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ABSTRACT

Solar physicists can now proclaim with confidence that
with the Zeeman effect and the available telescopes we
can see only∼1% of the complex magnetism of the Sun.
This is indeed regrettable because many of the key prob-
lems of solar and stellar physics, such as the magnetic
coupling to the outer atmosphere and the coronal heat-
ing, will only be solved after deciphering how signifi-
cant is the small-scale magnetic activity of the remain-
ing ∼99%. The first part of this paper1 presents a gentle
introduction to Quantum Spectropolarimetry, emphasiz-
ing the importance of developing reliable diagnostic tools
that take proper account of the Paschen-Back effect, scat-
tering polarization and the Hanle effect. The second part
of the article highlights how the application of quantum
spectropolarimetry to solar physics has the potential to
revolutionize our empirical understanding of the Sun’s
hidden magnetism.

Key words: Solar and Stellar Magnetic Fields, Spec-
tropolarimetry, Level crossings and optical pumping.

1. INTRODUCTION

With the term “the Sun’s hidden magnetism” I would like
to refer to all those solar magnetic fields that with the
available telescopes remain practically invisible to the
Zeeman effect. The following examples belong to this
category:

• ∼99% of the magnetism of the ‘quiet’ solar photo-
sphere.

• The solar chromosphere outside active regions.
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• The dynamic jets that we call spicules.

• The magnetic fields that confine the plasma of solar
prominences.

• The magnetism of the solar transition region and
corona.

Unfortunately, our empirical knowledge of the Sun’s hid-
den magnetism is still very primitive, especially concern-
ing the outer solar atmosphere (chromosphere, transition
region and corona). This is very regrettable becausemany
of the physical challenges of solar and stellar physics
arise precisely from magnetic processes taking place in
such outer regions.

One option to improve the situation is to work hard to
achieve a powerful (European?) ground-based solar fa-
cility optimized for high-resolution spectropolarimetric
observations. Some relevant efforts are going into this di-
rection, but we should also start thinking seriously on the
enormous scientific interest of putting a high-sensitivity
UV polarimeter in a solar space telescope (Trujillo Bueno
et al. 2005b; see also Section 4.4). A second possibility is
to try to create our own Sun in the computer, learning as
much as possible from radiative magnetohydrodynamic
numerical experiments. A third option is to give a chance
to what I like to callQuantum Spectropolarimetry, that is,
the possibility of diagnosing solar and stellar magnetic
fields via the interpretation of spectral line polarization
signals caused by a variety of unfamiliar physical pro-
cesses, such as optical pumping, the Hanle effect, level-
crossings and anti-level-crossings interferences, etc. Ob-
viously, all three options should be pursued and cleverly
combined to facilitate new advances in solar and stellar
magnetism.

The emphasis of this keynote article is on the application
of quantum spectropolarimetry to solar physics. The first
part of the paper presents a ‘gentle’ introduction to this
emerging field of research, emphasizing the importance
of developing diagnostic tools that take proper account
of the Zeeman and Paschen-Back effects, scattering po-
larization and the Hanle effect. Only in this way may
we hope to investigate the strength and topology of stel-
lar magnetic fields in a parameter domain which ranges



from field intensities as low as 1 milligauss to many thou-
sands of gauss. The second part of the article shows some
recent applications in solar physics with emphasis on the
hidden magnetic fields of the photosphere, chromosphere
and corona.

2. GENERATION OF POLARIZED RADIATION

It is suitable to begin by recalling that the state of polar-
ization of a quasi-monochromatic beam of electromag-
netic radiation can be conveniently characterized in terms
of four quantities that can be measured by furnishing our
telescopes with a polarimeter. Such observables are the
four Stokes parameters (I, Q, U, V ), which were formu-
lated by Sir George Stokes in 1852 and introduced into
astrophysics by the Nobel laureate Subrahmanyan Chan-
drasekhar in 1946. The Stokes I(!) profile represents
the intensity as a function of wavelength, Stokes Q(!)
the intensity difference between vertical and horizontal
linear polarization, Stokes U(!) the intensity difference
between linear polarization at +45◦ and −45◦, while
Stokes V (!) the intensity difference between right- and
left-handed circular polarization (cf. Born &Wolf 1994).
Note that the definition of the StokesQ andU parameters
requires first choosing a reference direction for Q > 0 in
the plane perpendicular to the direction of propagation.

Let us now review the most important mechanisms that
induce (and modify) polarization signatures in the spec-
tral lines that originate in stellar atmospheres: the Zee-
man and Paschen-Back effects, scattering processes and
the Hanle effect.

2.1. The Zeeman effect

As illustrated in Figure 1, the Zeeman effect requires the
presence of a magnetic field which causes the atomic
and molecular energy levels to split into different mag-
netic sublevels characterized by their magnetic quantum
numberM (Condon & Shortley 1935). Each level of to-
tal angular momentum J splits into (2J + 1) sublevels,
the splitting being proportional to the level’s Landé fac-
tor, gJ , and to the magnetic field strength. As a re-
sult, a spectral line between a lower level with (Jl, gl)
and an upper level with (Ju, gu) is composed of several
individual components whose frequencies are given by
"JuMu

JlMl
= "0 + "L(guMu − glMl), where "0 is the fre-

quency of the line in the absence of magnetic fields and
"L = 1.3996×106B is the Larmor frequency (with B
the magnetic field strength expressed in gauss). In par-
ticular, a line transition with Jl = 0 and Ju = 1 has
three components (see Fig. 1): one # component cen-
tered at "0 (or at !0), one $red component centered at
"0 − gu"L (or at !0 + gu∆!B), and one $blue compo-
nent centered at "0 + gu"L (or at !0 − gu∆!B), where
∆!B = 4.6686×10−13!2

0B (with !0 in Å and B in
gauss).

The important point to remember is that the polarization
signals produced by the Zeeman effect are caused by the
wavelength shifts between the # (∆M = Mu −Ml = 0)
and $b,r (∆M = ±1) transitions. Such wavelength shifts
are also the physical origin of the spectral line polariza-
tion induced by the Paschen-Back effect discussed below
in Section 2.5, since the only difference with respect to
the linear Zeeman effect theory considered here lies in
the calculation of the positions and strengths of the vari-
ous # and $ components.

Figure 1. The oscillator model for the Zeeman effect indi-
cating the characteristic shapes of the circular and linear
polarization profiles as generated locally via the emission
process. It is important to note that the Stokes V (!) pro-
file changes its sign for opposite orientations of the mag-
netic field vector, while the Stokes Q(!) profile reverses
sign when the transverse field component is rotated by
±90◦.

The Zeeman effect is most sensitive in circular polar-
ization (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 natu-
ral width of the atomic levels!), and in such a way that
the emergent Stokes V (!) profile changes its sign for op-
posite 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 polar-
ities within the spatio-temporal resolution element of the
observation, the measured circular polarization would be
exactly zero if the thermodynamic and dynamic proper-
ties of the mixed magnetic components are similar. The
antisymmetric shape of the Stokes V (!) profiles illus-
trated in Fig. 1 can be easily understood by noting the
expression of the Stokes-V component of the emission
vector:

%V =
h"

4#
NuAul

1
2
[&red − &blue] cos', (1)

where ' is the angle between the magnetic field vector
and the line of sight, Aul the Einstein coefficient for the
spontaneous emission process, Nu the number of atoms
per unit volume in the upper level of the line transition un-
der consideration, while &red and &blue are profiles that
result from the superposition of the Voigt functions corre-
sponding to each individual component. & red is displaced
to the red side of the central wavelength !0, and &blue to
the blue side. For instance, for the particular case of a
line transition with Jl = 0 and Ju = 1, &red is a Voigt
profile centered at !0 + gu∆!B and &blue a Voigt profile
centered at !0 − gu∆!B .

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 (quan-
tified by the Stokes Q and U parameters) that are nor-
mally below the noise level of present observational pos-
sibilities for intrinsically weak fields (typically B< 100
gauss for solar spectropolarimetry). The Stokes Q and
U profiles induced by the Zeeman effect at a given point
in a magnetized plasma have a three-lobe shape which is
also illustrated in Fig. 1. This characteristic shape can
be easily understood by noting that the expression of the
Stokes-Q component of the emission vector is:

%Q =
h"

4#
NuAul

1
2
[&! − (

&red + &blue

2
)] sin2' cos2(,

(2)
where ( is the angle that the projection line of the mag-
netic field vector on the plane perpendicular to the di-
rection of propagation forms with the reference direction
chosen forQ > 0.

Figure 2 shows an interesting example of Stokes profiles
produced by the solar atmospheric plasma. The top panel
is a section of the Fraunhofer spectrum between 4602 Å
and 4610 Å showing the familiar absorption lines corre-
sponding to several chemical elements. The remaining
panels give the fractional polarizationsX(!)/I(!) (with
X = Q, U, V ). The spectrograph slit was placed paral-
lel to and 2.5 arcsec inside the limb (at µ = 0.07, where
µ is the cosine of the heliocentric angle), such that half
of the slit covers a significantly magnetized region, while
the other half lies outside it. In the magnetically active re-
gion (which corresponds to the lower half of each of the
four panels of Fig. 2) we see the characteristic signatures
of the Zeeman effect. The V/I panel shows the typical

Figure 2. Spectropolarimetric observation close to the
edge of the solar disk with half of the spectrograph slit
crossing a moderately magnetized facular region. Note
that while the characteristic signature of the longitudi-
nal Zeeman effect is present at all spatial points along
the slit, the signature of the transverse Zeeman effect dis-
appears as soon as one goes outside the facular region.
Interestingly, the only spectral line which shows linear
polarization outside the facular region is the Sr I line at
4607 Å with a Q/I shape that has nothing to do with the
transverse Zeeman effect. This spectropolarimetric ob-
servation was obtained by Stenflo (2002).

antisymmetric signature of the longitudinal Zeeman ef-
fect with a positive and a negative lobe for each spectral
line, while in the lower half of the panels for Q/I and
U/I we see the typical symmetric signature of the trans-
verse Zeeman effect with two lobes in the wings of oppo-
site sign to the central lobe. Interestingly, as soon as we
go outside the facular region (see the upper half of each
of the four panels in Fig. 2) we see that the amplitude
of the circular polarization is significantly reduced in all
atomic lines, while practically the only existing linear po-
larization signal is the Q/I peak corresponding to the Sr
I line at 4607 Å . However, the shape of this Q/I profile
is Gaussian-like, suggesting that it is not produced by the
transverse Zeeman effect. If it does not result from the
Zeeman effect, what, then, could its physical origin be?

2.2. Atomic level polarization

The amplitudes of polarization signals induced by the
Zeeman effect are very small when the Zeeman splitting
is a very small fraction of the spectral line width. If there



is no Zeeman splitting, there is no wavelength shift be-
tween the # and $ transitions, and there is no measur-
able polarization because the polarizations of such com-
ponents cancel out. However, it is easy to see that this
is only true if the populations of the magnetic sublevels
pertaining to the lower and/or upper levels of the spectral
line under consideration are assumed to be identical.

To this end, consider the case of a line transition with
Jl = 0 and Ju = 1 and choose the quantization axis
of total angular momentum along the solar radius vec-
tor through the observed point. Assume that the popula-
tion of the upper-level magnetic sublevel with Mu = 0
is smaller than the populations of the magnetic sublevels
with Mu = ±1. As a result, even in the absence of a
magnetic field (zero Zeeman splitting), we can have a
non-zero linear polarization signal, simply because the
number of $ transitions per unit volume and time will be
larger than the ensuing number of # transitions. Thus, a
more general expression for the Stokes-Q component of
the emission vector would be the following2

%Q =
h"

4#
3Aul

1
2
[ )1(0, 0)&! − (3)

− (
)1(−1,−1)&red + )1(1, 1)&blue

2
) ]sin2',

where ' is the angle between the quantization axis of to-
tal angular momentum (chosen here along the solar ra-
dius vector through the observed point) and the line of
sight, while )Ju(M, M) is the population of the upper-
level sublevel with magnetic quantum number M . This
expression shows clearly that in the absence of a mag-
netic field (i.e., when &! = &red = &blue because their
central wavelengths coincide at !0 for B = 0 gauss) the
Stokes-Q profile is equal to the difference between two
Voigt profiles: one (resulting from the # transition) cen-
tered at !0 and an extra one (resulting from the $ transi-
tions) centered also at !0 but of greater amplitude. This
is precisely the explanation of the curious linear polariza-
tion of the Sr I line seen Fig. 2, as observed in “quiet”
regions close to the edge of the solar disk. Given that this
spectral line has Jl = 0, its linear polarization is totally
due to the selective emission processes resulting from the
population imbalances of the upper level.

On the other hand, it is very important to understand that
whenever the Zeeman splitting is a very small fraction of
the spectral line width, spectral lines with Jl = 1 and
Ju = 0 can produce linear polarization only if there ex-
ist population imbalances among the magnetic sublevels
of their lower-level. If this is the case, then linear polar-
ization can be generated via the selective absorption re-
sulting from the population imbalances of the lower level
(Trujillo Bueno & Landi Degl’Innocenti 1997; Trujillo
Bueno 1999, 2001, 2003a; Trujillo Bueno et al. 2002a).
The same applies to Jl = 3/2→Ju = 1/2 transitions,
like the !8662 Å line of the Ca II IR triplet (Manso Sainz
& Trujillo Bueno 2003). Interestingly, lower-level atomic

2I have chosen here the positive reference direction for Q > 0 such
that cos2! = 1.

polarization and the ensuing selective absorption mecha-
nism (i.e., ‘zero-field’ dichroism) is the physical origin
of the ‘enigmatic’ signals of the linearly-polarized solar
limb spectrum (or second solar spectrum) which has been
discovered recently using novel polarimeters that allow
the detection of very low amplitude polarization signals
(with 10−6 < Q/I < 10−3; see Stenflo & Keller 1997;
Stenflo et al. 2000; Gandorfer 2000, 2002, 2005).

In summary, spectral line polarization can be produced by
the mere presence of atomic level polarization, i.e., by the
existence of population imbalances among the sublevels
pertaining to the upper and/or lower atomic levels in-
volved in the line transition under consideration. 3 Upper-
level polarization imply sources of polarization (through
the emission process), while lower-level polarization pro-
duce sinks of polarization (through the absorption pro-
cess).

2.3. Anisotropic radiation pumping

What is the key physical mechanism that induces atomic
level polarization in a stellar atmosphere? The answer
lies in the the anisotropic illumination of the atoms. This
is easy to understand by considering the academic case
of a unidirectional unpolarized light beam that illumi-
nates a gas of two-level atoms with Jl = 0 and Ju = 1
and that is propagating along the direction chosen as the
quantization axis of total angular momentum. Since these
atoms can only absorb ±1 units of angular momentum
from the light beam, only transitions corresponding to
∆M = ±1 are effective, so that no transitions occur
to the M = 0 sublevel of the upper level. Thus, in the
absence of any relaxation mechanisms, the upper-level
sublevels with M = 1 and M = −1 would be more
populated than the M = 0 sublevel and the alignment
coefficient )2

0(Ju = 1) = (N1 − 2N0 + N−1)/
√

6 would
have a positive value.

Upper-level selective population pumping occurs when
some upper state sublevels have more chance of being
populated than others. On the contrary, as illustrated in
Fig. 3, lower-level selective depopulation pumping oc-
curs when some lower state sublevels absorb light more
strongly than others. As a result, an excess popula-
tion tends to build up in the weakly absorbing sublevels
(Kastler 1950; Happer 1972; Trujillo Bueno & Landi
Degl’Innocenti 1997; Trujillo Bueno 1999, 2001; Tru-
jillo Bueno et al. 2002a; Manso Sainz & Trujillo Bueno
2003). It is also important to note that line transitions be-
tween levels having other total angular momentum val-
ues (e.g., Jl = Ju = 1) permit the transfer of atomic
polarization between both levels via a process called re-
population pumping (e.g., lower-level atomic polariza-
tion can result simply from the spontaneous decay of a
polarized upper level). The presence of a magnetic field

3As we shall see below while introducing the Hanle effect, the con-
cept of atomic polarization includes also the possibility of quantum in-
terferences (or coherences) among the magnetic sublevels of each J-
level, and even among those belonging to different J-levels.



Figure 3. Illustration of the atomic polarization that is in-
duced in the lower level of a two-level atom (with Jl = 1
and Ju = 0) by two types of anisotropic illuminations
(a and b). The incident radiation field is assumed to be
unpolarized and with axial symmetry around the vertical
direction, which is our choice here for the quantization
axis of total angular momentum. In both cases, an ex-
cess population tends to build up in the weakly absorbing
sublevels. Note that the alignment coefficient of the lower
level (i.e. )2

0 = (N1−2N0+N−1)/
√

6,Ni being the pop-
ulations of the magnetic sublevels) is negative in case (a)
(where the incident beam is parallel to the quantization
axis), but positive in case (b) (where the incident beams
are perpendicular to the quantization axis). The physical
understanding of the information provided in this figure
is left as an exercise to the reader.

is not necessary for the operation of such optical pumping
processes, which can be particularly efficient in creating
atomic polarization if the depolarizing rates from elastic
collisions are sufficiently low. Figure 4 illustrates the type
of anisotropic illumination in the outer layers of a stellar
atmosphere.

2.4. The Hanle effect

The Hanle effect is the modification of the atomic-level
polarization (and of the ensuing observable effects on the
emergent Stokes profiles Q and U ) caused by the action
of a magnetic field inclined with respect to the symmetry
axis of the pumping radiation field. The basic formula
to estimate the magnetic field intensity, BH (measured
in gauss), sufficient to produce a sizable change in the
atomic level polarization results from equating the Zee-
man splitting with the natural width (or inverse lifetime)
of the energy level under consideration:

2#"L gJ = 8.79×106 BH gJ ≈ 1/tlife , (4)

where "L is the Larmor frequency, while gJ and tlife are,
respectively, the Landé factor and the level’s lifetime (in
seconds), which can be either the upper or the lower level
of the chosen spectral line. The application of this ba-

Figure 4. Anisotropic illumination of the outer layers of
a stellar atmosphere, indicating that the outgoing con-
tinuum radiation shows limb darkening while the incom-
ing radiation shows limb brightening. The ‘degree of
anisotropy’ of the incident radiation field is quantified
by A = J2

0/J0
0 , where J0

0 is the familiar mean intensity
and J2

0≈
!

d"!
4!

1
2
√

2
(3µ2 − 1)I#,"! (with I#,"! the Stokes-I

parameter as a function of frequency " and direction *Ω,
while µ = cos ', with ' the polar angle with respect to
the Z-axis). The possible values of the ‘anisotropy factor’
W =

√
2A vary between W = −1/2, for the limiting

case of illumination by a purely horizontal radiation field
without any azimuthal dependence (case b of Fig. 3), and
W = 1 for purely vertical illumination (case a of Fig. 3).
It is important 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 emer-
gent linear polarization. We choose the positive direction
for the Stokes-Q parameter along the X-axis, i.e. along
the perpendicular direction to the stellar radius vector
through the observed point. The inset shows the wave-
length dependence of the anisotropy factor correspond-
ing to the center to limb variation of the observed solar
continuum radiation.

sic formula to the upper and lower levels of typical spec-
tral lines shows that the Hanle effect may allow us to di-
agnose stellar magnetic fields having intensities between
milligauss and a few hundred gauss, i.e., in a parameter
domain that is very hard to study via the Zeeman effect
alone.

Figure 1 of Trujillo Bueno (2001) illustrates the oscillator
model for the Hanle effect including a detailed classical
description of the influence of a weak magnetic field on
the linear polarization caused by scattering processes (see
also Hanle 1924, Mitchell & Zemansky 1934, Stenflo
1994, Landi Degl’Innocenti& Landolfi 2004). In order to
point out that depending on the scattering geometry, the
Hanle effect can either destroy or create linear polariza-
tion in spectral lines, let us consider scattering processes
in a Jl = 0→Ju = 1 line transition for the following
two geometries: 90◦ scattering and forward scattering.

(a) 90◦ scattering



Figure 5 illustrates the 90◦ scattering case, in the absence
and in the presence of a magnetic field. For this geome-
try the largest polarization amplitude occurs for the zero
field reference case, with the direction of the linear polar-
ization as indicated in the top panel (i.e, perpendicular to
the scattering plane).

The two lower panels illustrate what happens when the
scattering processes take place in the presence of a mag-
netic field pointing (a) towards the observer (left panel)
or (b) away from him/her (right panel). In both situa-
tions the polarization amplitude is reduced with respect
to the previously discussed unmagnetized case. More-
over, the direction of the linear polarization is rotated
with respect to the zero field case. Typically, this rotation
is counterclockwise for case (a), but clockwise for case
(b)4. Therefore, when opposite magnetic polarities coex-
ist within the spatio-temporal resolution element of the
observation the direction of the linear polarization is like
in the top panel of Fig. 5, simply because the rotation
effect cancels out. However, the polarization amplitude
is indeed reduced with respect to the zero field reference
case, which provides an “observable” that can be used for
obtaining empirical information on hidden, mixed polar-
ity fields at subresolution scales in the solar atmosphere
(Stenflo 1982; Trujillo Bueno et al. 2004).

Figure 5. The 90◦ scattering case in the absence (top
panel) and in the presence (bottom panels) of a deter-
ministic magnetic field.

(b) Forward scattering

Figure 6 illustrates the case of forward scattering, in the
absence and in the presence of a magnetic field. In this
geometry we have zero polarization for the unmagnetized

4This occurs when the Landé factor, gL, of the transition’s upper
level is positive, while the opposite behavior takes place if gL<0.

reference case, while the largest linear polarization (ori-
ented along the direction of the external magnetic field) is
found for “sufficiently strong” fields (i.e., for a magnetic
strength such that the ensuing Zeeman splitting is much
larger than the level’s natural width).

Figure 6. The forward scattering case, in the absence
(top panel) and in the presence (bottom panel) of a deter-
ministic magnetic field.

In other words, in the presence of an inclined magnetic
field that breaks the symmetry of the scattering polariza-
tion problem, forward scattering processes can produce
linear polarization signals in spectral lines. In this case,
the linear polarization is created by the Hanle effect, a
physical phenomenon that has been clearly demonstrated
via spectropolarimetry of solar coronal filaments in the
He I 10830 Å multiplet (Trujillo Bueno et al. 2002a).

The He I 10830 Å multiplet originates between a lower
term (23S1) and an upper term (23P2,1,0). Therefore,
it comprises three spectral lines: a ‘blue’ component
at 10829.09 Å (with Jl = 1 and Ju = 0), and two
‘red’ components at 10830.25 Å (with Ju = 1) and at
10830.34 Å with (Ju = 2) which appear blended at so-
lar atmospheric temperatures. It is important to point out
that the upper level of the ‘blue’ line cannot carry any
atomic polarization because its total angular momentum
is Ju = 0. Therefore, whenever the Zeeman splitting is a
very small fraction of the spectral line width, the only
mechanism capable of producing linear polarization in
the blue line is the selective absorption that results from
the population imbalances of the lower level with J l = 1.
However, linear polarization in the ‘red’ line can be pro-
duced by both selective emission and selective absorp-
tion. Figure 7 shows an illustrative example of the cre-
ation of linear polarization signals by the Hanle effect in
forward scattering at the solar disk center. Observations
of this type of forward scattering polarization signals can
be seen in Trujillo Bueno et al. (2002a), Collados et al.
(2003) and Lagg et al. (2004).



Figure 7. Model calculation of the emergent Stokes pro-
files of the He I 10830 Å multiplet at µ = 1 assuming
that a slab of helium atoms at a height of 3 arcseconds
in the solar atmosphere is permeated by a deterministic
magnetic field of 25 G with inclination 'B = 85◦ and az-
imuth (B = 65◦. While the Stokes V profile is caused
by the longitudinal Zeeman effect, the linear polariza-
tion profiles are entirely due the Hanle effect in forward
scattering. We note that if the horizontal component of
the magnetic field vector had been chosen parallel to the
positive reference direction for Stokes Q (i.e., (B = 0◦),
then U = 0 and Q < 0 in the ‘blue’ line and Q > 0 in
the ‘red’ line.

As seen in Figs. 5 and 6, the classical description of the
Hanle effect is relatively easy to understand (cf., Trujillo
Bueno 2001; Landi Degl’Innocenti & Landolfi 2004). In
what follows, I provide a very brief explanation within
the framework of quantum mechanics, since this is re-
quired for a deeper physical understanding of this fasci-
nating effect which has found so many interesting appli-
cations in physics (see Moruzzi & Strumia 1991).

To that end, we need to recall first the concept of quantum
coherence ()J(M, M ′)) between different magnetic sub-
levelsM andM ′ pertaining to each J-level. We say that
the quantum coherence )J (M, M ′) is non-zero when the
wave function presents a well defined phase relationship
between the pure quantum states |JM〉 and |JM

!〉. It is
actually very common to find non-zero coherences while
describing the excitation state of an atomic or molecular
system under the influence of a pumping radiation field.
Let us again consider a two-level atom with J l = 0 and
Ju = 1 that is being irradiated by an unpolarized radia-
tion beam. In the absence of magnetic fields, all coher-
ences of the upper level are zero if the quantization axis
of total angular momentum is chosen along the symmetry
axis of the pumping radiation beam. The same happens if
a magnetic field is aligned with the quantization axis and
this axis coincides with the symmetry axis of the radia-
tion field that ‘illuminates’ the atomic system. This is be-
cause unpolarized radiation propagating along the quanti-
zation axis can only produce incoherent excitation of the

upper-level sublevels with M = ±1.5 If we now rotate
the original reference system so that the new quantization
axis for total angular momentum forms a non-zero angle
with the symmetry axis of the radiation field, then non-
zero coherences arise in this new reference system, even
in the absence of a magnetic field. As shown below in Eq.
(5), a magnetic field will relax such quantum coherences.

We thus see that the most general description of the exci-
tation state of a J-level requires (2J +1)2 quantities: the
individual populations ()J(M, M)) of the (2J + 1) sub-
levels and the degree of quantum coherence between each
pair of them ()J(M, M ′)). These quantities are nothing
but the diagonal and non-diagonal elements of the atomic
density matrix associated with the J-level, as given by
the standard representation. Alternatively, we can use the
multipole components ()K

Q ) of the atomic density matrix,
which are given by linear combinations of )J(M, M ′).
The )K

Q elements with Q = 0 are real numbers given by
linear combinations of the populations of the various Zee-
man sublevels corresponding to the level of total angular
momentum J . The total population of the atomic level
J is proportional to

√
2J + 1)00(J), while the population

imbalances among the Zeeman sublevels are quantified
by )K

0 (e.g., )2
0(J = 1) = (N1 − 2N0 + N−1)/

√
6

and )10(J = 1) = (N1 − N−1)/
√

2). However, the
)K

Q elements with Q (=0 are complex numbers given by
linear combinations of the coherences between Zeeman
sublevels whose magnetic quantum numbers differ by Q
(e.g., )2

2(J = 1) = )(1,−1)). These multipole com-
ponents of the atomic density matrix provide the most
useful way of quantifying, at the atomic level, the infor-
mation we need for calculating the sources and sinks of
polarization. Thus, the )0

0 elements produce the dominant
contribution to the Stokes I parameter, the )1

Q elements
(the orientation components) affect the circular polariza-
tion, while the )2

Q elements (the alignment components)
contribute to the linear polarization signals.

The Hanle effect can be suitably summarized by the
following equation (Landi Degl’Innocenti & Landolfi
2004):

)K
Q (Ju) =

1
1 + iQΓu

[)K
Q (Ju)]B=0, (5)

where Γu = 8.79×106 B gJu/Aul and [)K
Q (Ju)]B=0

are the )K
Q elements for the non-magnetic case defined

in the reference frame in which the quantization axis is
aligned with the magnetic field vector. This equation
shows clearly that in the magnetic field reference frame
the population imbalances (i.e., the )K

Q elements with
Q = 0) are unaffected by the magnetic field, while the
)K

Q elements with Q (=0 are reduced and dephased with
respect to the non-magnetic case. The important point
to remember is that the Hanle effect modifies the emer-
gent Stokes Q and U profiles because the polarization

5Note that an unpolarized radiation beam may be considered as the
incoherent superposition of right-handed and left-handed circular polar-
ization.



of the light that is emitted and/or absorbed at each point
within the astrophysical plasma under consideration de-
pends sensitively on the local values of the )K

Q elements
along the line of sight.

Finally, it is interesting to mention that the Hanle effect
played a fundamental role in the development of quantum
mechanics because it led to the introduction and clarifi-
cation of the concept of coherent superposition of pure
states (Bohr 1924; Heisenberg 1925). As we have hinted
above, the Hanle effect is directly related to the genera-
tion of coherent superposition of degenerate Zeeman sub-
levels of an atom (or molecule) by a light beam.6 As the
Zeeman sublevels are split by the magnetic field, the de-
generacy is lifted and the coherences are modified. This
gives rise to a characteristic magnetic-field dependence of
the linear polarization of the scattered light that is finding
increasing application as a diagnostic tool for magnetic
fields in astrophysics (e.g., Asensio Ramos et al. 2005).

2.5. The Paschen-Back effect

As mentioned in Section 2.1, any atomic level of total
angular momentum quantum number J is split by the ac-
tion of a magnetic field into (2J +1) equally spaced sub-
levels, the splitting being proportional to the Landé factor
gJ and to the magnetic field strength. This well-known
result of first-order perturbation theory is correct only if
the splitting produced by the magnetic field on a J−level
is small compared to the energy separation between the
different J−levels of the (L, S) term under considera-
tion. In other words, the standard theory of the Zeeman
effect is valid only in the limit of “weak” magnetic fields.
Here, “weak” means that the coupling of either the spin
or the orbital angular momentum to the magnetic field is
weaker than the coupling between the spin and the orbital
angular momentum (the spin-orbit coupling). This is the
so-called Zeeman effect regime.

In the opposite limit, the magnetic field is so “strong” that
the spin-orbit interaction can be considered as a perturba-
tion compared to the magnetic interaction. In this case
the magnetic field dissolves the fine structure coupling –
that is, *L and *S are practically decoupled and precess in-
dependently around *B. Therefore, the quantum number
J loses its meaning. In this so-called complete Paschen-
Back effect regime the magnetic Hamiltonian is diagonal
on the basis |LSMLMS〉, and the term (L, S) splits into
a number of components, each of which corresponds to
particular values of (ML + 2MS).

Interestingly, since the spin-orbit coupling increases
rapidly with increasing nuclear charge, the conditions for
a “strong” field are met at a much lower field with light
atoms (like helium) than with heavy atoms. For instance,
the levels with J = 2 and J = 1 of the upper term 23P of
the He I 10830 Å multiplet cross for magnetic strengths

6A coherent superposition of two or more sublevels of a degenerate
atomic level is a quantum mechanical state given by a linear combina-
tion of pure states of the atomic Hamiltonian.

between 400 G and 1500 G, approximately. This level-
crossing regime corresponds to the incomplete Paschen-
Back effect regime, in which the energy eigenvectors are
gradually evolving from the form |LSJM〉 to the form
|LSMLMS〉 as the magnetic field increases. This range
between the limiting cases of “weak” fields (Zeeman ef-
fect regime) and “strong” fields (complete Paschen-Back
regime) is more difficult to analyze since it requires a nu-
merical diagonalization of the hamiltonian.

Socas-Navarro et al. (2004a) have pointed out that the de-
termination of the magnetic field vector via the analysis
of the observed polarization in the He I 10830 Å multiplet
must be carried out considering the wavelength positions
and the strengths of the Zeeman components in the in-
complete Paschen-Back effect regime, since it may lead
to emergent Stokes profiles significantly different from
those corresponding to the linear Zeeman regime. Figure
8 shows the emergent Stokes profiles for the same model
and magnetic field orientation of Fig. 7, but assuming
that the strength of the field is 600 G. Unfortunately, with
the only exception of Trujillo Bueno et al. (2002a), all
of the research done with the He I 10830 Å multiplet has
ignored this Paschen-Back effect. As it becomes obvious
from Fig. 8, inversion codes based on the linear Zeeman
effect theory (see, e.g., Lagg et al. 2004 and Solanki et
al. 2003) may lead to a significant underestimation of the
magnetic field strength. Fortunately, such codes can be
easily improved via the use of the polynomial approxi-
mants provided by Socas-Navarro et al. (2005) for the
calculation of polarization profiles in the He I 10830 Å
multiplet.

2.6. The anti-level-crossings effect

In the absence of level crossings between the J-levels of
the (L, S) term under consideration, or between the ensu-
ing F -levels for the case of a hyperfine structured (HFS)
multiplet like the Na I D2 line, the theory of the Hanle
effect predicts no modification of the emergent linear po-
larization with increasing strength of a magnetic field ori-
ented parallel to the symmetry axis of the pumping ra-
diation field (e.g., Stenflo 1994). For this reason, it is
commonly believed that the scattering polarization is to-
tally insensitive to vertical magnetic fields and that in so-
lar limb observations we can only expect to measure the
Hanle depolarization caused by inclined magnetic fields.

It is however important to note that this conventional view
applies only to ‘simple’ lines like that of Sr I at !4607,
but not to lines that result from transitions between spec-
tral terms whose J-levels (or F -levels for the case of
HFS multiplets) cross for a given range of magnetic field
strengths. Thus, as shown in Fig. 2 of Trujillo Bueno et
al. (2002b), the scattering polarization in the Na I D2 line
increases steadily with the magnetic strength, for vertical
fields between about 10 and 100 gauss. This is caused
by the quantum interferences, )2

Q(F, F ′), among differ-
ent HFS levels in the P3/2 upper level. In fact, in the 10–
50 gauss range, numerous level crossings occur among



Figure 8. Model calculation of the emergent Stokes pro-
files of the He I 10830 Å multiplet at µ = 1 assuming
that a slab of helium atoms at a height of 3 arcseconds
in the solar atmosphere is permeated by a deterministic
magnetic field of 600 G with inclination 'B = 85◦ and
azimuth (B = 65◦. Only the influence of the Zeeman
splitting is taken into account (i.e., atomic level polariza-
tion is disregarded in this illustrative example). Among
several other differences, note that the calculation using
the splittings and strengths of the linear Zeeman theory
(dashed-line) produces Stokes profiles of larger ampli-
tude than those corresponding to the incomplete Paschen-
Back effect theory (solid line).

the magnetic sublevels of the HFS levels with F = 1, 2,
and 3 of theP3/2 upper-level of the Na I D2 line. Interest-
ingly, the theoretical prediction that vertical fields in the
solar atmosphere produce magnetic enhancement of the
scattering polarization in the Na I D2 line (see Trujillo
Bueno et al. 2002b), has been observationally confirmed
by Stenflo et al. (2002) in a particularly interesting paper
on Stokes vector imaging of the sodium doublet with a
narrow-band universal filter.

Another very interesting example is shown in Fig. 9,
which gives the emergent fractional linear polarization
of the Ba II D2 line in 90◦ scattering geometry for in-
creasing values of the magnetic strength of the assumed
vertical field. The solid line profile, which corresponds
to the zero field case, is very similar to the observation
that Stenflo & Keller (1997) obtained in a very quiet re-
gion close to the solar limb. As pointed out by Stenflo
(1997), the central Q/I peak is due to the barium iso-
topes whithout hyperfine-structure (whose relative abun-
dance amounts to 82%), while the two Q/I peaks in the
wings are due to the odd isotopes (which have hyperfine-
structure with nuclear spin I = 3/2 and a relative abun-
dance of 18%). Therefore, our theoretical prediction is
that in the D2 line of Ba II we should also see enhance-
ment of scattering polarization by a vertical field, but only
at such wing positions because the required level cross-
ings occur only between the F-levels of the P3/2 upper
level of the barium isotopes endowed of hyperfine struc-

ture. For the isotope 137 such level crossings occur be-
tween 50 and 500 G, approximately. As seen in Fig.
9, the central Q/I peak remains practically constant be-
tween 0 and 100 G, while as expected the two peaks in
the wings increase with the strength of the vertical mag-
netic field. For magnetic fields stronger than 100 G the
polarization is dominated by the transverse Zeeman ef-
fect, whose contribution is however not completely neg-
ligible for weaker fields and should always be calculated
within the framework of the incomplete Paschen-Back ef-
fect theory (Belluzzi et al. 2006).

Figure 9. Theoretical calculation of the emergent linear
polarization of the Ba II D2 line in 90◦ scattering geome-
try for increasing values of the assumed vertical magnetic
field. The positive reference direction for Stokes Q is the
parallel to the solar limb. From Belluzzi et al. (2006).

The physical origin of this fascinating phenomenon is the
so-called anti-level-crossings effect, which as pointed out
by Bommier (1980) is related to the non-linear effect of
the magnetic field on the energy levels in the transition
from the Zeeman effect to the Paschen-Back effect.

In summary, the observation and modeling of the anti-
level-crossings effect in suitably chosen spectral lines,
such as the D2 lines of Na I and Ba II, offers a very
attractive diagnostic window for mapping the magnetic
fields of the upper photosphere and chromosphere (e.g.,
via two-dimensional polarimetry with a tunable filter or
with a Fabry-Perot interferometer).

3. TRANSFER OF POLARIZED RADIATION

In general, the physical interpretation of spectral line
polarization requires calculating, for multilevel systems,
the excitation and ionization state of chemical species
of given abundance that is consistent with both the in-
tensity and polarization of the radiation field generated
within the (generally magnetized) plasma under consid-
eration. This is a very involved non-local and non-linear
radiative transfer (RT) problem which requires solving



the rate equations for the elements of the atomic density
matrix (see below) and the Stokes-vector transfer equa-
tion for each of the allowed transitions in the multilevel
model (e.g., Trujillo Bueno 2003b; Landi Degl’Innocenti
& Landolfi 2004). Once such a selfconsistent excitation
state is known along the line of sight, it is then straight-
forward to solve the transfer equation in order to obtain
the emergent Stokes profiles to be compared with spec-
tropolarimetric observations.

3.1. The Stokes-vector transfer equation

In the polarized case, instead of the standard RT equa-
tion for the specific intensity I(x, *Ω) one has to solve, in
general, the following vectorial transfer equation for the
Stokes vector I(x, *Ω) = (I, Q, U, V )† († = transpose):

d

ds
I = e− KI, (6)

where s measures the geometrical distance along the ray
of direction *Ω, e is the emission vector, andK the prop-
agation matrix. The elements of the emission vector (that
is, %I , %Q, %U , and %V ) account for the contribution of
the spontaneous emission process to the intensity and po-
larization that is generated at each spatial point by the
physical mechanism under consideration. The propaga-
tion matrixK can be written as

"

#$

+I 0 0 0
0 +I 0 0
0 0 +I 0
0 0 0 +I

%

&' +

"

#$

0 +Q +U +V

+Q 0 0 0
+U 0 0 0
+V 0 0 0

%

&'

+

"

#$

0 0 0 0
0 0 )V −)U

0 −)V 0 )Q

0 )U −)Q 0

%

&' , (7)

which helps to clarify that it has three contributions: ab-
sorption (the first matrix, K1, which is responsible for
the attenuation of the radiation beam irrespective of its
polarization state), dichroism (the second matrix, K2,
which accounts for a selective absorption of the differ-
ent polarization states), and dispersion (the third matrix,
K3, which describes the dephasing of the different po-
larization states as the radiation beam propagates through
the medium). Actually, the situation is more complicated
(and interesting!) because in general the propagationma-
trix K = KA − KS, whereKA is the above-mentioned
contribution resulting from transitions from the lower-
level towards the upper-level, while KS is the contribu-
tion caused by the stimulated emission process. Thus,
KS

1 would be the amplificationmatrix (responsible for the
amplification of the radiation beam irrespective of its po-
larization state), KS

2 would be the dichroism matrix (re-
sponsible of a selective stimulated emission of different

polarization states), andKS
3 would be the corresponding

dispersion matrix. TakingKS
2 and KS

3 into account may
be of very great interest for new discoveries in the field of
astronomical masers (e.g., Asensio Ramos et al. 2005).

The general expressions of the components of the emis-
sion vector and of the propagation matrix are very in-
volved and will not be reproduced here (see Landi
Degl’Innocenti & Landolfi 2004). They are given in
terms of the )K

Q elements of the upper and lower lev-
els of the line transition under consideration and of line-
shape profiles, whose dependence on the magnetic quan-
tum numbers cannot be neglected when the Zeeman split-
tings are a significant fraction of the spectral line width.
Such general expressions simplify considerably for sev-
eral cases of practical interest. For instance, in the case of
scattering line polarization in weakly magnetized regions
of stellar atmospheres, %Q (+Q) is a direction-dependent
function of )2

Q(up) ()2Q(low)), with Q = 0, 1, 2, while
%U (+U ) is a different direction-dependent function of
)2Q(up) ()2Q(low)), but with Q = 1, 2. Thus, %Q and +Q

depend on both the population imbalances () 2
0) and the

quantum coherences (Re()2
1), Im()21), Re()22), Im()22)),

while %U and +U depend only on the coherences. Typi-
cally, in stellar atmospheres %I (+I ) is dominated by the
overall population of the upper (lower) levels (i.e. by
)00(up) or )00(low)).

Fortunately, there are situations of practical interest for
which the expressions of %Q and +Q simplify consider-
ably because the quantum coherences turn out to vanish
(i.e. )21 = )22 = 0). To this end, one has to choose the
quantization axis of total angular momentum along the
symmetry axis of the pumping radiation field (e.g., along
the stellar radius vector for a one-dimensional stellar at-
mosphere model) and to assume that either the medium is
unmagnetized or, for example, that the magnetic field is
everywhere microturbulent and isotropically distributed
with mixed magnetic polarities within very small scales
(i.e., below the mean-free path of the line photons). Un-
der these assumptions a very useful formula can be de-
rived which can be applied to estimate the emergent frac-
tional polarization at the core of a strong spectral line
for an observation along the line of sight specified by
µ = cos' (Trujillo Bueno 2001; 2003a):7

Q/I ≈ 3
2
√

2
(1 − µ2)[W $2

0(up) − Z $2
0(low)], (8)

where $2
0 = )20/)00 quantifies the fractional atomic align-

ment or degree of population imbalance of the upper
or lower level of the line transition under consideration,
while W and Z are simply numbers which depend on
the quantum numbers of the transition (e.g.,W = 1 and
Z = 0 for a triplet-type transition with Jl = 0 and
Ju = 1). Therefore, $2

0(J) = 0 if the magnetic sublevels
of the J-level turn out to be equally populated. Thus, the
fractional linear polarization Q/I = 0 if $2

0 = 0 in the
7In this expression, I have chosen the reference direction forQ > 0

along the parallel to the stellar limb, as illustrated in Fig. 4.



upper and lower levels of the spectral line under consider-
ation. In Eq. (8) the $2

0 values are those corresponding to
the optical depth , where ,/µ ≈ 1 (which means , = 0
for a solar limb observation at µ = 0). This expression
for Q/I shows clearly that the observed fractional polar-
ization produced by scattering processes in a given spec-
tral line in general has two contributions: one from the
fractional alignment of the upper-level ($ 2

0(up)) and an
extra one from the fractional alignment of the lower level
($2

0(low)). The first contribution (caused exclusively by
the emission events from the polarized upper level) is
the only one that is normally taken into account. How-
ever, the second contribution (caused by the selective ab-
sorption resulting from the population imbalances of the
lower level) plays the key role in producing the ‘enig-
matic’ linear polarization signals that have been discov-
ered recently in ‘quiet’ regions close to the solar limb, as
well as in solar coronal filaments (see the reviews by Tru-
jillo Bueno 1999, 2001, 2003a; see also Trujillo Bueno &
Manso Sainz 2002).

3.2. The rate equations for the elements of the
atomic density matrix

Since we are interested in the general Non-LTE case in
which both collisions and radiative transitions can in-
fluence the excitation state, we need also to consider
the master equation for the atomic density matrix (see
Cohen-Tannoudji et al. 1992; Landi Degl’Innocenti &
Landolfi 2004). Perhaps, the simplest and most famous
example of this approach is that formulated by Einstein,
who in 1917 introduced rate equations describing the ef-
fect of absorption, stimulated emission, and spontaneous
emission processes between two levels of an atom im-
mersed in a black-body radiation field. The situation
is considerably more complex (and interesting!) in the
present “polarized case” in which we have atomic and
light polarization instead of simply overall population of
the atomic levels and intensity. For instance, for a mul-
tilevel atom devoid of hyperfine structure and taking into
account quantum coherences only between the sublevels
pertaining to each J-level, the rate of change of the den-
sity matrix element )K

Q (J) in the magnetic field reference
system reads

d

dt
)K

Q (J) = −2#i"L gJ Q )K
Q (J) (9)

+
(

Jl

(

KlQl

)Kl
Ql

(Jl)TA(Jl; Kl Ql → J ; K Q)

+
(

Ju

(

KuQu

)Ku
Qu

(Ju)TE(Ju; Ku Qu → J ; K Q)

+
(

Ju

(

KuQu

)Ku
Qu

(Ju)TS(Ju; Ku Qu → J ; K Q)

−
(

K!Q!

)K
!

Q! (J)RA(J ; K Q, K
!
Q

!
→ Ju)

−
(

K!Q!

)K
!

Q! (J)RE(J ; K Q, K
!
Q

!
→ Jl)

−
(

K!Q!

)K
!

Q! (J)RS(J ; K Q, K
!
Q

!
→ Jl)

−D(K)(J) )K
Q (J),

where "L = 1.3996 × 106 B is the Larmor frequency
(with the magnetic field strength, B, in gauss). Besides
including collisional rates like the last term on the rhs,
which describes the local depolarization caused by elas-
tic collisions, this equation accounts for radiative rates,
both in the transfer rates due to absorption (TA), sponta-
neous emission (TE) and stimulated emission (TS) from
other levels, and on the relaxation rates due to absorption
(RA), spontaneous emission (RE) and stimulated emis-
sion (RS) towards other levels.8 The explicit expressions
for all these transfer and relaxation rates can be found in
Landi Degl’Innocenti & Landolfi (2004). In particular,
the transfer and relaxation rates due to absorption and to
stimulated emission depend explicitly on a number of ra-
diation field tensors which describe the symmetry proper-
ties of the radiation field (e.g., the mean intensity J 0

0 and
the anisotropy J 2

0 defined in the caption of Fig. 4).

If the radiation field that illuminates the atomic or molec-
ular system is given, one can then directly solve the statis-
tical equilibrium equations (i.e., d

dt)
K
Q (J) = 0) in order

to obtain the values of the )K
Q elements. This directly

solves the optically thin problem because, as mentioned
above, the I , Q, U and V components of the emission
vector are given in terms of the )K

Q elements. However,
in optically thick media we do not know a priori the ra-
diation field within the medium. Therefore, in this more
general case we are obliged to find the selfconsistent )K

Q -
values by solving iteratively the non-local and non-linear
system of equations formed by the rate equations for the
diagonal and non-diagonal elements of the atomic density
matrix and the Stokes-vector transfer equations (see Tru-
jillo Bueno & Manso Sainz 1999; Trujillo Bueno 2003b).

Finally, it is important to note that the astrophysical prob-
lem of the generation and transfer of polarized radiation
is enormously simplified when the approximation of local
thermodynamic equilibrium (LTE) is used, i.e., when one
assumes that radiative transitions play no role in the pop-
ulations of the energy levels9. As a result, there can be no
atomic level polarization (i.e., neither population imbal-
ances nor quantum interferences among the level’s sub-
states). In other words, the commonly made assumption
of LTE excludes from the outset scattering line polariza-
tion and the Hanle effect. Moreover, it restricts the appli-
cability of the Zeeman effect to spectral lines for which
the LTE approximation turns out to be justified, and this
depends on the particular stellar atmosphere model under
consideration.

8For notational simplicity, I have not included the inelastic colli-
sional rates, which are however taken into account in our radiative trans-
fer simulations.

9The LTE approximation assumes that the level populations are only
locally controled by collisions with an isotropic distribution of colliders.



Figure 10. The top panel shows the horizontal fluctua-
tion of the height where ,line(∆! = −60 mÅ) = 1 in
a realistic 3D hydrodynamical model of the solar photo-
sphere, with the solid line corresponding to Fe I !6301.5
and the dotted line to !6302.5. Note that at many hori-
zontal positions such heights coincide with atmospheric
regions where the local gradients are very intense, but
different for both spectral lines. The bottom panel shows
the difference of such two heights in the solar model at-
mosphere. ∆! = ±60 mÅ are typical wavelength posi-
tions from line center where internetwork Stokes V pro-
files use to have one of their lobes. The radiative trans-
fer calculations have been carried out without assuming
LTE. This figure is the result of an ongoing collaboration
with Nataliya Shchukina.

In conclusion, the diagnostic potential of spectropo-
larimetry is drastically reduced if polarization signatures
resulting from ‘Non-LTE effects’ are disregarded. In or-
der to open a truly empirical window on solar and stellar
magnetism we must develop and apply remote sensing
techniques based on both the Hanle and Zeeman effects.

4. APPLICATIONS IN SOLAR PHYSICS

This section shows some selected examples which illus-
trate how remote sensing techniques based on the Hanle
and Zeeman effects are allowing us to investigate the hid-
den magnetism of the extended solar atmosphere. I con-
sider only some aspects of the magnetism of the ‘quiet’
Sun.10 In fact, this is the only relevant situation during the

10The interested reader will find several excellent review papers on
solar and stellar magnetism in the workshops edited by Sigwarth (2001),
Mathys, Solanki & Wickramasinghe (2001), Trujillo Bueno & Sánchez
Almeida (2003) and Casini & Lites (2006). See also the book of Schri-

minimum of the solar magnetic activity cycle, in which
no sunspots are seen on the solar surface. However, even
during periods of strong magnetic activity most of the so-
lar ‘surface’ is covered by the internetwork regions of the
‘quiet’ Sun. Moreover, there are many examples of solar
plasma structures, such as spicules and coronal filaments,
which play a key role with regard to the solar mass flux
and/or the energy balance, and which owe their very ex-
istence to the presence of relatively weak magnetic fields.

4.1. A vast amount of hidden magnetic energy in the
quiet solar photosphere

When one uses the Zeeman effect as a diagnostic tool of
the ‘quiet’ regions of the solar photosphere one is able
to obtain very useful information (e.g., Lin & Rimmele
1999; Sánchez Almeida & Lites 2000; Lites 2002; Socas-
Navarro & Sánchez Almeida 2002; Domı́nguez Cerdeña
et al. 2003a, b; Khomenko et al. 2003; Socas-Navarro et
al. 2004b). The physical interpretation of the observed
spectral line polarization is however puzzling, mainly be-
cause of the extreme inhomogeneity of the solar atmo-
spheric plasma and the complexity of the spectral line
formation problem in such a medium.

For instance, over the last few years the observational
and theoretical evidence for small-scale mixture of weak
and strong fields in the quiet Sun has increased consid-
erably (e.g., Socas-Navarro & Sánchez Almeida 2003;
Khomenko et al. 2003; Socas-Navarro & Lites 2004;
Sánchez Almeida et al. 2003a,b; Cattaneo 1999; Cat-
taneo et al. 2003; Stein & Nordlund 2003, Vögler 2003),
but also the controversy about the true abundance of kG
fields in the internetwork regions of the quiet Sun (e.g.,
Domı́nguez Cerdeña et al. 2003a, b; Lites & Socas-
Navarro 2004; Sánchez Almeida et al. 2004; de Wijn
et al. 2005; Khomenko et al. 2005; Collados 2006).
The uncertainty concerning the true value of the fraction
of (internetwork) quiet Sun occupied by field strengths
B≥1 kG will be drastically reduced after detailed inves-
tigations, similar to those carried out using the Fe I lines
at !6301.5 and !6302.5 (e.g., Domı́nguez Cerdeña et al.
2003a,b; Sánchez Almeida et al. 2003b), are undertaken
using instead the Fe I lines at !5250.21 and !5247.05,
ideally in combination with simultaneous and co-spatial
observations in the Fe I lines at 1.56 µm. One reason
for this is that the Fe I lines at !5250.21 and !5247.05
are truly reliable for the application of the line-ratio tech-
nique for the Zeeman effect (Stenflo 1973), while this
is not guaranteed for the !6301.5 and !6302.5 lines
(Khomenko 2006), given that they do not have exactly
the same absorption coefficient and the same behavior in
the stratified and highly inhomogenous solar atmosphere
(Shchukina & Trujillo Bueno 2001; see also Fig. 10).

Therefore, it is at present unclear whether or not the
small-scale magnetic fields that we are able to ‘see’ via
the Zeeman effect in the internetwork regions of the Sun
are sufficiently strong and abundant so as to carry a truly

jver & Zwaan (2000) on Solar and Stellar Magnetic Activity.



significant fraction of the unsigned magnetic flux and
magnetic energy of the Sun. In this respect, it is of
interest to mention that twelve years ago Keller et al.
(1994) applied the magnetic line ratio technique to mea-
surements of the Stokes V profiles of the Fe I lines at
!5250.21 and !5247.05 and concluded that the strength
of solar internetworkfields at the level of line formation is
below 1 kG with high probability. As pointed out above,
such type of observations should be repeated, but with
higher spatial resolution and polarimetric sensitivity. For
recent reviews with contrasting viewpoints on the mag-
netism of the very quiet Sun see Sánchez Almeida (2004);
Collados (2006) and Khomenko (2006).

In the hydrodynamically controlled photosphere we ex-
pect to have highly tangled field lines with resulting
mixed magnetic polarities on very small spatial scales,
well below the current spatial resolution limit. For this
reason, it is currently believed that via Zeeman effect di-
agnostics with the available instrumentation we are see-
ing only the “tip of the iceberg” of solar surface mag-
netism (∼1% of the photospheric volume according to
Stenflo 1994, Domı́nguez Cerdeña et al. 2003a, and
Khomenko et al. 2003). It is reasonable to expect that
more locations with magnetic fields will be detected via
the Zeeman effect when increasing the spatial resolution
(see, however, Lites & Socas-Navarro 2004), and this is
only one of the many scientific reasons for pursuing the
development of space-borne telescopes like Solar-B11,
and ground-based solar telescopes like GREGOR12 or the
Advanced Technology Solar Telescope13.

But, how to investigate in a reliable way the magnetism
of the remaining ∼ 99% of the volume of the ‘quiet’ so-
lar atmosphere? How to obtain empirical information
on the distribution of hidden, mixed-polarity magnetic
fields at subresolution scales? Do such fields carry most
of the unsigned magnetic flux and magnetic energy of
the Sun? Or is this flux dominated by small-scale mag-
netic flux concentrations in the kG range as some recent
Zeeman-effect investigations based on Fe I !6301.5 and
Fe I !6302.5 seem to suggest (e.g. Domı́nguez Cerdeña
et al. 2003a)? How is energy transported in a mixed
magnetic-polarity environment? Can the ensuing mag-
netic field lines reach the solar chromosphere and corona?
As discussed above, Zeeman effect polarization suffers
from cancellation effects. Moreover, Zeeman polariza-
tion signals of weak tangled fields tend to have tiny am-
plitudes, well below the detection limit of the available
instrumentation. Therefore, the investigation of magne-
toconvection via spectropolarimetry cannot be done via
the Zeeman effect alone. We need to complement our
Zeeman diagnostic tools developed to interpret the ob-
served asymmetry of Stokes profiles resulting from the
co-existence of opposite magnetic polarities which do not
cancel completely within the spatio-temporal resolution
element (e.g., Socas-Navarro & Sánchez Almeida 2002)
with new diagnostic techniques based on physical effects

11http://science.msfc.nasa.gov/ssl/pad/solar/solar-b.stm
12http://gregor.kis.uni-freiburg.de/
13http://atst.nso.edu/

whose polarization signals do not suffer from cancella-
tion effects.

The Hanle effect has the required diagnostic potential
(Stenflo 1982), but the problem is how to apply it to ob-
tain reliable information given that a Hanle-effect diag-
nostics relies on a comparison between the observed lin-
ear polarization and that calculated for the zero-field ref-
erence case. Shchukina & Trujillo Bueno (2003) have
shown that the particular one-dimensional (1D) approach
applied by Faurobert-Scholl et al. (1995; 2001) to the
scattering polarization observed in the Sr I 4607 Å line
yields artifitially low values for the strength of the “tur-
bulent” field14 -that is, between 20 and 10 G, as shown
by the dashed lines of Fig. 3 in Shchukina & Trujillo
Bueno (2003). This is because the scattering polarization
amplitudes calculated by Faurobert-Scholl et al. (1995;
2001) for the zero-field reference case [i.e.,Q/I(B = 0)]
was seriously underestimated due to their choice of the
free parameters of ‘classical’ stellar spectroscopy (that is,
micro- and macroturbulence for line broadening), which
led to a sizable error in the value of the Hanle depolariza-
tion factor D = Q/I

Q/I(B=0) (where Q/I is the observed
linear polarization amplitude). Note that the depolariza-
tion factor D is similar to the factor H(2) given by Eq.
(A-16) of Trujillo Bueno & Manso Sainz (1999), with
H(2) = 1 for the zero-field reference case and H (2) =
1/5 forB>Bsatur (whereBsatur≈10BH is the saturation
field of the Hanle effect for the spectral line under consid-
eration). To understand why D≈H(2) it suffices to note
that Eq. (8) leads to the following Eddington-Barbier ap-
proximation for the emergent Q/I at the line-core of the
Sr I 4607 Å line:

Q/I ≈ 3
2
√

2
(1 − µ2)

H(2)

1 + -(2)
A , (10)

where -(2) is the upper-level rate of (depolarizing) elas-
tic collisions in units of the Einstein Aul coefficient, and
A = J2

0/J0
0 the degree of anisotropy of the spectral line

radiation defined in the legend of Fig. 4. The particular
1D radiative transfer fitting approach of Faurobert-Scholl
et al. (2001) gives D≈0.6 (when using their THÉMIS
Q/I measurements with the spectrograph’s slit oriented
at 45◦ with respect to the tangential direction to the ob-
served solar limb), while it gives D≈0.8 when using the
accurate observational data shown in Fig. 11.

Trujillo Bueno et al. (2004) argue that reliable Hanle-
effect diagnostics can be achieved by means of three-
dimensional (3D) multilevel scattering polarization cal-
culations in snapshots taken from realistic simulations
of solar surface convection (see Stein & Nordlund 1998;
Asplund et al. 2000). These radiation hydrodynamical
simulations of the photospheric physical conditions are
very convincing because spectral synthesis of a multi-
tude of iron lines shows remarkable agreement with the
observed spectral line profiles when the meteoritic iron
14By “turbulent” fields I simply mean magnetic fields hidden to Zee-

man effect diagnostics with the available telescopes.



Figure 11. This figure shows the center-to-limb variation
of the fractional linear polarization at the core of the Sr
I 4607 Å line after substraction of the continuum polar-
ization level. Open circles, various observations taken
by Stenflo et al. (1997) during a minimum period of the
solar cycle. The remaining symbols correspond to ob-
servations taken during the most recent maximum period
of the solar cycle. Diamonds, observations obtained by
Trujillo Bueno et al. (2001); crosses and ‘plus’ sym-
bols, observations taken by Bommier & Molodij (2002)
and by Bommier et al. (2005), respectively; filled circles,
observations obtained in collaboration with M. Bianda.
Coloured lines, the results of our 3D scattering polariza-
tion calculations in the presence of a volume-filling and
single-valued microturbulent field (from top to bottom: 0,
5, 10, 15, 20, 30, 40, 50, 60, 80, 100, 150, 200, 250 and
300 gauss). Note that there is no evidence of a serious
modulation of the observed Q/I with the solar magnetic
activity cycle, and that the best average fit to the observa-
tions is obtained for 60 G. The black dashed-dotted line
indicates the resulting Q/I amplitudes for the case of an
exponential PDFwith 〈B〉 = 130G. From Trujillo Bueno
et al. (2004).

abundance is chosen (Shchukina& Trujillo Bueno 2001).
Therefore, we have used snapshots taken from such time-
dependent hydrodynamical simulations in order to calcu-
late the emergent Stokes profiles via 3D scattering po-
larization calculations using realistic multilevel atomic
models. Our first target has been the Sr I line at 4607 Å,
which is a normal triplet transition with Aul≈2×108s−1

and Landé factor gJu = 1. For the zero-field reference
case we find that the spatially and temporally averaged
emergent Stokes profiles give a Q/I that is substantially
larger than the observed one, thus indicating the need for
invoking magnetic depolarization. As it can be easily de-
duced from Fig. 11, we find D≈0.4.

If our 3D result for D is correct, then any analysis based
onD≈0.6 (i.e., based on the above-mentioned 1D result)
would imply a mean strength of the hidden field signif-
icantly smaller than what it actually is. For the same
reason, if one uses a given distribution of magnetic field
strengths, one would find more or less depolarization

than D≈0.6 depending on the mean field strength of the
assumed distribution (see, e.g., the simplified analyses
based on D≈H(2)≈0.6 carried out by Sánchez Almeida
et al. 2003a and Stenflo & Holzreuter 2003). Obviously,
the only way to end upwith a solid conclusion concerning
the unsigned magnetic flux and magnetic energy density
carried by the hidden field is to use the correct depolar-
ization factor D.

We think that at present our 3D analysis of the scat-
tering polarization in the Sr I 4607 Å line provides
the most accurate estimation of D, not only because
our synthetic intensity profiles (which take into account
the Doppler shifts of the convective flow velocities in
the 3D model) are automatically in excellent agreement
with the observed intensity profiles (i.e., without using
the above-mentioned free parameters of classical stellar
spectroscopy), but also because we were careful with the
numerical calculation of the radiation field’s anisotropy
in the 3D hydrodynamical model. We solved the equa-
tions of Section 3 via the application of efficient radia-
tive transfer methods (Trujillo Bueno 2003b), and using
realistic collisional depolarizing rate values (Faurobert-
Scholl et al. 1995), which turn out to be the largest rates
among those found in the literature. Moreover, it is also
of interest to mention that the recent work of Bommier et
al. (2005) strongly supports our result forD.

We can thus conclude that the depolarization required to
fit the Q/I observations of the Sr I 4607 Å line is with
high probability of magnetic origin15. We have assumed
that the hidden field is microturbulent with mixed polar-
ities at subresolution scales, which is a reasonable as-
sumption because in the quiet regions of the solar pho-
tosphere Stokes U≈0 (see, e.g., Fig. 2). It is obvious
that with one single spectral line we do not have enough
information to constrain the shape of the PDF16. For this
reason, we assumed the shape of the PDF, as done by oth-
ers before us (e.g., Faurobert-Scholl et al. 1995; 2001)
and by others after us (e.g., Domı́nguez Cerdeña et al.
2005). The key point is however to be conservative in
the choice of the functional form of the PDF, in order to
avoid exagerating the resulting mean strength of the ‘tur-
bulent’ field. For this very reason, Trujillo Bueno et al.
(2004) presented the results of their investigation for the
following two PDFs: (a) PDF(B) = -(B − 〈B〉) and
(b) PDF(B) = e−B/〈B〉/〈B〉, with 〈B〉 the mean field
strength.

The idealized model corresponding to option (a) will
clearly underestimate 〈B〉, but we found it interesting
to compare the ensuing magnetic energy with that cor-
responding to the kG fields of the network patches. The
15We are currently investigating whether or not bound-free transitions

make any significant depolarizing influence on the atomic alignment of
the upper level of the Sr I 4607 Å line (cf., Trujillo Bueno 2003a). For
the moment I point out that the largest bound-free cross sections are
those corresponding to the triplet levels, while the upper level of the Sr
I 4607 Å line is a singlet.
16To this end, a good choice could be the linearly polarized spectrum

of Ti I, whose multiplet Nr. 42 offers the attractive possibility of ap-
plying a Hanle-effect line-ratio technique (Manso Sainz et al. 2004; see
also Shchukina & Trujillo Bueno 2006).



much more realistic option (b) is suggested by numerical
experiments of turbulent dynamos and magnetoconvec-
tion (e.g., Cattaneo 1999; Stein &Nordlund 2003; Vögler
et al. 2003). The PDF shape of some of such numerical
experiments tends instead to be a stretched exponential
which, as a first approximation, can be fitted by a Voigt
function whose tail extends further out into the kG range
than an exponential. Therefore, by choosing an exponen-
tial PDF instead of a Voigt PDF (or instead of any other
better fitting function) we guarantee that we are not ex-
agerating our estimation of 〈B〉. For this more realistic
case (b), we also found important to compare the ensuing
magnetic energy with that corresponding to the kG fields
of the network patches (Trujillo Bueno et al. 2004).

As seen in Fig. 11, for the standard case (a) of a single-
valued microturbulent field we found that 〈B〉≈60 G
leads to a notable agreement with the observed Q/I .
Note that the strength of the ‘turbulent’ field required
to explain the Q/I observations seems to decrease with
height in the atmosphere, from the 70 gauss needed to ex-
plain the observations at µ = 0.6 to the 50 gauss required
to fit the observations at µ = 0.1. This corresponds to
an approximate height range of between 200 and 400 km
above the solar ‘surface’ (as seen at continuum optical
depth unity).

Concerning the case of an exponential PDF, we see
in Fig. 11 that 〈B〉≈ 130 gauss yields a fairly good
averaged fit to the observed fractional linear polar-
ization. In this much more realistic case Em =
〈B2〉/8#≈1300 erg cm−3 (that is,

)
〈B2〉≈180 G),

which is about 20% of the averaged kinetic energy den-
sity produced by convective motions at a height of 200
km in the 3D photospheric model. As pointed out by
Trujillo Bueno et al. (2004), for this case the total mag-
netic energy stored in the internetwork regions turns out
to be larger than that corresponding to the kG fields of the
network patches.

Domı́nguez Cerdeña et al. (2005) have recently arrived to
similar conclusions by combiningmagnetic field strength
measurements based on the Zeeman effect in the Fe I
lines at !6301.5, !6302.5, !15648 and !15652 and the
Hanle effect in the Sr I 4607 Å line. In my opinion, it
is not surprising that they find similar results to those of
Trujillo Bueno et al. (2004) because (1) the fraction of
quiet Sun producing the Zeeman polarization signals was
∼1.5%, (2) they used our depolarization factor D = 0.4
for the Sr I 4607 Å line, and (3) they imposed the rea-
sonable constraint that the magnetic energy density has
to be significantly smaller than the kinetic energy density
of the granular motions.

It is also worthwhile to point out that in order to be able
to fit the observed polarization amplitudes given in Fig.
11, we need to use all the microturbulent magnetic fields
with strengths between 0 and 500 G (i.e., taken from our
exponential distribution of field strengths characterized
by 〈B〉=130 G). All such microturbulent fields together
(i.e., those with strengths between 0 and 500 G) have a
filling factor of 98%. The remaining magnetic fields of

the exponential distribution, whose strengths are larger
than 500 G, have a filling factor of only 2% and they do
not make any significant contribution to the ‘observed’
Hanle depolarization. In other words, if we only take the
fields with strengths between 0 and 400 G (whose filling
factor is 95%) we do not depolarize sufficiently (i.e., we
do not reach the Q/I amplitudes indicated by the black
dashed-dotted line of Fig. 11).

Taking into account that most of the solar surface is oc-
cupied by the ‘quiet’ internetwork regions of mixed po-
larity fields, it is clear that the results of our 3D analysis
of the scattering polarization observed in the Sr I 4607
Å line might have far-reaching implications in solar and
stellar physics. The hot outer regions of the solar atmo-
sphere (chromosphere and corona) radiate and expand,
which takes energy. By far the largest energy losses stem
from chromospheric radiation, with a total energy flux
of ∼107 erg cm−2 s−1. The magnetic energy density
corresponding to the simplest (and most conservative)
model with 〈B〉≈60 G is 140 ergs cm−3, which leads to
an energy flux similar to the above-mentioned chromo-
spheric energy losses when using either the typical value
of ∼ 1 km s−1 for the convective velocities or the Alfvén
speed (vA = B/(4#))1/2, with ) the gas density). In re-
ality, as pointed out above, the true magnetic energy den-
sity that at any given time during the solar cycle is stored
in the quiet solar photosphere is very much larger than
140 erg cm−3. For example, the magnetic energy density
corresponding to the (still conservative) case of an expo-
nential distribution of field strengths with 〈B〉≈130 G is
1300 ergs cm−3, which implies an energy flux 10 times
larger than that corresponding to the chromospheric ra-
diative energy losses. Only a relatively small fraction
would thus suffice to balance the radiative energy losses
of the solar outer atmosphere.

Finally, it is very important to mention that analysis of
the Hanle effect in molecular lines, such as those of C2

andMgH, indicates that the mean strength of the volume-
filling microturbulent field required to explain the ob-
served molecular scattering polarization amplitudes is
much smaller than what is needed to explain the above-
mentioned observations of the Sr I 4607 Å line (Tru-
jillo Bueno 2003a; Trujillo Bueno et al. 2004; Asensio
Ramos & Trujillo Bueno 2005). The resolution of this
puzzling behavior was found when it was pointed out
(Trujillo Bueno 2003a) that the observed scattering po-
larization in very weak spectral lines, such as those of
molecules, is coming mainly from the upflowing regions
of the “quiet” solar photosphere (see Fig. 2 of Trujillo
Bueno et al. 2004). In other words, the joined analy-
sis of the Hanle effect in C2 lines and in the Sr I 4607
Å line suggests that the strength of the hidden field fluc-
tuates at the spatial scales of the solar granulation pat-
tern, with much stronger fields above the intergranular
regions (Trujillo Bueno et al. 2004). Interestingly, we
find that the distribution of magnetic field strengths in
the (intergranular) downflowing regions of the quiet so-
lar photosphere has to be such that it produces saturation



for the Hanle effect in the Sr I 4607 Å line there17. This
constraint is needed because, only when we are close to
Hanle-effect saturation in the downflowing plasma, the
additional microturbulent field of the upflowing regions
needed to fully explain the Q/I observations of the Sr I
4607 Å line turns out to be weak enough to satisfy the re-
quirements of our analysis of the Hanle effect in molec-
ular lines. One illustrative example of a distribution of
microturbulent fields that satisfies such a constraint is the
Maxwellian PDF used by Trujillo Bueno et al. (2004)
for the downflowing regions of the quiet solar photo-
sphere, which incorporates some pieces of the the infor-
mation given by Zeeman-effect measurements (e.g., that
in the quiet Sun we also havemagnetic fields significantly
stronger than Bsatur≈200 G). Note that this illustrative
PDF implies that the filling factor of kG fields is ∼2% of
the downflowing volume -that is, it does not exclude the
possibility (Domı́nguez Cerdeña et al. 2003a) of small-
scale kG fields in the internetwork regions. We point out
that with such a Maxwellian PDF for the downflowing
plasma (which has its maximum value at 456 G!), most
of the magnetic energy is carried by chaotic fields with
strengths between the equipartition field values and ∼1
kG. The same conclusion would be reached with other
(more realistic) examples of PDFs for the intergranular
plasma (e.g., a Gaussian?), as far as they satisfy the con-
straint of producing saturation of the Hanle effect for the
strontium line.

In summary, our combined analysis of the Hanle effect in
molecular lines and in the Sr I 4607 Å line leads to the
conclusion that there is a vast amount of hidden magnetic
energy and (unsigned) magnetic flux in the inter-network
regions of the ‘quiet’ solar photosphere, carried mainly
by rather chaotic fields in the (intergranular) downflowing
plasma with strengths between the equipartition field val-
ues and∼1 kG (Trujillo Bueno et al. 2004). The presence
of this hidden magnetic field in the quiet internetwork
regions of the solar photosphere might have several im-
portant consequences for the overlying solar atmosphere,
such as ubiquity of reconnecting current sheets and heat-
ing processes (e.g., Schrijver & Title 2003; Close et al.
2004).

4.2. Chromospheric magnetism and solar spicules

Let us now address the following question of how we
could investigate the magnetism of the upper solar chro-
mosphere. In my opinion, one attractive possibility is
via spectropolarimetric observations of solar spicules.
These features were described in 1877 by Father Secchi
as jet-like, elongated structures in the solar atmosphere.
Spicules are best seen when observing a few arcsec off
the limb in various chromospheric emission lines, such as
H. or the lines of neutral helium at !5876 and !10830.
It is commonly believed that most of the chromospheric
emission in these lines comes from spicules, and that at

17As seen in Fig. 11, saturation for the simplest case of a single-
valued field occurs for B>Bsatur!200 G.

Figure 12. Open circles: observational example of Stokes
profiles produced by (quiet-Sun) chromospheric spicules.
The reference direction for Stokes Q is the parallel to
the solar limb. The origin of the wavelength scale corre-
sponds to the blue component of the He I 10830 Å multi-
plet. Solid line: optically thick theoretical modeling for a
magnetic field strength B = 10 G, inclination 'B = 37◦
and azimuth (B = 173◦. From Trujillo Bueno et al.
(2005a).

heights exceeding 1500 km above the photosphere the so-
lar chromosphere is mainly composed of spicular mate-
rial. As reviewed by Beckers (1972), these ‘geyser-like’
plasma structures show upward velocities reaching 25 km
s−1 lasting for some 5 min, but with a path that is fre-
quently slanted with respect to the local vertical direc-
tion. After reaching a typical maximum height of 9000
km, the ejection stops and is followed by a fading of
the spicule brightness or a return of the emitting material
to the photosphere. Interestingly, in the upward-moving
phase the spicule mass flux exceeds the mass loss of the
solar corona through the solar wind by two orders of mag-
nitude!

All theoretical models aimed at explaining the origin of
spicules invoke magnetic field effects. What has really
been lacking up to very recently are spectropolarimetric
investigations to infer the strength and geometry of the
magnetic field that is thought to channel the spicular mo-
tion (see Trujillo Bueno et al. 2005a; Socas-Navarro &
Elmore 2005; López Ariste & Casini 2005).

Figure 12 shows an example of the full Stokes vector of
the He I 1083 nm multiplet, which Trujillo Bueno et al.
(2005a) observed with the Tenerife Infrared Polarimeter
(TIP) attached to the Vacuum Tower Telescope (VTT) of
the Observatorio del Teide (Tenerife). The spectrograph
slit was located ∼2.5 arcsec off the limb and parallel to
it, thus crossing the spicular material that we could see
clearly in the slit-jaw H$ image. This spectropolarimet-
ric observation is very encouraging, especially because of
the detection of a non-zero Stokes-U profile. According
to the theory of the Hanle effect, this Stokes-U profile
is the observational signature of the presence of a weak
magnetic field inclined with respect to the solar radius



Figure 13. Open circles: the observed Stokes V profile at
one of the spatial points in our observations of (quiet-
Sun) chromospheric spicules. The origin of the wave-
length scale corresponds to the blue component of the He
I 10830 Å multiplet. The solid, dashed and dotted lines
show theoretical Stokes V profiles for magnetic fields of
10 G, 15 G and 20 G, respectively, all of them with an
inclination and azimuth that fits the observed linear po-
larization.

vector through the observed point. Note that that the
Stokes-V signal is at the noise level, suggesting that the
field is weak, as clarified later in Fig. 13.

A best fit to the observations can be achieved via theo-
retical modeling of the Hanle and Zeeman effects (see
Trujillo Bueno et al. 2005a). The example of Fig. 12
accounts for radiative transfer effects. As seen in this
figure, our theoretical modeling of the observed Stokes
profiles is notable. It suggests that in quiet regions the
magnetic field that channels the spicular motions is of the
order of 10 G and inclined by about 35◦ to the local so-
lar vertical. Figure 13 reinforces our conclusion that the
mean field strength along the line of sight of our spec-
tropolarimetric observation of quiet-Sun spicules was not
much larger than 10 G. Our empirical finding should be
taken into account in future MHD simulations of quiet
Sun spicules. For example, De Pontieu et al. (2004) as-
sumed an inclined flux tube with 120 G in the low corona.
Their MHD simulation aimed however at modeling the
dynamic jets observed in active region fibrils, instead of
the spicules of the quiet Sun.

4.3. The magnetic field that confines the plasma of
solar prominences

Solar prominences are relatively cool and dense ribbons
of plasma located tens of thousands of kilometers above
the visible ‘surface’ of the Sun and embedded in the 10 6

K solar corona. They represent interesting physical sys-
tems where magnetic fields are interacting with plasma
in subtle ways, where dense plasma is being supported
against gravity and where thermal instabilities and/or

Figure 14. Inclination ('B), azimuth ((B), and strength
(in gauss) of the magnetic field vector of a polar crown
prominence, which was inferred from the observed polar-
ization of the He I 10830 multiplet at consecutive spatial
points along the spectrograph slit. From Merenda et al.
(2006).

continual magnetic flux emergence and reconnection pro-
cesses might be creating the cool dense gas (e.g., the re-
view by Priest 1989). By studying these objects in detail
we can learn how such 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 high degree of sensitiv-
ity in the near IR. Using this instrument attached to the
German Vacuum Tower Telescope and modeling the ob-
served spectral line polarization within the framework of
the quantum theory of line formation, we are investigat-
ing the three-dimensional structure of the magnetic fields
that confine the plasma of solar prominences (see also
Casini et al. 2003). To this end, we have developed suit-
able inversion algorithms for deriving the magnetic field
vector from the observed polarization in the He I 10830
multiplet. Figure 3 in the letter by Trujillo Bueno et al.
(2002a) contrasts our theoretical modeling versus the ob-
served Stokes profiles in one of the many prominences
we have observed. Figure 14 shows that the magnetic
field vector in a polar crown prominence that was located
at the solar south pole is rotating around a fixed direction
in space (given by 'B ≈ 25◦ and (B≈168◦) as we move
along consecutive spatial points.

4.4. How to ‘measure’ the magnetic field of the solar
transition region and corona?

The solar corona is a very effective emitter of Lyman
. radiation (Gabriel et al. 1971). Such a radiation re-
sults from the resonance scattering of disk Lyman . pho-
tons by residual coronal neutral hydrogen (Gabriel 1971).



This conclusion has led some authors to propose the
Hanle effect in the Lyman . line as a diagnostic of the
strength and direction of coronal magnetic fields between
approximately 1 and 3 solar radii from sun center (Bom-
mier & Sahal-Bréchot 1982; Fineschi et al. 1992). Obvi-
ously, this refers to the 90◦ scattering case.

On the other hand, the intensity profiles of the hydrogen
lines of the Lyman series have been measured on the so-
lar disk by several instruments on board rockets and space
telescopes (e.g., by the SUMER spectrometer on SOHO),
showing that such lines are in emission at all positions
and times and that they originate in the upper chromo-
sphere and transition region (e.g., Warren et al. 1998).
Therefore, it is of great interest to investigate the diagnos-
tic potential of the Hanle effect in the hydrogen lines of
the Lyman series for the forward scattering case (Casini
& Trujillo Bueno 2006; in preparation).

Interestingly, the scattering polarization of the hydrogen
lines of the Lyman series are sensitive (via the Hanle ef-
fect) to the typical magnetic strengths expected for the
solar outer atmosphere (chromosphere, transition region
and corona). According to Eq. (4), the critical magnetic
fields of the hydrogen lines of the Lyman series are ap-
proximately the following:

Ly$ (1216Å) → BH = 50 gauss

Ly% (1025Å) → BH = 20 gauss

Ly& ( 972Å) → BH = 8 gauss

Ly' ( 950Å) → BH = 4 gauss

Ly( ( 937Å) → BH = 2 gauss

Figure 15 shows a theoretical example of the linear polar-
ization signal created by the Hanle effect of a horizontal
magnetic field in the Lyman . line. This spectral line
results from transitions between a lower term, 1s2S1/2

(which has a single level with J = 1/2), and an upper
term, 2p2P1/2,3/2 (which has two levels with J = 1/2
and J = 3/2). We have taken into account not only the
hyperfine structure, but also quantum interferences be-
tween the ensuing F -levels, even between those belong-
ing to different J-levels within the same term. Although
such refinements are not very important for the Lyman .
line, they cannot in general be neglected for modeling the
Hanle effect for other hydrogen lines.

In conclusion, as illustrated in Fig. 15, these forward
scattering polarization signals offer a novel diagnostic
tool for mapping the magnetic fields of the solar transi-
tion region and corona. Obviously, the required obser-
vations can be realized only from a UV/EUV spectropo-
larimeter on board of a space telescope.

Figure 15. Theoretical estimate of the linear polarization
created by the Hanle effect in the Lyman . line as a result
of forward scattering processes in the presence of a hor-
izontal magnetic field in the solar transition region. Note
that the Q/I amplitude increases with the strength of the
magnetic field, up to the Hanle-effect saturation field in-
tensity (∼ 200 gauss for the forward scattering case in
the presence of a horizontal field). The calculations have
been carried out assuming a slab of hydrogen atoms at
a height of 3000 Km above the solar visible surface and
neglecting the contribution of the center-to-limb varia-
tion of the Lyman . radiation on the anisotropy factor.
From Trujillo Bueno et al. (2005b).

5. CONCLUDING REMARKS

Polarized light provides the most reliable source of in-
formation at our disposal for the remote sensing of as-
trophysical magnetic fields, including those on the Sun.
However, in order to open a true empirical window on
solar and stellar magnetism, we urgently need a high-
sensitivity polarimeter in a space telescope and cleverly-
designed ground-based telescopes optimized for spec-
tropolarimetric observations.

I bear no doubt that Quantum Spectropolarimetrywill be
a revolutionary technique in 21st century astrophysics.
ESA should take advantage of the present European lead-
ership in this field to open this new diagnostic window on
the Universe.
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