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Abstract. In recent years, Landi Degl’Innocenti (1998, 1999) has proposed a model of the polarization spectrum of the Na  D
lines observed near the solar limb, based on lower level polarization effects. By so doing, he obtains a remarkable agreement
between his model and the observations, so that he comes to a conclusion about a paradox, because the existence of lower
level polarization is incompatible with a magnetic field strength higher than 10 mGauss (except vertical), and with possible
depolarizing collision effects. In the present paper, we investigate the depolarizing collision effects (collisions with neutral
hydrogen) by using the collisional rates computed with ab-initio and quantum chemistry methods by Kerkeni (2001; see also
Kerkeni et al. 2000, and Kerkeni 2002). We solve the statistical equilibrium equations for the atomic density matrix, taking into
account these depolarizing collisions. We investigate the effect of a weak magnetic field (Hanle effect). Our results indicate that
the lower levels should be completely depolarized by the collisions at the depth where the Na  D lines are formed. Furthermore,
large values of the lower level alignment such as those introduced by Landi Degl’Innocenti in his model to get a good theoretical
fit of the observations, seem to us unlikely, as our computations confirm. Thus, as the agreement between the model by Landi
Degl’Innocenti and the observations is however very convincing, the paradox is confirmed, reinforced and increased by our
results.
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1. Introduction

The spectrum of the linear polarization of the Na  D lines
observed near the solar limb is one of the most beautiful fea-
tures of the second solar spectrum (which is the spectrum of the
linear polarization observed near the solar limb). It has been
observed several times in the recent years (Stenflo & Keller
1997; Keller & Sheeley 1999; Stenflo et al. 2000a, 2000b;
Gandorfer 2000; Bommier & Molodij 2002). We will not dis-
cuss differences between these observations, in particular in the
D1 line polarization spectrum (peaked or not peaked). We are
more interested in the remarkable interpretation of this spec-
trum proposed by Landi Degl’Innocenti (1998, 1999). What is
remarkable in this interpretation is the agreement between the
theoretical profile and the observations, which is highly con-
vincing, but leads to a paradox.

The model proposed by Landi Degl’Innocenti (1998, 1999)
is based on the following:

– the frequency coherent scattering is taken into account via a
metalevels formalism (Landi Degl’Innocenti et al. 1997);
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– the hyperfine structure of the Na  atom is taken into account,
leading to a multi-level atomic scheme;

– the statistical equilibrium equations for the atomic density
matrix are solved in the upper levels;

– a simplified treatment of the radiative transfer is formulated
and used.

The model makes use of some free parameters. The lower level
of the Na  D lines, 32S1/2, is split in two hyperfine levels F = 1
and F = 2, the nuclear spin being I = 3/2 (see Fig. 1).
These two levels may show some atomic polarization or align-
ment, which results from unequal populations in the different
Zeeman sublevels, though symmetrical sublevels M and −M
have equal populations. In the irreducible tensorial basis T K

Q

for developing the atomic density matrix in elements FFρK
Q,

with 0 ≤ K ≤ 2F and −K ≤ Q ≤ K (see Bommier 1995 for
an introduction), the FFρ0

0 element is proportional to the pop-
ulation of the F level (summed over the magnetic sublevels),
and the FFρ2

0 element is proportional to the alignment of the
F level. The ratio FFρ2

0/
FFρ0

0 is the atomic polarization. In the
solar atmosphere where the upper level excitation is mainly ra-
diative, alignment may be created in the upper level by absorp-
tion of anisotropic incident radiation. This upper level align-
ment can then be transferred to the lower level due to isotropic
radiative spontaneous emission. Thus, the atomic polarization
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Fig. 1. Structure of the sodium atom, D lines. A is the Einstein emis-
sion coefficient (which is the same for the two D lines), ignoring the
hyperfine structure (see Eq. (8)), expressed in MHz. It indicates the
approximate natural width of the levels.

results from the anisotropy of the incident radiation, so that
Landi Degl’Innocenti (1998, 1999) proposed the factorization

ρ2
0

ρ0
0

= βw, (1)

where w is the anisotropy of the incident radiation, defined as

w =
J2

0

J0
0

, (2)

where J0
0 and J2

0 are the tensorial components of the inci-
dent radiation defined in Landi Degl’Innocenti (1984; see also
Bommier 1997b, for a table of the irreducible spherical tensors
for polarimetry that enter the definition of JK

Q ), and β is defined
by Eq. (1). More recently (see Trujillo Bueno et al. 2002), it is
rather used as the definition of w

w =
√

2
J2

0

J0
0

, (3)

which has the advantage of leading to −1/2 ≤ w ≤ 1. β1 and β2,
corresponding respectively to the two lower hyperfine levels
F = 1 and F = 2, and w are three free parameters in Landi
Degl’Innocenti’s model. Another free parameter is the depth
attenuation of β1 and β2 which is described with the parameter
α (taking thus into account a possible collisional depolarization
at large depth). The last free parameter is the Doppler broaden-
ing ∆λD.

Landi Degl’Innocenti obtains a remarkable agreement of
the theoretical polarization profile with the observation of
Stenflo & Keller (1997), when non-zero values are introduced
for the lower level alignment. The best agreement is obtained
when

[
β1
]
0 = 2.0 and

[
β2
]
0 = 3.8, where [ ]0 means surface

value. It is then concluded that the linear polarization spectrum
is the result of non-zero lower level alignment. However, as it
will be discussed below in more detail, the lifetime of the lower
levels is such that the existence of non-zero alignment in the
lower levels is incompatible with the existence of a magnetic

field strength higher than 10 mGauss (except vertical), and is
also incompatible with the existence of collisional depolariza-
tion. This may be considered as hardly believable, so that this
result is a paradox.

More recently, on an observational basis, Stenflo et al.
(2001) concluded that this lower level alignment effect could
determine the D1 polarization, but not the D2 one which would
rather result from upper level alignment and partial redistribu-
tion effects. This result is applied to the interpretation of new
observations by Stenflo et al. (2002).

In the present paper, our purpose is to investigate the pos-
sible collisional depolarization of the lower level due to col-
lisions of the sodium atom with neutral hydrogen atoms, by
using recent collisional rates computed in the frame of ab-
initio and quantum chemistry calculations, by Kerkeni (2001;
see also Kerkeni et al. 2000, and Kerkeni 2002). We solve the
statistical equilibrium equations for the atomic density matrix,
introducing these collisional depolarization rates. We obtain
polarization in the D2 line core by applying the last scatter-
ing approximation in the solar atmosphere. A zero magnetic
field is assumed in Sect. 2, and the effect of the collisional de-
polarization on the Hanle effect of the D2 line is investigated
in Sect. 3. As a result, we derive the β1 and β2 coefficients at
various depths of the chromosphere: we discuss this result in
Sect. 4.

2. Collisional depolarization in a zero magnetic
field

The aim of the present section is to investigate the effect of
the depolarizing collisions on the scattering polarization of the
Na  D2 line, in a zero magnetic field as a first step. This is
achieved by solving the statistical equilibrium equations for the
atomic density matrix elements that fully describe the atomic
polarization, in the last scattering approximation, for various
values of the neutral hydrogen density. The data and the results
of the statistical equilibrium equations are presented below.

2.1. Data for the statistical equilibrium equations

The statistical equilibrium equations for the atomic density
matrix have been introduced by Bommier (1977; see also
Bommier & Sahal-Bréchot 1978), were generalized to level-
crossings in non-zero magnetic field in Bommier (1980), and to
the case of an atom having a hyperfine structure like the sodium
atom in Bommier & Sahal-Bréchot (1982). In the present work,
the statistical equilibrium has been solved for the three levels
involved in the Na  D lines, namely the ground level 32S1/2,
the upper level of the Na  D1 line 32P1/2, and the upper level
of the Na  D2 line 32P3/2 (see Fig. 1). The hyperfine structure
(I = 3/2) has been taken into account, and the hyperfine level
splittings for the sodium atom have been addressed in Sagalyn
(1954).

In this formalism, the atomic density matrix is submitted to
radiative excitation and de-excitation. The anisotropy and po-
larization of the incident radiation is described by means of an
incident radiation density matrix that is coupled to the atomic
density matrix in the radiative absorption and induced emission
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Fig. 2. Reference frame and angle definitions for the magnetic field
vector (note that the azimuth θ angle is negative on the figure).

processes. The intensity of the incident radiation is described
by means of dilution factors (see formalism and references in
Bommier & Sahal-Bréchot 1978, and in Sahal-Bréchot 1974),
in such a way that the incident radiation anisotropy w can be
related to these dilution factors by

w =
Wa

W
(4)

(in the definition of w given by Eq. (3)), where Wa is the
anisotropic dilution factor and W is the total dilution factor.
The emitted radiation polarization is described by means of an
emitted photon density matrix, whose polarization state reflects
that of the excited state of the line under interest.

The line absorption profiles are assumed to be narrower
than the spectral variations of the incident radiation, which
could eventually be questionable for the Na  D lines. Thus,
the statistical equilibrium coefficients are integrated over these
profiles, and the derived scattered polarization is the one at line
center. As the D1 line is unpolarizable, having J = 1/2 as the
upper level angular momentum, because the hyperfine split-
tings are neglected in the calculation of the emissivity (let us
recall that the hyperfine structure can only depolarize a line in
such a case), we study the scattered linear polarization at the
D2 line center.

We have applied the last scattering approximation (Stenflo
1982): this approximation consists of assuming that the scat-
tering atom is located just at the surface of the Sun, in such a
way that the anisotropy of the incident radiation (which is as-
sumed to be unpolarized) is given by the limb-darkening. The
observed radiation results from the one-scattering of this inci-
dent radiation by the average atom. The symmetry axis of the
incident radiation is the Oz axis of Fig. 2, and the emitted ra-
diation is observed along the Oy axis of the same figure. The
height above the solar limb h is then assumed to be zero.

The limb-darkening coefficient for the Na  D2 line center
has been derived from Waddel (1962): the intensity at the cen-
ter of the Na  D2 line, relative to the continuum intensity at

disk center, observed at various disk center distances, has been
fit by using the usual simple limb-darkening law

I(ϑ)/I(0) = 1 − u + u cosϑ, (5)

where ϑ is the scattering angle (angle between the local solar
radius and the line-of-sight). Thus, a value of u = 0.255 has
been derived, leading to w = 3.65 × 10−2 for the incident radi-
ation anisotropy.

The intensity of the incident radiation in the D1 and D2

line center has been taken in the solar atlas of Delbouille et al.
(1973), as

Imin(D1) = 5.0 × 10−2Ic

Imin(D2) = 4.5 × 10−2Ic, (6)

where Ic is the continuum intensity at disk center, which is

Ic = 3.66 × 10−5 erg cm−2 s−1 sr−1 Hz−1, (7)

at this wavelength. Thus, given the radiative emission
probability

A21 = 0.629 × 108 s−1, (8)

which is the same for the two transitions 32P1/2 → 32S1/2 (D1)
and 32P3/2 → 32S1/2 (D2), one obtains absorption probabilities
that are three orders of magnitude smaller in the D line center:

B12Iν(D1) = 0.61 × 105 s−1

B12Iν(D2) = 1.1 × 105 s−1. (9)

Correlatively, the induced emission, that is fully taken into ac-
count in our computation, is in fact three orders of magnitude
smaller than the spontaneous emission.

In the formalism described above, only radiative processes
are considered. The purpose of the present paper is however
to investigate the effect of the collisions with neutral hydrogen
atoms on the lower and upper level polarization. These depolar-
izing collisions have been introduced in the statistical equilib-
rium equations following the formalism developed by Kerkeni
(2002), in her Eqs. (16)–(18). Equation (16) is the statistical
equilibrium equation for the atomic density matrix, taking into
account the relaxation rates and also the collisional transition
rates (that occur between the 32P1/2 and 32P3/2 levels), in the
hyperfine and irreducible tensorial basis. In Eq. (17), the relax-
ation rates are developed on the hyperfine structure that plays
no role during the collision, so that the hyperfine relaxation
rates can be expressed in terms of the electronic relaxation rates
gκJ (λJ) (Omont 1977). Equation (18) is the analogous devel-
opment for the collisional hyperfine transition rates in terms of
the electronic transfer rates gκJ (λJ, λ′J′) from λ′J′ to λJ. The
numerical values of the gκJ rates used in the present work are
slightly different from the ones given in Kerkeni (2002), be-
cause they correspond to fits in narrower temperature ranges,
thus,

– level 32S1/2

g1 = 4.32 × 10−9nH

( T
5000

)0.41

s−1 (10)
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(from Kerkeni et al. 2000);

– level 32P1/2

g1 = 1.14 × 10−8nH

( T
5000

)0.43

s−1 (11)

for 216 K ≤ T ≤ 7000 K;

– level 32P3/2

g1 = 9.90 × 10−9nH

( T
5000

)0.43

s−1

g2 = 1.17 × 10−8nH

( T
5000

)0.44

s−1

g3 = 1.14 × 10−8nH

( T
5000

)0.44

s−1 (12)

for 1000 K ≤ T ≤ 7000 K;

– transitions 32P1/2 ↔ 32P3/2

g0(1/2 → 3/2) = g0(3/2→ 1/2)

= 5.84 × 10−9nH

( T
5000

)0.45

s−1 (13)

for 216 K ≤ T ≤ 7000 K,

g1(1/2 → 3/2) = g1(3/2→ 1/2)

= −6.90 × 10−10nH

( T
5000

)0.30

s−1 (14)

for 3000 K ≤ T ≤ 7000 K. As for the fine structure collisional
transition rate g, one has

g(1/2→ 3/2) =
√

2g0(1/2→ 3/2) (15)

and

g(3/2→ 1/2) =
1√
2
g0(3/2→ 1/2). (16)

2.2. Results of the statistical equilibrium

The results of the statistical equilibrium are given in Fig. 3, in
which the scattered linear polarization rate is given as a func-
tion of the neutral hydrogen density.

The obtained polarization degree has an order of magni-
tude compatible with the one observed at the D2 line center
near the solar limb (see the results of observations in Stenflo
& Keller 1997; Keller & Sheeley 1999; Stenflo et al. 2000a,
2000b; Gandorfer 2000; Bommier & Molodij 2002). The ob-
servations are however performed inside the solar limb (except
the ones of Keller & Sheeley 1999, which are very close to the
limb and give a polarization rate of the order of 5 × 10−3 at D2

line center), whereas the present calculation is a crude model
that corresponds to a scattering point that would be located ex-
actly on the limb. It has to be kept in mind that the polarization
degree decreases rapidly when the limb distance increases.

The linear polarization rate decreases when the density in-
creases, in two steps: first, for 1012 ≤ nH ≤ 1014, the align-
ment (or atomic polarization) is being progressively destroyed

0 100

1 10-3

2 10-3

3 10-3

4 10-3

5 10-3

6 10-3

1 010 1 012 1 014 1 016 1 018 1 020

P
n

H
 (cm- 3)

D2

Without collisions (n
H
= 0 )

Without alignment (2S )

Fig. 3. Collisional depolarization of the Na I D2 line: linear polar-
ization rate at line center P, as a function of the neutral hydrogen
density nH. The upper horizontal line, at P = 5.49 × 10−3, rep-
resents the polarization scattered without any collision, taking into
account the lower levels polarization. The lower horizontal line, at
P = 4.04 × 10−3, represents the polarization scattered without any
collision also, but assuming unpolarized lower levels. The right curve
that decreases from P = 5.49 × 10−3 to P = 4.04 × 10−3 is obtained
when the depolarizing collisions are introduced in the lower levels
only. The left curve that decreases from P = 4.04 × 10−3 to P = 0 is
obtained when the depolarizing collisions are introduced in the upper
levels, and the lower levels are assumed to be unpolarized. The com-
posite “central” curve that decreases from P = 5.49 × 10−3 to P = 0 is
the general curve that is obtained when the depolarizing collisions are
introduced in both upper and lower levels.

in the lower hyperfine levels. These levels, having as total angu-
lar momentum F = 1 and F = 2 (see Fig. 1), may be polarized.
Then, for 1015 ≤ nH ≤ 1017, the alignment (or atomic polariza-
tion) is being progressively destroyed in the upper levels. The
alignment is partly destroyed when the relaxation rates are of
the same order of magnitude as the level inverse lifetime (to-
tally destroyed if the relaxation rates are higher than the inverse
lifetime). It can be seen above (Eqs. (10)–(14)) that all the re-
laxation rates have the same order of magnitude, in the lower
as well as in the upper levels. As the lifetime is three orders of
magnitude longer in the lower levels than in the upper levels,
as dicussed above, the depolarizing densities differ by three or-
ders of magnitude for these two series of levels, as is visible in
Fig. 3.

As will be discussed later, the neutral hydrogen density at
the Na  D line formation depth which is located near the tem-
perature minimum is of the order of 2×1015 cm−3 (temperature
minimum, model C for the Quiet Sun by Fontenla et al. 1993),
so that, following our result given in Fig. 3, the lower level po-
larization would be completely destroyed at this depth, whereas
the upper level polarization would not be destroyed. This point
will be further investigated in Sect. 4.
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3. Hanle effect and collisional depolarization

Here we investigate the effect of a weak magnetic field on the
Na  D2 line scattering polarization. A weak magnetic field,
when aligned with the line-of-sight in the scattering geome-
try of Fig. 2, is able to decrease the linear polarization rate, and
to rotate the linear polarization direction with respect to the so-
lar limb direction (which is the polarization direction in a zero
magnetic field): these are the two main features of the Hanle
effect.

The effect of the magnetic field on the hyperfine sublevel
energy is given in Fig. 4. On this figure, it can be seen that
level-crossings and anti-level-crossings occur between the hy-
perfine sublevels of the upper level 32P3/2 of the Na  D2 line,
for a field strength lower than 60 Gauss. The transition from
the Zeeman effect to the Back-Goudsmit effect, where the hy-
perfine hamiltonian is smaller than the electron-magnetic field
interaction hamiltonian, is clearly visible on the figure. The re-
sult is that, for such a magnetic field strength, the nuclear angu-
lar momentum becomes decoupled from the electronic angular
momentum (Casini et al. 2002), so that the hyperfine structure
becomes negligible.

We have investigated the magnetic field effect for three typ-
ical neutral hydrogen densities:

– zero neutral hydrogen density (collisionless regime);
– nH = 2 × 1014 cm−3: for this density, the atomic polarization

is destroyed in the lower levels and not destroyed in the
upper levels (see Fig. 3);

– nH = 1016 cm−3: for this density, the atomic polarization is
destroyed in the lower levels and partially destroyed also in
the upper levels (see Fig. 3).

The Hanle diagrams have been plotted for these three densi-
ties in Figs. 5–7 respectively. These diagrams are abaci of the
linear polarization in rate and direction, for an horizontal mag-
netic field (ψ = 90◦), and for various field strengths B and
azimuths θ.

The diagram for the zero neutral hydrogen density has
already been computed by Landolfi & Landi Degl’Innocenti
(1985), in the solar prominences case (i.e. at a higher altitude
above the solar limb). However, when scaled to the linear po-
larization rate in zero magnetic field pmax, the diagram practi-
cally does not depend on the scattering height, so that our dia-
gram given in Fig. 5 is in good agreement with the one given in
Fig. 4 of Landolfi & Landi Degl’Innocenti (1985). Three main
features can be described on this diagram.

The first feature concerns the incomplete loop that is visible
at the top of the diagram. This loop is the result of the progres-
sive destruction of the atomic coherences responsible for the
lower levels polarization by the increasing magnetic field (the
upper levels coherences are destroyed at a higher magnetic field
strength). More precisely, the coherences are completely de-
stroyed when ωτ � 1, where ω is the Larmor frequency and τ
the lifetime of the level under interest, so that the average Hanle
sensitivity of the polarization to the magnetic field strength
is given by ωτ = 1. For the lower level 32S1/2, the lifetime
being given by the radiative absorption probabilities given in
Eq. (9), this corresponds to a field strength of 5–10 mGauss for

Fig. 4. Effect of the magnetic field on the hyperfine structure sublevels
energies, for the levels 32S1/2 (ground level, top), 32P1/2 (excited level
of the Na I D1 line, middle), and 32P3/2 (excited level of the Na I
D2 line, bottom). The energies (y-axis) are given in angular frequency
units, rad/s. On the bottom figure, the transition from the Zeeman ef-
fect to the Back-Goudsmit effect appears clearly.

the Hanle sensitivity. For the upper level 32P3/2, the lifetime is
given by the radiative emission probability given in Eq. (8), and
this corresponds to a field strength of 5 Gauss for the Hanle sen-
sitivity (three orders of magnitude higher because the lifetime



712 B. Kerkeni and V. Bommier: Collisional depolarization of the Na I D2 line

Fig. 5. Hanle effect diagram for an horizontal
magnetic field (ψ = 90◦). x-axis: linear polar-
ization direction with respect to the solar limb
direction (x-axis of Fig. 2). y-axis: linear po-
larization rate at Na I D2 line center (scaled
to the linear polarization rate in zero magnetic
field, pmax). The vertically oriented curves are
iso-θ curves (increasing field strength and con-
stant field azimuth – some θ values are given
near the bottom extremity). The horizontally
oriented curves are iso-gauss curves (constant
field strength and varying field azimuth – some
B values in Gauss are given near the left extrem-
ity). The loops are associated to some Zeeman
sublevel crossings (see text). For this diagram,
a zero neutral hydrogen density has been as-
sumed, and pmax = 5.49 × 10−3. The height
above the solar limb is zero and the anisotropy
of the incident radiation results from the limb
darkening (see text).

Fig. 6. Same as Fig. 5, but for a neutral hy-
drogen density of 2 × 1014 cm−3. For such a
density, the lower levels are depolarized by the
collisions with neutral hydrogen (see Fig. 3).
pmax = 4.11 × 10−3.

is three orders of magnitude smaller in the upper level than
in the lower level). These two widely different ranges of field
strengths are clearly visible on the diagram: the smaller field,
5 mGauss, is associated to the incomplete loop corresponding
to the lower level polarization progressive destruction.

The second feature concerns the small loops that appear at
field strength in the 10–20 Gauss range (two loops on each iso-θ
curve). As discussed in Bommier (1980), such loops are asso-
ciated with level-crossings (having ∆M = ±2 for the magnetic
quantum number difference between the two crossing levels,
due to symmetry reasons for horizontal magnetic field having
ψ = 90◦), that appear in the lower part of Fig. 4. Three level-
crossings having ∆M = ±2 can be found in this figure, in the
range 15–25 Gauss, corresponding to these two loops.

The third feature concerns the increase of polarization rate
for high fields, for azimuths θ around 90◦. This increase is
more visible on the top curve of Fig. 8, where we have plot-
ted the variation of the polarization rate as a function of the
magnetic field strength, for horizontal field ψ = 90◦ having
also azimuth θ = 90◦ (magnetic field lying along the Ox axis
of Fig. 2). On this curve we can also see the two other features:
the lower level depolarization for field strength in the range 5–
10 mGauss, and two small bumps corresponding to the loops
that appear for the other azimuths (for this azimuth, θ = 90◦,
due to symmetry reasons there is no rotation of the polariza-
tion direction). This increase of polarization, already observed
in the computations by Trujillo Bueno et al. (2002), is due
to the decoupling of the nuclear angular momentum from the
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Fig. 7. Same as Fig. 5, but for a neutral hydrogen
density of 1 × 1016 cm−3. For such a density, the
lower levels are totally depolarized and the upper
levels are partly depolarized also by the collisions
with neutral hydrogen (see Fig. 3). Moreover, the
upper levels are broadened by the collisions, which
explains the disappearance of the loops (see text).
pmax = 2.22 × 10−3.

electronic angular momentum (Casini et al. 2002), or, in other
words, to non-zero coherences in the atomic density matrix be-
tween levels having different total quantum numbers F , F′.
When the nuclear angular momentum is decoupled, the hyper-
fine structure, which has a depolarizing effect, becomes negli-
gible, so that the polarization increases.

The symmetries of the problem that are discussed in
Bommier (1980) imply that two symmetries are visible in
Figs. 5–7: first, two opposite azimuths +θ and −θ correspond to
the same polarization degree and direction; second, two com-
plementary azimuths θ and π − θ correspond to the same polar-
ization degree but opposite polarization direction rotations.

Figure 6 corresponds to the diagram modified by the de-
polarizing collisions, when a neutral hydrogen density nH =

2 × 1014 cm−3 is assumed. As can be seen in Fig. 3, such a
density corresponds to the case where the polarization is de-
stroyed in the lower levels, but not in the upper levels. Thus,
the incomplete loop that was visible at the top of the diagram
in the collisionless regime (Fig. 5), that was associated with the
progressive destruction of the coherences in the lower level, is
no longer visible in Fig. 6 because the lower level coherences
are destroyed by the collisions, whatever the field strength. The
two other features (loops corresponding to level-crossings and
increase of the polarization for high field strength) are also vis-
ible in this diagram and in the corresponding middle curve of
Fig. 8. Due to the disappearance of the incomplete top loop, the
increase of polarization due to the nuclear angular momentum
decoupling is clearly visible, and corresponds to a polarization
degree higher than the one in a zero magnetic field, pmax.

Figure 7 corresponds to the diagram modified by the de-
polarizing collisions, when a neutral hydrogen density nH =

1016 cm−3 is assumed. As it can be seen in Fig. 3, such a den-
sity corresponds to the case where the polarization is totally
destroyed in the lower level, and partly destroyed in the upper
level. As in the preceding case, the incomplete top loop due
to the lower level coherences is not visible, because the lower

Fig. 8. Variation of the linear polarization rate (y-axis, not scaled to a
zero field value as the Hanle diagrams) with increasing magnetic field
strength, for an horizontal field ψ = 90◦, with azimuth θ = 90◦ (field
aligned with the x-axis of Fig. 2), for the three neutral hydrogen den-
sities considered for plotting the Hanle diagrams given in Figs. 5–7.

level polarization is completely destroyed by the collisions.
The two other features (loops corresponding to level-crossings
and increase of the polarization for high field strength) are also
not or much less visible on this diagram. This is due to the
fact that, besides their depolarizing effect, the collisions have
a broadening effect which makes the associated level width
larger that the hyperfine splitting, so that the hyperfine struc-
ture (responsible for the level-crossings) becomes negligible
whatever the magnetic field strength is. A similar effect of neg-
ligible hyperfine structure with respect to the upper level width
has already been studied in the case of the hydrogen Lyα line
scattered in the solar Corona, by Bommier & Sahal-Bréchot
(1982).
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Fig. 9. Beta coefficients (see text), that describe the lower levels align-
ment, for the two hyperfine lower levels F = 1 and F = 2 (left y-axis),
as a function of the depth in the chromosphere. The electron tempera-
ture (right y-axis) is also given. The Na I D lines are formed near the
temperature minimum.

4. Discussion

The aim of the present section is to investigate the depen-
dence of the lower level polarization on the depth in the chro-
mosphere. The lower level polarization is described by the β
coefficient introduced in Eq. (1). We have computed the β1

and β2 coefficients corresponding to the two hyperfine lower
levels F = 1 and F = 2 respectively, by solving the sta-
tistical equilibrium equations under the conditions described
in the preceding Sect. 2.1. In particular, the incident radiation
anisotropy is that resulting from the last scattering approxima-
tion, as if the scattering atom was located at the Sun’s surface.
This anisotropy is certainly different from the one deeper in the
chromosphere. However, we estimate that the factorization in-
troduced in Eq. (1) is such that the β coefficient does not depend
on the anisotropy of the incident radiation (which is factorized
in the w coefficient), so that our solution of the statistical equi-
librium equation may provide the β1,2 coefficients at any chro-
mosphere depth.

We have used the neutral hydrogen density values given as
a function of depth by the Quiet Sun model C of Fontenla et al.
(1993).

The derived β1,2 coefficients as a function of chromosphere
depth are given in Fig. 9. Two main conclusions can be drawn
from this figure.

The first conclusion is that our β1,2 coefficients remain sub-
stantially smaller than unity at any depth, unlike the large val-
ues introduced by Landi Degl’Innocenti in his model to get a
good theoretical fit of the observations (see Sect. 1). We esti-
mate that such a behavior of the β coefficients as the one we
obtain is to be expected, because the only source of anisotropy
in the statistical equilibrium equations is the incident radia-
tion anisotropy. If Eq. (2) is used to define the w coefficient,

β should thus remain ≤1, whereas it should remain ≤1/
√

2
(as we obtain in our computation) if Eq. (3) is used instead to
define w.

The second conclusion is that the β1,2 coefficients are very
small, so that the lower levels are unpolarized, near the temper-
ature minimum where the Na  D lines are expected to form.

5. Conclusion

The result of our solution of the statistical equilibrium equa-
tions for the atomic density matrix, taking into account the
depolarizing collisions with neutral hydrogen through the col-
lisional rates computed by Kerkeni (2001; see also Kerkeni
et al. 2000, and Kerkeni 2002), is that the lower levels of the
Na  D lines would be completely depolarized near the temper-
ature minimum where the Na  D lines are expected to form.
In his model of the Na  D lines scattering polarization, Landi
Degl’Innocenti (1998, 1999) obtains a remarkable agreement
with the observations of Stenflo & Keller (1997), if on the con-
trary a large value is assumed for the lower level alignment (or
polarization). As this alignment could be destroyed by the de-
polarizing collisions (that we confirm) or by a magnetic field
larger than 5–10 mGauss (except vertical), he came to a con-
clusion about a paradox. Our conclusion based on our compu-
tations of the depolarizing collisions effect confirm, reinforces
and increases the paradox.

The values of the β coefficients for the lower levels intro-
duced by Landi Degl’Innocenti in his model to get a good theo-
retical fit of the observations are larger than unity. We estimate,
and our computations confirm, that such large values are un-
likely, because the only source of anisotropy is the incident ra-
diation one, so that β should remain ≤1 (if Eq. (2) is used to de-
fine the incident radiation anisotropy coefficient w), or ≤1/

√
2

(if Eq. (3) is used instead). This also increases the paradox.
The modelling of the Na D lines remains unresolved, diffi-

cult to solve because several important effects are involved and
mixed, namely: frequency coherent scattering, a multi-level
atom (due to the hyperfine structure), and polarized radiative
transfer. As a preliminary step, our statistical equilibrium code
could be improved by implementation of the line profiles, fol-
lowing the formalism developed by Bommier (1997a, 1997b),
in order to allow spectral variations of the incident radiation
along the absorption profile.
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