric spectral lines.

A serious problem is that chromospheric lines like the Ca 11 IR triplet are
relatively broad, which implies that the weak magnetic fields of the ‘quiet’ chro-
mospheric regions are very difficult to diagnose via the only consideration of the
longitudinal Zeeman effect on which magnetograms are based on. Fortunately,
in recent years, observational investigations of scattering polarization on the Sun
have pointed out the existence of ‘enigmatic’ linear polarization signals in several
spectral lines observed in the ‘quiet’ solar chromosphere close to the solar north
pole, which cannot be understood in terms of the classical theory of scattering
polarization (Stenflo and Keller, 1997; Stenflo, Keller & Gandorfer, 2000). These
‘enigmatic’ features of the linearly-polarized solar-limb spectrum have motivated
novel theoretical investigations of scattering polarization, which are now mak-
ing feasible reliable confrontations between spectropolarimetric observations and
multilevel radiative transfer simulations™ of the Hanle and Zeeman effects (see
the reviews by Trujillo Bueno 1999, 2001, 2002; see also Trujillo Bueno & Manso
Sainz 2002). Such investigations have been carried out within the framework
of the quantum theory of line formation (Landi Degl’Innocenti 1983), which al-
lows us to formulate scattering polarization problems taking into account a key
physical ingredient that had been previously neglected: ground-level atomic po-
larization (i.e. the existence of population imbalances and/or coherences among
the Zeeman sublevels of the lower-level of the spectral line under consideration).

Let us consider the modelling issue of the ‘enigmatic’ linear polarization sig-
natures of the Ca 11 IR triplet observed by Stenflo et al. (2000) in ‘quiet’ regions
close to the solar limb. This topic has been investigated in detail by Manso Sainz
& Trujillo Bueno (2001) and by Trujillo Bueno & Manso Sainz (2002), who have
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Figure 7. The fractional linear polarization of the Ca 11 IR triplet
calculated at p = 0.1 (about 5" from the limb) in an isothermal model
of the solar chromosphere. Each curve corresponds to the indicated
inclination (6g) of the assumed random-azimuth magnetic field. From
Trujillo Bueno & Manso Sainz (2002).

developed a general multilevel scattering polarization computer program for the
numerical simulation of the Hanle and Zeeman effects in weakly magnetized stel-
lar atmospheres. Firstly, we considered the zero magnetic field reference case
and demonstrated that the ‘enigmatic’ @/I amplitudes observed by Stenflo et
al. (2000) are the natural consequence of the existence of sizeable amounts of
population imbalances in the metastable levels 2Dj /2 and 2Dy /2 (which are the
lower-levels of the Ca 11 IR triplet). Secondly, we have investigated the Hanle
effect in the IR triplet at 8498, 8542 and 8662 A considering a realistic multi-
level atomic model. Fig. 7 shows the fractional linear polarization calculated at
1= 0.1 (about 5" from the limb) assuming magnetic fields of given inclination,
but with a random azimuthal component within the spatio-temporal resolution
element of the observation.

The results of Fig. 7 are very interesting. They indicate that by comparing
the observed fractional polarization amplitudes in the three IR lines, we may
hope to investigate empirically whether or not milligauss fields in the ‘quiet’
solar chromosphere can have a sizable filling factor. Thus, if the Q/I line-core
amplitudes of 0.035%, 0.13% and 0.12% reported by Stenflo et al. (2000) are
really accurate, then we could explain them via a distribution of sub-gauss fields
with pretty chaotic field lines. On the other hand, if one opts for chromospheric
fields with strengths in the gauss range, then we see in Fig. 7 that there are
two possible magnetic-field topologies for which the limb polarization signals
of the 8542 and 8662 A lines can have amplitudes with Q/I > 0.1% (i.e. of
the order of the observed ones). As one could have expected, the first topology
corresponds to magnetic fields with inclinations 5 < 30° (because the Hanle
effect is not efficient for vertical fields). The second corresponds to magnetic
fields which are practically parallel to the solar surface, i.e. ‘horizontal’ fields
with 80° < #p < 100°.
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Figure 8. Inclination (fp), azimuth (xp) and strength (in gauss)
of the magnetic field vector inferred from the observed polarization
in the He 1 10830 multiplet at consecutive spatial points along the
spectrograph slit.

The physical interpretation of our own spectropolarimetric observations of
the Ca 11 IR triplet in terms of the Hanle and Zeeman effects indicates that
the topology of the solar chromospheric field is considerably more complex than
previously thought, and with a distribution of field strengths. A physically
plausible scenario that might lead to polarization signals in agreement with the
observations is that resulting from the superposition of miriads of different loops
of magnetic field lines connecting opposite polarities.

5. Coronal magnetism and solar prominences

Let us illustrate with a particularly interesting example (i.e. the case of so-
lar prominences) the diagnostic method by means of which we should be able
to investigate in the near future the magnetic fields of the solar corona via
spectropolarimetric observations of coronal forbidden lines using the Advanced
Technology Solar Telescope (ATST).

Solar prominences are relatively cool and dense ribbons of plasma located
tens of thousands of kilometers above the visible ‘surface’ of the Sun and em-
bedded in the 10° K solar corona. As pointed out by Priest (1989), prominences
represent interesting astrophysical systems where magnetic fields are interacting
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with plasma in subtle ways, where dense plasma is being supported against grav-
ity and where thermal instability is producing a cool condensation, and so by
studying these fascinating objects in detail we can learn how these fundamental
processes are likely to operate elsewhere in the Universe. On the other hand,
the eruption of a prominence often produces a coronal mass ejection which may
have a dramatic influence on near-Earth space weather.

The Tenerife Infrared Polarimeter allows us to measure the four Stokes
parameters with an unprecedented degree of sensitivity in the near IR. Using
this instrument attached to the German Vacuum Tower Telescope and modelling
the observed spectral line polarization within the framework of the quantum
theory of line formation, we are investigating the three-dimensional structure of
the magnetic fields that confine the plasma of solar prominences (see our first
results in Trujillo Bueno et al. 2002b). To this end, we have developed suitable
inversion algorithms for deriving the magnetic field vector from the observed
polarization in the He 1 10830 multiplet. Figure 3 in the letter by Trujillo
Bueno et al. (2002b) contrasts our theoretical modelling versus the observed
Stokes profiles in one of the many prominences we have observed. Figure 8
below shows that the magnetic field vector in a prominence that was located
at the solar south pole is rotating around a fixed direction in space (given by
0p~25° and xp~2168°) as we move along consecutive spatial points (Merenda,
Trujillo Bueno, Landi Degl’Innocenti & Collados 2002; in preparation). This is
very interesting because the slit-jaw image of the observed polar prominence was
actually formed by several nearly vertical threads of plasma and the spectrograph
slit was crossing them at a given height above the solar limb.

6. Concluding remarks

Polarized light provides the most reliable source of information at our disposal
for the remote sensing of astrophysical magnetic fields, including those on the
Sun. Although substantial progress has been made in recent years concerning
the theory and numerical modelling of the generation and transfer of polarized
radiation in stellar atmospheres, we are still crying for suitable polarimeters for
the present generation of 10-m class telescopes. In solar physics we have wit-
nessed interesting observational discoveries thanks to the development of novel
polarimeters like the ASP, ZIMPOL or TIP. However, in order to open a true
empirical window on the magnetism of the extended solar atmosphere, we need
urgently an UV polarimeter in a space telescope and a cleverly-designed large
ground-based solar telescope optimized for spectropolarimetric observations, and
installed on an excellent site like that chosen by Scharmer et al. (2002) for the
Swedish 1-m Solar Telescope.
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