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Abstract. This paper presents a pedagogical introduction to the physical mechanisms that produce
spectral line polarization in stellar atmospheres, emphasizing the importance of developing reliable
diagnostic tools that take proper account of the Zeeman and Paschen-Back effects, scattering
polarization and the Hanle effect. Only in this way may we hope to investigate the complexity of
solar and stellar magnetic fields in a parameter domain that goes from field intensities as low as
one milligauss to many thousands of gauss.
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1. Introduction

The state of polarization of a quasi-monochromatic beam of electromagnetic ra-
diation 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, @, U, V'), which were formulated by Sir George Stokes in
1852 and introduced into astrophysics by the Nobel laureate Subrahmanyan Chan-
drasekhar in 1946. The Stokes I(A) 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 Stokes @@ and U parameters requires first choosing a reference direction for
@ > 0 in the plane perpendicular to the direction of propagation.

Let us now introduce the most important mechanisms that induce (and modify)
polarization signatures in the spectral lines that originate in stellar atmospheres:
the Zeeman and Paschen-Back effects, scattering processes and the Hanle effect.

2. 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 magnetic
sublevels characterized by their magnetic quantum number M (Condon & Shortley,
1935). Each level of total angular momentum J splits into (2J 4 1) sublevels, the
splitting being proportional to the level’s Landé factor, gy, and to the magnetic
field strength. As a result, a spectral line between a lower level with (J;, ;) and
an upper level with (J,,g.) is composed of several individual components whose
frequencies are given by le“]%“ = vy + vr.(guMu — giM;), where vg is the frequency
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of the line in the absence of magnetic fields and vy, = 1.3996x10°B is the Larmor
frequency (with B the magnetic field strength expressed in gauss). In particular, a
line transition with J; = 0 and J, = 1 has three components (see Fig. 1): one =
component centered at vy (or at \g), one oreq component centered at vg — g, vy, (or
at Ao+ guAAp), and one opyye component centered at vg+ g, vy (or at Ao — guAARB),
where A\p = 4.6686x10"'3)\2B (with o in A and B in gauss).

The Zeeman Effect
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Fig. 1.  The oscillator model for the Zeeman effect indicating 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' (\) profile changes its sign for opposite orientations of the magnetic field
vector, while the Stokes Q(A) profile reverses sign when the transverse field component is rotated
by +90°.

The important point to remember is that the polarization signals produced by the
Zeeman effect are caused by the wavelength shifts between the 7 (AM = M,, — M, =
0) and oy, (AM = +£1) transitions. Such wavelength shifts are also the physical
origin of the spectral line polarization induced by the Paschen-Back effect discussed
below in Section 7, 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
various m and o components.

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
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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 ele-
ment of the observation, the measured circular polarization would be exactly zero if
the thermodynamic and dynamic properties of the mixed magnetic components are
similar. The antisymmetric shape of the Stokes V' (\) profiles illustrated in Fig. 1
can be easily understood by noting the expression of the Stokes-V component of the
emission vector:

€y = ENuAull[d)red - (bblue] C0597 (1)
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where 6 is the angle between the magnetic field vector and the line of sight, A,; the
Einstein coefficient for the spontaneous emission process, N, the number of atoms
per unit volume in the upper level of the line transition under consideration, while
¢red and @pue are profiles that result from the superposition of the Voigt functions
corresponding to each individual component. ¢eq is displaced to the red side of the
central wavelength Ao, and ¢pye to the blue side. For instance, for the particular
case of a line transition with J; = 0 and J, = 1, ¢eq is a Voigt profile centered at
Ao + gu AN and ¢pue a Voigt profile centered at A\g — g, AAB.

In contrast, the transverse Zeeman effect responds to the component of the mag-
netic field perpendicular to the line of sight, but produces linear polarization sig-
nals (quantified by the Stokes @ and U parameters) that are normally below the
noise level of present observational possibilities for intrinsically weak fields (typically
B < 100 gauss for solar spectropolarimetry). The Stokes @ 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-() component of the emission vector is:

hl/ 1 ¢red + ¢blue
€Q = ENUAuli[(bﬂ - (f

where x is the angle that the projection line of the magnetic field vector on the plane
perpendicular to the direction of propagation forms with the reference direction
chosen for @ > 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 A and 4610 A showing the familiar absorption lines corresponding to several
chemical elements. The remaining panels give the fractional polarizations X (\)/I(\)
(with X = Q,U,V). The spectrograph slit was placed parallel to and 2.5 arcsec
inside the limb (at g = 0.07, where p 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 region (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 antisymmetric signature of the longitudinal
Zeeman effect with a positive and a negative lobe for each spectral line, while in
the lower half of the panels for /I and U/I we see the typical symmetric signature
of the transverse Zeeman effect with two lobes in the wings of opposite sign to the
central lobe. Interestingly, as soon as we go outside the facular region (see the upper

)] sin?6 cos2y, (2)
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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 polarization signal is the /I peak corresponding to the Sr 1 line at
4607 A . 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?
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Fig. 2. Spectropolarimetric observation close to the edge of the solar disk with half of the spec-
trograph slit crossing a moderately magnetized facular region. Note that while the characteristic
signature of the longitudinal Zeeman effect is present at all spatial points along the slit, the sig-
nature of the transverse Zeeman effect disappears 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 1 line at 4607 A with a Q/I shape that has nothing to do with the transverse Zeeman effect.
This spectropolarimetric observation was obtained by Stenflo (2002).

3. 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 between the 7 and ¢ transitions,
and there is no measurable polarization because the polarizations of such components
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.
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To this end, consider the case of a line transition with J; = 0 and J, = 1
and choose the quantization axis of total angular momentum along the solar radius
vector through the observed point. Assume that the population of the upper-level
magnetic sublevel with M, = 0 is smaller than the populations of the magnetic
sublevels with M, = +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 o transitions per unit volume and time will be larger than the ensuing
number of 7 transitions. For example, for the case of magnetic field oriented along
the solar radius vector through the observed point, a more general expression for
the Stokes-(@) component of the emission vector would be!
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where 6 is the angle between the quantization axis of total angular momentum
(chosen here along the solar radius vector through the observed point) and the
line of sight, while pj, (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 magnetic field (i.e., when ¢, = ¢rea = dplue because their central wavelengths
coincide at Ag for B = 0 gauss) the Stokes-(@ profile is equal to the difference between
two Voigt profiles: one (resulting from the 7 transition) centered at Ao and an extra
one (resulting from the o transitions) centered also at Ag but of greater amplitude.
This is precisely the explanation of the curious linear polarization of the Sr I line
seen in Fig. 2, as observed in “quiet” regions close to the edge of the solar disk.
Given that this spectral line has J; = 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 negligible fraction of the spectral line width, spectral lines with J; = 1
and J,, = 0 can produce linear polarization only if there exist population imbalances
among the magnetic sublevels of their lower-level. If this is the case, then linear
polarization can be generated via the selective absorption of polarization compo-
nents resulting 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 J; = 3/2 —J, = 1/2 transitions, like the A\8662 A
line of the Ca 11 IR triplet (Manso Sainz & Trujillo Bueno, 2003a). Interestingly,
lower-level atomic polarization and the ensuing selective absorption mechanism (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 1076 < @Q/I < 1073; see Stenflo & Keller, 1997; Stenflo
et al., 2000; Gandorfer, 2000, 2002).

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 involved in the line

1 T have chosen here the positive reference direction for Q > 0 such that cos2y = 1.
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transition under consideration.? Upper-level polarization produces selective emission
of polarization components (i.e., the emitted light is polarized, even in the absence
of a magnetic field), while lower-level polarization causes selective absorption of
polarization components (i.e., the transmitted beam is polarized, even in the absence
of a magnetic field).

4. 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, which
produces atomic alignment. This is easy to understand by considering the academic
case of a unidirectional unpolarized light beam that illuminates a gas of two-level
atoms with J; = 0 and J,, = 1 and that is propagating along the direction chosen as
the quantization axis of total angular momentum. Since these atoms can only absorb
41 units of angular momentum from the light beam, only transitions corresponding
to AM = +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 p2(J, = 1) = (N; — 2Ny + N_;)/+v/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 occurs when some lower state
sublevels absorb light more strongly than others. As a result, an excess population
tends to build up in the weakly absorbing sublevels (Kastler, 1950; Happer, 1972;
Trujillo Bueno & Landi Degl'Innocenti, 1997; Trujillo Bueno, 1999, 2001, 2003a;
Manso Sainz & Trujillo Bueno, 2003a). It is also important to note that line transi-
tions between levels having other total angular momentum values (e.g., J; = J, = 1)
permit the transfer of atomic polarization between both levels via a process called re-
population pumping (e.g., lower-level atomic polarization can result simply from the
spontaneous decay of a polarized upper level; see Trujillo Bueno et al., 2002b). The
presence of a magnetic field is not necessary for the operation of such optical pump-
ing 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.

5. The Hanle effect: classical description

The Hanle effect is the modification of the atomic-level polarization (and of the
ensuing observable effects on the emergent Stokes profiles) caused by the action of a

2 There are two possible types of atomic level polarization: alignment and orientation. Atomic
alignment is a condition of population imbalances between the Zeeman substates of a level, such
that the total population of substates with different values of | M| are different. One speaks instead
of atomic orientation when, for a given value of |M|, the substates labeled by M and -M have
different populations. Moreover, the concept of atomic polarization includes also the possibility
of quantum interferences (or coherences) among the magnetic sublevels of each J-level, and even
among those belonging to different J-levels.
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Fig. 3.  Illustration of the atomic polarization that is induced in the lower level of a two-level
atom (with J; =1 and J, = 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
excess population tends to build up in the weakly absorbing sublevels. Note that the alignment
coefficient of the lower level (i.e. p2 = (N1 — 2Ny + N_1)/v6, N; being the populations 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).

magnetic field inclined with respect to the symmetry axis of the pumping radiation
field. The basic formula to estimate the magnetic field intensity, By (measured in
gauss), sufficient to produce a sizable change in the atomic level polarization results
from equating the Zeeman splitting with the natural width (or inverse lifetime) of
the energy level under consideration:

By =1.137x10"7/(tuse 9. (4)

where g; and tife 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. This formula provides a reliable estimation only when radiative transitions
dominate completely the atomic excitation. If elastic and/or inelastic collisions are
also efficient, then the critical field increases, since it turns out to be approximately
given by (Trujillo Bueno, 2003a)

1461 —¢)
- 1—¢

B By, (5)
where 6 = D/A,; quantifies the rate of elastic (depolarizing) collisions in units of
the Einstein A,;-coefficient, and € = Cy;/(Cuwi + Aur) is the probability that a de-
excitation event is caused by collisions (with C; the rate of inelastic collisional
transitions between the upper level “u” and the lower level “I”). The application
of this basic equation to the upper and lower levels of typical spectral lines shows
that the Hanle effect may allow us to diagnose solar and stellar magnetic fields
having intensities between at least one milligauss and a few hundred gauss, i.e., in
a parameter domain that is very hard to study via the Zeeman effect alone.
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Fig. 4.  Anisotropic illumination of the outer layers of a stellar atmosphere, indicating that the
outgoing continuum radiation (which shows limb darkening) is predominantly wvertical while the
incoming radiation (which shows limb brightening) is predominantly horizontal . The figure also
illustrates the type of anisotropic illumination experienced by atoms situated at a given height
above the visible ‘surface’ of the star, including the polarization analysis of the scattered beam
at 90°. The ‘degree of anisotropy’ of the incident radiation field is quantified by A = Jg/Jg,

where J{ is the familiar mean intensity and J2= 3_22%/5(3“2 — 1)[1“5 (with I, g the Stokes-I

parameter as a function of frequency v and direction ﬁ, while 4 = cos 0, with 6 the polar angle
with respect to the Z-axis). The possible values of the ‘anisotropy factor’ W = /2 A 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 emergent
linear polarization. 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 in this case the maximum anisotropy
factor occurs around 2800 A, i.e., very near the central wavelength of the k line of Mg 11, whose
polarization may contain valuable information on the magnetic fields of the transition region from
the chromosphere to the 10® K solar coronal plasma.

In order to clarify that, depending on the scattering geometry, the Hanle effect can
either destroy or create linear polarization in spectral lines, let us consider scattering
processes in a J; = 0 — J, = 1 line transition for the following two geometries: 90°
scattering and forward scattering.

5.1. 90° SCATTERING

Figure 5 illustrates the 90° scattering case, in the absence and in the presence of a
magnetic field. For this geometry the largest polarization amplitude occurs for the
zero field reference case, with the direction of the linear polarization as indicated in
the top panel (i.e, perpendicular to the scattering plane).
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The two lower panels illustrate what happens when the scattering processes take
place in the presence of a magnetic field pointing (a) towards the observer (left
panel) or (b) away from him/her (right panel). In both situations the polarization
amplitude is reduced with respect to the previously discussed unmagnetized case.
Moreover, 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)2. Therefore, when opposite magnetic polarities coexist 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 polarity fields at subresolution scales in the
solar atmosphere (Stenflo, 1982; Trujillo Bueno et al., 2004).

90° Scattering

B=0 gauss

Fig. 5.  The 90° scattering case in the absence (top panel) and in the presence (bottom panels)
of a deterministic magnetic field.

5.2. 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
reference case, while the largest linear polarization (oriented 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).

In other words, in the presence of an inclined magnetic field that breaks the sym-
metry of the scattering polarization problem, forward scattering processes can pro-
duce measurable linear polarization signals in spectral lines (Trujillo Bueno, 2001).

3 This occurs when the Landé factor, gy, of the transition’s upper level is positive, while the
opposite behavior takes place if g, <0.
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Fig. 6. The forward scattering case, in the absence (top panel) and in the presence (bottom panel)
of a deterministic magnetic field.

In this case, the linear polarization is created by the Hanle effect, a physical phe-
nomenon that has been clearly demonstrated via spectropolarimetry of solar coronal
filaments in the He 1 10830 A multiplet (Trujillo Bueno et al., 2002a).

6. The Hanle effect: quantum description

As seen in Figs. 5 and 6, the classical description of the Hanle effect is relatively
easy to understand (cf., Landi Degl'Innocenti & Landolfi, 2004). In what follows, I
provide a very brief explanation within the framework of quantum mechanics, since
this is required for a deeper physical understanding of this fascinating effect which
has found so many interesting applications in physics (see Moruzzi & Strumia, 1991).

To that end, we need to recall first the concept of quantum coherence (p (M, M'))
between different magnetic sublevels M and M’ pertaining to each J-level. We say
that the quantum coherence p (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; = 0 and J,, = 1 that is being
irradiated by an wunpolarized radiation beam. In the absence of magnetic fields,
all coherences 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 radiation field that ‘illuminates’ the atomic
system. This is because unpolarized radiation propagating along the quantization
axis can only produce incoherent excitation of the upper-level sublevels with M =
+1.4 If we now rotate the original reference system so that the new quantization

4 Note that an unpolarized radiation beam may be considered as the incoherent superposition
of right-handed and left-handed circular polarization.
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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. (6), a magnetic field will
relax such quantum coherences.

We thus see that the most general description of the excitation state of a J-
level requires (2J + 1)? quantities: the individual populations (p;(M, M)) of the
(2J 4 1) sublevels and the degree of quantum coherence between each pair of them
(ps(M,M")). These quantities are nothing but the diagonal and non-diagonal ele-
ments of the atomic density matrix associated with the J-level, as given by the stan-
dard representation. Alternatively, we can use the multipole components (pg ) of the
atomic density matrix, which are given by linear combinations of p (M, M'). The pg
elements with @@ = 0 are real numbers given by linear combinations of the populations
of the various Zeeman sublevels corresponding to the level of total angular momen-
tum J. The total population of the atomic level J is proportional to v/2.J + 1p3(J),
while the population imbalances among the Zeeman sublevels are quantified by pi
(e.g., p2(J =1) = (Ny —2No + N_1)/v/6 and p}(J = 1) = (N; — N_1)/v/2). How-
ever, the pg elements with @Q #0 are complex numbers given by linear combinations
of the coherences between Zeeman sublevels whose magnetic quantum numbers dif-
fer by Q (e.g., p3(J = 1) = p(1,—1)). These multipole components of the atomic
density matrix provide the most useful way of quantifying, at the atomic level, the
information we need for calculating the sources and sinks of polarization. Thus, the
pS elements produce the dominant contribution to the Stokes I parameter, the pé?
elements (the orientation components) affect the circular polarization, while the pé
elements (the alignment components) contribute to the linear polarization signals.

The Hanle effect can be suitably summarized by the following equation, which is
valid for the case of a two-level model atom with unpolarized ground level (Landi
Degl’'Innocenti & Landolfi, 2004):

1

m[ﬂg(Ju)]B:o, (6)

P (Ju) =

where I', = 8.79x10° B g7, /A, and [pg(Ju)]Bzo are the pg 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 pg elements with Q = 0) are
unaffected by the magnetic field, while the pg elements with @ #0 are reduced and
dephased with respect to the non-magnetic case. The important point to remember
is that the Hanle effect modifies the emergent Stokes profiles because the polarization
of the light that is emitted and/or absorbed at each point within the astrophysical
plasma under consideration depends sensitively on the local values of the pg elements
along the line of sight.

Finally, it is interesting to mention that the Hanle effect (Hanle, 1924) played
a fundamental role in the development of quantum mechanics because it led to the
introduction and clarification of the concept of coherent superposition of pure states.
As we have hinted above, the Hanle effect is directly related to the generation of
coherent superposition of degenerate Zeeman sublevels of an atom (or molecule) by



88 JAVIER TRUJILLO BUENO

a light beam.? As the Zeeman sublevels are split by the magnetic field, the degen-
eracy 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, Landi Degl’Innocenti & Trujillo Bueno, 2005).

7. The Paschen-Back effect

As mentioned in Section 2, any atomic level of total angular momentum quantum
number J is split by the action of a magnetic field into (2J + 1) equally spaced
sublevels, the splitting being proportional to the Landé factor g; 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
consideration. 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 inter-
action can be considered as a perturbation 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 independently 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 |LSM Mg), and the term (L, .S)
splits into a number of components, each of which corresponds to particular values
of (M, + 2Ms).

Interestingly, since the spin-orbit coupling increases rapidly with increasing nu-
clear 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 1 10830 A multiplet cross for magnetic
strengths between 400 G and 1500 G, approximately (e.g., Socas-Navarro, Trujillo
Bueno & Landi Degl'Innocenti, 2004). 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 |LSMMg) 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 numerical diagonalization of the Hamiltonian.

A particularly interesting phenomenon related to the non-linear effect of the
magnetic field on the energy levels in the transition from the Zeeman effect to the
complete Paschen-Back effect is the enhancement of the scattering polarization by a
vertical magnetic field, which has been investigated by Trujillo Bueno et al. (2002b)
for the Do line of Na 1 and by Belluzzi, Trujillo Bueno & Landi Degl’Innocenti (2006)
for the Do line of Ba 1I.

5 A coherent superposition of two or more sublevels of a degenerate atomic level is a quantum
mechanical state given by a linear combination of pure states of the atomic Hamiltonian.
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8. Illustrating the effects of the various competing mechanisms on the
linear polarization of the He 1 10830 A multiplet

Figure 7 shows theoretical examples of the joint influence of atomic level polarization
and the Hanle and Zeeman effects on the emergent Stokes profiles of the He 110830 A
multiplet, with the wavelength positions and the strengths of the m and o transitions
calculated within the framework of the incomplete Paschen-Back effect theory. This
is shown for a broad range of magnetic field strengths, and for both 90° and forward
scattering geometries. We point out that the He 1 10830 A multiplet originates
between a lower term (23S;) and an upper term (23Ps19). Therefore, it comprises
three spectral lines: a ‘blue’ component at 10829.09 A (with J; = 1 and J,, = 0), and
two ‘red’ components at 10830.25 A (with J, = 1) and at 10830.34 A with (J, = 2)
which appear blended at solar atmospheric temperatures.

The left panels of Fig. 7 concern the 90° scattering case, which is typical of any
off-limb observation. The right panels consider the forward scattering case, which
is typical of an on-disk observation at or close to the center of the solar disk. In
both cases we have assumed a constant-property slab of optical depth unity at the
line center of the red blended component. We have assumed that this slab of helium
atoms is located at a height of only 3 arc seconds above the visible solar surface and
that it is anisotropically illuminated from below by the photospheric radiation field.
The magnetic field is assumed to be horizontal (i.e., parallel to the solar “surface”)
and oriented in a way such that also for the off-limb case the magnetic field vector
is perpendicular to the line of sight. From top to bottom Fig. 7 shows the emergent
Stokes @ profile for increasing values of the magnetic strength and for the following
three calculations of increasing realism:

(1) The dotted lines indicate the case without atomic level polarization. Here
the only mechanism responsible of the emergent linear polarization is the Zeeman
splitting of the upper and lower energy levels, which produces wavelength shifts
between the ™ and ¢ components, whose positions and strengths have been calculated
in the incomplete Paschen-Back effect regime. Therefore, zero polarization is found
for B=0 G.

(2) The dashed lines correspond to the case in which we have taken into account
the influence of the atomic polarization of the two upper levels of the He 1 10830
A multiplet that can carry atomic level polarization, that is, those with J = 2 and
J = 1. Therefore, in addition to the above-mentioned Zeeman effect contribution,
we have here the possibility of a selective emission of polarization components, even
for the zero field case. For example, this is the reason why the dashed line of the
upper left panel of Fig. 7 shows a non-zero linear polarization signal for the off-limb
zero field case.

(3) The solid lines correspond to the most general situation in which the influ-
ence of the atomic polarization of the lower level is also taken into consideration,
in addition to that of the upper levels and to the Zeeman effect. The consideration
of lower-level polarization has two consequences. First, the amount of upper level
polarization and the ensuing selective emission of polarization components is mod-
ified. Second, we can also have a selective absorption of polarization components.
For instance, this is the reason why the blue line of the He 1 10830 A multiplet shows
a non-zero linear polarization signal in the B = 100 G right panel of Fig. 7.



90

41
e
ol
5
_E
>
-2
747

Fig. 7.

JAVIER TRUJILLO BUENO

LIMB - B=0 G

ATOMPOL
........ NO ATOMPOL
— — — ULL

-1 0 1 2
Wavelength shift [A]
B=100 G

0 1 2
Wavelength shift [A]
B=500 G

—1 0 1 2
Wavelength shift [A]
B=1000 G

-1 0 1 2
Wavelength shift [A]

B=2000 G

—1 0 1 2
Wavelength shift [A]

Q/Imex [%]

Q/Linax [%]

Q/Lnex [%]

DISK CENTER — B=0 G

A ]
el 1
x f 1
oo :
> I 1
—_r ]
747 . . . 7
-1 0 1
Wavelength shift [A]
B=100 G
2 ‘ ‘ E
5 :
- E
o~ E|
[«3 E
-1 0 1
Wavelength shift [A]
B=500 G
5 ‘ ‘

~1 0 1
Wavelength shift [A]
B=1000 G

-4l ‘ ‘
-1 0 1
Wavelength shift [A]
B=2000 G
10 ‘ ‘

~1 0 1
Wavelength shift [A]

Influence of atomic level polarization on the emergent linear polarization of the He 1 10830
A multiplet. See the text for details. The positive reference direction for Stokes @ is along the

direction of the horizontal magnetic field. From Trujillo Bueno & Asensio Ramos (2007).



THE PHYSICS OF SPECTRAL LINE POLARIZATION 91

As shown in Fig. 7, for weak magnetic fields (e.g., B<100 G) the emergent linear
polarization is fully dominated by the selective emission and selective absorption of
polarization components that result from the atomic level polarization induced by
the anisotropic illumination of the slab’s helium atoms (Trujillo Bueno et al., 2002a).
For stronger magnetic fields, the contribution of the transverse Zeeman effect cannot
be neglected. However, the emergent linear polarization may still show an important
contribution caused by the presence of atomic level polarization, even for magnetic
strengths as large as 1000 G. Interestingly, the observational signature of this atomic
level polarization is clearly seen in many of the Stokes @ and U profiles that some
observers have measured in emerging magnetic flux regions, even at points of the
observed field of view for which magnetic strengths as large as 1000 G are inferred
(see details in Trujillo Bueno & Asensio Ramos, 2007). Therefore, the modeling
of the Stokes Q and U profiles of the spectral lines of the He 1 10830 A multiplet
should not be done by taking only into account the contribution of the transverse
Zeeman effect, unless the magnetic field intensity of the observed plasma structure
is sensibly larger than 1000 G.

9. Summarizing: Zeeman vs. Hanle

The good news about the Zeeman effect is that the mere detection of polarization
implies the presence of a magnetic field. The bad news are the following:

— It is of limited practical interest for the determination of magnetic fields in hot
coronal plasmas because the Zeeman polarization scales with the ratio between
the Zeeman splitting and the Doppler-broadened line width.

— The Zeeman effect is “blind” to magnetic fields that are tangled on scales too
small to be resolved.

Concerning the Hanle effect, these are the good news:

— It is sensitive to magnetic fields for which the Zeeman splitting in frequency units
is comparable to the inverse lifetime of the upper (or lower) level of the spectral
line used, regardless of how large the line width due to Doppler broadening is.
It is therefore sensitive to weaker magnetic fields than the Zeeman effect: from
at least milligauss to hundreds of gauss.

— It is sensitive to the presence of hidden, mixed-polarity fields at sub-resolution
scales.

—  Contrary to a widespread belief, the diagnostic use of the Hanle effect is not
limited to a narrow solar limb zone. In particular, in forward scattering at disk
center, the Hanle effect can create linear polarization, when in the presence of
inclined magnetic fields.

The downside of the Hanle effect is that it is properly a quantum effect, and
the quantum theory of polarization is a complicated subject. However, it has been
recently described in great detail in a rigorous monograph (see Landi Degl’Innocenti
& Landolfi, 2004). And we know how to solve the relevant equations accurately and
efficiently in order to model polarization phenomena in (magnetized) astrophysical
plasmas (Trujillo Bueno, 2003b; see also the multilevel radiative transfer code of
Manso Sainz & Trujillo Bueno, 2003b).
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10. 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. However,
in order to open a true empirical window on solar and stellar magnetism, we need to
develop and apply suitable diagnostic tools that take proper account of the various
physical mechanisms that produce polarization in spectral lines. Hopefully, the brief
introduction provided here will motivate the reader to go deeper into the subject.
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