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Abstract. This paper is devoted to the interpretation of observa-
tions of the linear polarization in the resonance line of Ca1 at
4227 A over solar active and non-active regions performed by
Stenflo (1982) and Stenflo et al. (1980).

Theoretical polarization profiles of the Cal line are calcu-
lated by solving a non-LTE polarized transfer problem with a
two-level atom iterative method which takes into account partial
frequency redistribution and the Hanle effect. Polarization effects
can be neglected for the calculation of the populations of the
atomic energy levels. The vectorial line source function intro-
duced in Faurobert-Scholl (1991) to study the Hanle effect on
lines formed with Ry partial frequency redistribution is gene-
ralized to incorporate depolarizing elastic collisions. For Ca 1
depolarization is caused by collisions with neutral hydrogen
atoms and the collision rate is determined by yyw, the van der
Waals coefficient of neutral calcium.

Comparisons of the theoretical line wing polarization with
observational data from non-magnetic regions suggest an empi-
rical value for yyw which is in agreement with the results of
previous theoretical calculations (Deridder & van Rensbergen
1974).

In magnetic regions, the observed polarization rates are
found to be consistent with the presence of a magnetic canopy
lying in the low solar chromosphere at an altitude of about
950 km above 75990 =1. Low lying chromospheric canopies have
recently been predicted by Solanki & Steiner (1990) from theore-
tical calculations on the magnetic equilibrium of hot flux tubes
imbedded in a cooler chromosphere.

Key words: lines: formation — polarization — Hanle effect —
chromospheric magnetic fields

1. Introduction

Observations of linear polarization in solar absorption lines
outside active regions have been recorded for several decades.
The first reliable measurements of such non-magnetic polariza-
tion is due to Briickner (1963) who observed the strong Cal
14227 A resonance line. These measurements were later con-
firmed by Stenflo (1974) and Wiehr (1975). More recently Stenflo
et al. (1983a, b) have performed a systematic survey of linear
polarization in the solar spectrum outside active regions and
found that a large number of spectral lines show significant linear

polarization with a wide variety of polarization profiles. The
largest polarization rates are observed in strong resonance lines,
among which the Ca1 14227 A line.

The origin of this non-magnetic polarization is the coherent
scattering of the anisotropic photospheric radiation field by
atoms. The absorption of an anisotropic radiation field gives rise
to a non-uniform population of the Zeeman sublevels of the
excited state, together with phase relationships between these
sublevels. If the atom is not perturbed by elastic collisions before
its radiative decay, the reemitted radiation field is linearly pola-
rized (see Mitchell & Zemansky 1934; Hamilton 1947; Stenflo
1976). This is the so-called resonance polarization. In the pre-
sence of a weak magnetic field, such that the Larmor frequency of
the electron is of the order of the inverse life-time of the excited
state, the coherences between Zeeman sublevels are partially
destroyed. The reemitted radiation field is still linearly polarized
but the polarization plane is rotated and the polarization rate is
changed. This is known as the Hanle effect (see Lamb 1970,
Stenflo 1978; Bommier & Sahal-Bréchot 1978). This effect may be
used to determine weak magnetic fields. This was achieved for
solar prominences by Leroy et al. (1983, 1984) who could explain
the linear polarization of the optically thin HeD3 emission line
formed by scattering of the anisotropic photospheric radiation
field incident on the prominences.

In this paper we shall deal with the problem of the diagnostic
of weak magnetic fields in the solar photosphere or chromo-
sphere. As the Ca1 14227 A line shows relatively high polariza-
tion rates in the absence of magnetic field it appears to be a good
candidate for the purpose of measuring weak magnetic fields in
the solar atmosphere. Furthermore, one observation made by
Stenflo (1982) in an active region, but outside a sunspot, on the
solar disk shows in this line the characteristic features of the
Hanle effect.

We shall concentrate on the interpretation of the Cal
14227 A linear polarization profiles both in non-magnetic
regions and in the presence of a weak magnetic field. The non-
magnetic profiles show a narrow peak in the Doppler core and
two broad symmetrical maxima in the wings. The interpretation
of these profiles requires to solve a vectorial transfer equation for
the Stokes components of the radiation field, furthermore it is
important to take into account partial frequency redistribution
effects, which are responsible for the polarization in the wings (see
Rees & Saliba 1982; Faurobert 1988). The wing polarization has
already been partially interpreted by Dumont et al. (1973) and
Auer et al. (1980). However these authors introduced several
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approximations which greatly simplify the computations but are
not valid in the Doppler core of the line and may lead to non-
negligible errors on the wing polarization. To avoid solving the
polarized transfer equation they both used approximations for
the line source function, derived either by assuming that it is
equal to the Planck function or by fitting its value in order to
recover the observed intensity profiles. In the last case the fitting
was performed with the assumption that the source function
depends on the monochromatic optical depth only. They also
used, instead of the partial frequency redistribution function
which holds for strong resonance lines, the approximate ex-
pression introduced by Kneer (1975), which assumes that com-
plete frequency redistribution takes place in the Doppler core of
the line with a gradual transition to coherent scattering in the
wings. In Faurobert (1988), it is shown that this approximation,
which does not account for the diffusion in frequency occurring
in the wing (see Harrington 1973; Frisch & Bardos 1981) leads to
errors on the location and on the value of the wing maxima.
In Faurobert-Scholl (1991), which will be referred to as
Paper I in the following, I developed numerical methods to solve
the vectorial transfer equation for the Stokes parameters in lines
formed with partial frequency redistribution both in non-mag-
netic regions and in presence of Hanle effect. These codes are
used in this paper to interpret the solar Ca1 14227 A linear
polarization profiles. A formulation of the non-LTE line forma-
tion problem, including the Hanle effect is proposed. It may be
considered as an application of the formalism introduced by
Stenflo (1978), but a quite different expression of the vector line
source function, accounting for partial frequency redistribution,
is used. In the second part of this paper I describe the line
formation model, and the expression of the vectorial line source
function in presence of Hanle effect and depolarizing collisions.
In the third part, the intensity and non-magnetic polarization
profiles are obtained and compared to the observations of Stenflo
et al. (1980). This comparison allows both to verify our model
and to determine the rate of elastic depolarizing collisions which

Table 1. Model calcium atom

plays an important role for the wing polarization. In the fourth
part the effect on the polarization profiles of various configura-
tions of weak magnetic fields are investigated and the diagnostic
possibilities of the Hanle effect are discussed. One configuration
accounting for the observation of Stenflo (1982) is proposed.

2. Non-LTE polarized line formation model

We consider a plane-parallel model of the solar atmosphere,
under the condition of radiative equilibrium, given by the semi-
empirical VAL3C model (Vernazza et al. 1981). The temperature
varies from around 4200 K in the region of the minimum to
10* K in the upper chromosphere. In this temperature domain,
the ionization of calcium is important and the dominant species
is the singly ionized form Ca 1. Furthermore, the electronic
density takes quite low values (of the order of 10'°cm™3). As a
consequence radiative transitions in strong resonance lines are
not negligible compared to collisional transitions, i.c. non-LTE
effects are important. As we are interested in a resonance line of
neutral calcium we have to deal quite accurately with the non-
LTE effects in the ionization equilibrium of calcium and in the
line formation processes.

2.1. Atomic model and computation
of the atomic level populations

We give in Table 1 the atomic model we have considered. In the
upper layer of the chromosphere the doubly ionized form of
calcium is at least as much populated as the fundamental level of
neutral calcium. As the 4227 A line radiation field observed very
close to the solar limb is formed quite high in the chromosphere
we have taken into account the fundamental level of Ca 111. The
metastable level 2Ds 2 of Cam, which may be populated by
collisions from the ground level of Ca 11 and by recombinations
from Ca 111 has also been taken into account. The atomic struc-
ture of neutral calcium is reduced to the 'S, ground level plus the

Excitation Statistical
energy (eV) weight
Cam | 18. g=1
3
4 5.
7.8 Dy, | g=6
Can 6.1 28 g=2
[}
2. 3.
29 \ ! 'P, g=3
1.
Cal 'S, g=1
1: Treated explicitly
2: T,,q=4800 K (cf. Ayres & Testerman 1978)
3: T,,4=4775K (cf. Ayres & Testerman 1978)
4: Saturated
5! Traa=5000 K (cf. Auer et al. 1972)
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IP, level which is responsible for the 4227 A resonance line. As
far as this resonance line is concerned the coupling with the other
bound levels of neutral calcium does not play an important role.
The radiative transfer in the line is treated explicitly, while the
photoionization rates from both levels are obtained by means of
radiation temperatures as in Ayres & Testerman (1978). The
collision rate coefficients are also calculated as described by these
authors. As far as Ca I is concerned, photoionization from the
metastable level and collision rate coefficients are calculated as in
Auer et al. (1972). Finally we assume that, in the region where the
44227 A line is formed the resonance continuum transition
Can—Caln is in radiative equilibrium, ie. that the upward
radiative rate equals the downward radiative rate. This assump-
tion is easily checked by looking at the detailed results given by
Auer et al. (1972). This simplified model provides the population
number of the fundamental level of Ca 11 with an accuracy better
than 10% compared with the results of the more detailed model
used by Auer et al., where the Ca 11 K line and the Ca 11 resonance
continuum were treated explicitly.

According to the atomic model of Table 1 and to the different
assumptions which are summarized there, the only unknown
radiative rates are those due to the dipole type 44227 A reso-
nance transition. The statistical equilibrium equations for the
population of the atomic levels are coupled to the transfer
equation in this line. In the absence of magnetic field or in
presence of weak magnetic fields one can assume that the pola-
rization of the line does not influence the populations of the
atomic levels. The reason is that the populations depend only on
the intensity of the radiation field which is almost independent of
the polarization rate (see Faurobert-Scholl 1991). As a conse-
quence we adopt the following strategy. In a first step, the
populations of the atomic levels are determined by a standard
non-LTE procedure, ignoring the linear polarization in the line.
This assumption is the same as the approximation n.5 in Stenflo
(1978).

The statistical equilibrium equations coupled to the line
transfer equation are solved using an “equivalent two-level at-
om” iterative method. For the first iteration we assume that the
atomic levels are populated according to the LTE law. The
convergence is reached in 4 or 5 iterations. This first step of the
calculation provides the optical thickness in the line. The vec-
torial transfer equation for the line Stokes parameters is then
solved on this optical depth grid. In this second step we use the
equivalent two-level form of the line source function, where the
interlocking of the levels is represented by pseudo creation and
destruction terms (see Mihalas 1978). This is valid when the
coupling of the atomic levels does not play any role as far as the
line polarization is concerned. In particular, this would not apply
to problems where the interference between the wave functions
of two different atomic levels affects the polarization profiles of
the related lines. This phenomenon takes place for example, in
the Ca 11 H and K lines (see Stenflo 1980; Auer et al. 1980). But
this is not the case for the Ca 14227 A resonance line.

2.2. Vectorial source function

With our assumptions the vectorial line transfer equation may be
written, as in Eq. (4) of Paper I,

dl(z, x, Q)
/l —_—

o =[B+¢(x)]1[1(z, x, 2)—S(1, x, Q)], ey
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where the vectorial source function S is related to the line source
function Sy by [see Eq. (6) of Paper I]

S(z, x, @)= 25+ PRU
¢(x)+p

Let us notice that we have not introduced any polarization
mechanism in the underlying continuum radiation field. This will
not affect the line polarization because in the region of 1 4227 A
the continuum is very weakly polarized compared to the line. Its
polarization is of the order of 0.1%, compared to a few % in the
line, at 10 s of arc inside the solar limb (see Stenflo et al. 1983b).

We stress that, as we are dealing with a realistic solar model,
the Voigt absorption profile ¢(x) and the ratio of the continuum
opacity to line integrated opacity, f§, are both depth-dependent.
The continuum opacity is taken from Auer et al. (1972). The
Voigt parameter a is defined by

_ Ir+Tc(7)
" 4nAvp(r)’

@

a(q) ©)]
where I'y =2.18 1085 ! is the radiative de-excitation rate, I'¢ is
the collision damping coefficient and Avy, is the Doppler width.
As in Auer et al. (1980), we assume that collision damping is due
to collisions with neutral hydrogen and we use the van der Waals
approximation

Le(1)=yywnu(T./5000)°2, @

where yyyw is the so-called van der Waals coefficient, ny is the
neutral hydrogen population density and T is the electronic
temperature. The van der Waals coefficient has been determined
for the Ca114227 A line, both by theoretical work (see Deridder
& van Rensbergen 1974) and empirically, by fitting solar intensity
profiles (Ayres 1977). The empirical value of 2.8-+0.8 1078
cm®rads™! is more than twice the theoretical value of 1.2 108
cm3rads~!. We shall see that resonance polarization in the line
wings, which is very sensitive to collision damping, provides a
better diagnostic of the van der Walls coefficient, than the line
wing intensity.
The Doppler width is given by

vo [2kT,
AVD(T) = m + Vturb» (5)

Cc

where k denotes the Boltzman constant, m the calcium atomic
mass and v, the microturbulent velocity, given by the solar
model.

The line source function S, is written

Sy.(t, x, Q)={sc(t, x, Q)+ (' B+nB*) U} /(1 +¢ +1), (6)

where sc denotes the scattering term. This is the generalization to
the vectorial case of the equivalent two-level atom formulation
given by Mihalas (1978, p. 359, 360), for a two-level atom with
continuum. The extra creation term #B* and sink term # are due
to the coupling with the continuum. Their analytical expressions,
with the same notations, are given by Mihalas (1978, p. 359, 360).
The sink term ¢’ is given by

1—“(1 —e —hvo/kT,)
= ]"R s

’

™

where I is the collisional de-excitation rate.
Let us now examine in more details the scattering term. It
contains an integral over frequencies of the partial frequency
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redistribution function, which describes the correlations between
the frequencies of the absorbed and reemitted photons, and an
integral over propagation directions of a phase matrix, which
describes the correlations of propagation directions and states of
polarization. In Paper 1, we considered only the two limiting
cases of lines formed either with coherent scattering or with
complete frequency redistribution in the rest frame of the atom.
We now want to consider more realistic situations where both
types of scattering may occur. In the absence of magnetic field
and for a normal triplet, Domke & Hubeny (1988) give

sc(t. x, Q)= {f ) (yRyu(x, x")+ bRy(x, x")) dx’

dQI +
X e Pr(2,Q)(7, x',Q')+¢ Ry(x, x")dx’
‘]

-

J‘dQ, P I(z, x', Q' } ! 8
X 41'[ is (19 X' ) ¢(X), ( )
where Py is the Rayleigh scattering phase matrix and P, is the
isotropic matrix. To write (8) we have assumed that the full angle-
dependent redistribution functions can be replaced by their angle
averages. This approximation has been tested for resonance
polarization (Faurobert 1988). The frequency redistribution func-
tion Ry, refers to coherent scattering in the rest frame of the atom,
Ry refers to complete frequency redistribution in the rest frame
of the atom. The branching ratios are

T+T,
V=FR+F‘+FC’
T+,  Te—D®
Tt +T¢ T+, + D@
c=1—y—b. )

In these expressions D@ is the rate of elastic collisions which
destroy alignment. The branching ratios have the following
interpretations, y is the probability that a de-excitation occurs
before any elastic collision, b is the probability that an elastic
collision which does not destroy alignment occurs, followed by a
de-excitation of the atom, and c is the probability that an elastic
collision which destroys alignment occurs, followed by a de-
excitation of the atom. Let us remark that we have replaced the
notation y2® used by Domke & Hubeny by I';+ D®. With this
notation the interpretation of the three terms of (8) appears more
clearly. We see that when an elastic collision destroying align-
ment occurs, then the reemitted radiation field is not polarized.

In the presence of weak magnetic fields, the Rayleigh phase
matrix must be replaced by a phase matrix which describes the
Hanle effect. This phase matrix is frequency dependent (see
Omont et al 1973) and coupled to the redistribution problem. But
approximate, factorized forms of the type of Eq. (8) can be
derived both for the line core (v—v,<3Avp) and for the line
wings (as soon as v—v, is large compared to the Larmor fre-
quency). In the line core, the Rayleigh phase matrix is to be
replaced by the Hanle phase matrix given for example in Stenflo
(1978), whereas in the wings the non-magnetic Rayleigh phase
matrix still applies, even in the presence of a weak magnetic field.
The reason is that the life-time of excited states due to absorption
of a wing photon is very short [of the order of (v—vy)™!]
compared to the characteristic time for the Larmor precession.

Let us notice that in Paper I, the Hanle phase matrix was
assumed to have the same form independent of frequency. This
incorrect assumption leads to errors on the polarization rates in
the line wings (Fig. 2 of Paper I).

When elastic collisions are important (y—0), the line is
formed with complete frequency redistribution and, in semi-
infinite atmospheres, the line wings are not polarized. We recall
that the vectorial transfer equation can then be cast into a
vectorial integral equation for the vector IT introduced in Eq. (38)
of Paper I, whose 6 components are linked to the irreducible
tensors of the radiation field. The vectorial integral equation
obtained in the presence of depolarizing collisions has the same
form as in Paper I. The only change is that, in the last five
components, the destruction probability per scattering ¢ is re-
placed by ¢”, with

I+D®@
T+ +D

"

(10)

This result is also derived in Landi Degl’Innocenti et al. (1990),
for lines formed with complete frequency redistribution.

Let us now examine the intensity and non-magnetic polariza-
tion profiles.

3. Intensity and resonance polarization profiles

We show in Fig. 1 the behaviour as functions of the line inte-
grated optical depth, of various quantities important as far as the
line formation is concerned. These quantities are the Planck
function, the sink term &', the Doppler width Avp, the line Voigt
parameter a, and the branching ratio y. These last two para-
meters were computed with yyw=1.3 10~ We see that the t=1
region, where the line core is formed, lies well above the temper-
ature minimum, the corresponding altitude is about 950 km. The

Cal A 4227 & line parameters

log(T)

Fig. 1. Line parameters on a logarithmic scale as functions of the
averaged line optical thickness 7 on a logarithmic scale. Line with stars:
parameter y [see Eq. (9)]. Line with squares: ratio between the Doppler
width at depth t and the Doppler width at t=1073. Line with circles:
Voigt parameter of the line [see Eq. (3)]. Line with crosses: parameter &’
[see Eq. (7)]. Full line: Planck function in ergs~'cm~2sr ! Hz ™!
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temperature minimum region corresponds to an integrated op-
tical depth around 102. The line integrated optical thickness at
the bottom of the photosphere is t=1.1 10°, these values are
obtained with the calcium abundance relative to hydrogen set to
A.,=2.1410"° (Lambert & Warner 1968). The Doppler width
decreases by a factor of six between 1=0 and 7= 100, it increases
again in the photosphere. In the chromosphere, down to t=11it s
dominated by the microturbulent velocity. In the region where
t~1 it is of the order of 0.7 10'°Hz, corresponding to
AAp~40mA. The Voigt parameter varies from 1072 in the
chromosphere up to 51072 in the photosphere. The branching
ratio y defined in (9), is equal to unity in the chromosphere and
decreases below the temperature minimum, where the density
increases; it is of the order of 10% at the bottom of the photo-
sphere. From this behaviour it is clear that partial frequency
redistribution effects will play an important role in the line
formation. The sink term &' is of the order of 107° in the
chromosphere and increases in the photosphere up to values
around 10~ L. The pseudo creation and sink terms #B* and # are
always smaller than ¢'# and &', respectively.

Figure 2 shows the intensity profiles at the surface for three
directions of observation, 4=0.95, 1=0.23 and x=0.05. As the
profiles are symmetrical with respect to line center, only the blue
wing is represented. The frequency is given from line center in
Doppler width units. At this level of the chromosphere (2050 km
above t5000=1, corresponding to t=10"3), the valve of the
Doppler width is Avp =2 10'° Hz, which gives Alp =0.12 A. We
have compared the profiles obtained with 4 values of pyw,
namely yyw=0, which corresponds to pure partial frequency
redistribution, yyw=1.310"8 and yyw=2 1078, which corres-
pond to a mixing of Ry partial and complete frequency re-
distribution, and yyw— 00, which corresponds to pure complete

Effect of yyy

l T

1 Tt | v T T 1T [ Tr Tt T [ T T T 7T
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-

N
(@)

Fig. 2. Intensity at t=10"3, for u=0.05, u=0.23 and p=0.95, as func-
tion of frequency measured from line center in units of 120 mA (Doppler
width at t=10"3), Dotted lines: Complete frequency redistribution. Full
line: pyw=1.310"8cm3rads™!. Dashed line: yyw=210"8cm3rads™ .
Dot-dashed line: Ry, partial frequency redistribution. The crosses refer to
observations from the KPNO Atlas at u=1, the star refers to the
observation of Stenflo et al. (1980), at line center and u=1
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frequency redistribution. The crosses and stars represent obser-
vation points in the direction u=1. We first remark that the
profiles obtained with pure Ry partial frequency redistribution lie
significantly below those corresponding to complete frequency
redistribution, in the line core and intermediate wings (x <4), but
it seems very difficult to discriminate between the two values of
yvw because they give very similar intensity profiles. Let us notice
that the line center observation (at 4=1) that we report is taken
from Stenflo et al. (1980) who observed with the High Altitude
Observatory Stokesmeter at Sacramento Peak. The intensity that
they observed at line center is systematically larger, by up
to a factor of 2, than the results of our computations (with
yyw=13 1078 or 2 1078) for all the lines of sight. This may be
due to a problem of spectral resolution. The observations re-
ported by Ayres (1977) in the line wings, up to 2 Doppler widths
from line center, are in quite good agreement with our com-
putations, with yyw=1.310"8 or 210" 8cm>rads ™.

Let us now examine the linear polarization profiles. We show
in Fig. 3 the polarization profiles obtained with the same four
values of yyw as previously, for three lines of sight, u=0.05,
#=0.23 and p=0.5. For symmetry reasons the polarization
decreases when p—1 and vanishes at disk center. Surprisingly
enough we found that line polarization is not sensitive to the
value of the coefficient D'® introduced in (9), which represents the
rate of elastic collisions destroying alignment. In other words, the
polarization depends only on the value of y. We shall explain this
phenomenon in the following.

In presence of partial frequency redistribution, the polariza-
tion profiles show a narrow peak in the Doppler core of the line
and two broad symmetrical maxima in the wings. We recall that,
according to our conventions (see Paper I), a negative value for
the parameter Q means that polarization is parallel to the surface.
As already mentioned, if partial frequency redistribution is not
taken into account, we do not find any polarization in the line
wings. The observation points, with their error boxes, are taken

Effect of yyw

Fig. 3. Polarization rate Q/I for p=0.05, ¢=0.23 and u=0.5 as a
function of frequency measured from line center in Doppler width units.
The different curves have the same meaning as in Fig. 2. The line center
and wing boxes refer to the observations of Stenflo et al. (1980)
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from Stenflo et al. (1980). The spectral resolution of these obser-
vations is of about 30 mA, which at t=10"3, represents one
fourth of the Doppler width. It is noticed by the authors that the
error bars on the line core polarization of Ca1 14227 A, may
have been somewhat underestimated. The observations per-
formed very close to the solar limb, at u=0.05, are given with
quite large error bars, because of uncertainties on the direction of
the line of sight. Nevertheless we see that, for this line of sight, the
polarization observed in the line core is significantly smaller than
we would expect according to our calculations, the same situ-
ation holds for y=0.11. We suspect that a high lying chromo-
spheric magnetic field could be responsible for a decreasing of Q
in directions very close to the limb. We shall come back to this
point in the following. In the line wings the location and the value
of the maxima are in good agreement with the computations
performed with yyw=1.3 1078 cm3rad s~ !, whereas the value of
the wing maxima, in the directions =023 and u=0.5, are
significantly underestimated when we use pyw=210"%cm?
rads™!. It is worth noticing here that this result is slightly
different from the one of Auer et al., who obtained a better fit to
the observed wing polarization with the larger value of yyy. This
difference is probably due to the assumptions they made in order
to simplify the transfer equation, in particular the use of Kneer’s
approximation instead of Ry partial frequency redistribution (cf.
Faurobert 1988). A more detailed treatment of the polarized line
transfer problem allows us to propose an empirical value for the
van der Waals coefficient of CaI which is in better agreement
with its theoretical value.

The line core polarization is not significantly changed when
yyw increases from 1.3 1078 to 2 1078, The calculated profiles
show an unexpected behaviour, the core peak is composed of two
very narrow peaks located at about 0.4 Doppler width from line
center, separated by a local minimum at line center. But these
features do not appear on complete frequency redistribution
profiles. We show on Fig. 4 that the narrow peaks exist on the Q
profiles, in the directions =023 and u=0.5, but not in the
direction u=0.05 where Q shows a steep increase, in absolute
value, in the line core. The two narrow core peaks are not
detected in the observational data, but this is not surprising

Fig. 4. Stokes parameter Q at t=10"3inergcm™2s~'Hz !sr ™!, in the
directions #=0.05, p=0.23 and u=0.5, as a function of frequency. Full
lines: pyw=1.31078, dashed lines: complete frequency redistribution

because their width, measured on the Q profiles, is about one
fourth of Doppler width. The spectral resolution of the observa-
tions is not sufficient to detect such narrow structures. The core
polarization measured by Stenflo et al. is an average over a small
frequency interval around line center, it should thus be slightly
larger (in absolute value) than the polarization at line center.
According to these remarks and if we take into account the quite
large error bars, the calculated polarization at line center, for
1>0.23, is in agreement with the observations.

Let us remark that a single narrow peak polarization in the
line core is also detected in the observations of Stenflo et al.
(1983b) which were achieved with a Fourier transform spectro-
meter with a spectral resolution of about 18 mA. But a double
peak structure of the core polarization is actually detected for an
other resonance line, the Na 1 D2 line, also observed by Stenflo et
al. (1980) and by Stenflo et al. (1983b).

Let us now explain the reason why the polarization profile
depends on the value of the branching ratio y only and not on the
values of b and c. It is clear from the expression (8) of the
scattering term in the vectorial line source function, that only the
term in YRy + bRy, will yield line polarization. On the other hand,
we know that complete frequency redistribution leads to zero
polarization in line wings. We thus understand that polarization
in the wings is only due to the term yRy; in the source function. In
the line core, the Ca1 14227 A line profile is formed mainly in
regions located above the temperature minimum, where the
elastic collision rate is negligible compared to the radiative de-
excitation rate, so that b and ¢ are negligible compared to y. This
is the reason why, in this line, the core polarization is not
sensitive to the rate of elastic collisions destroying alignment D®,

For other lines, formed deeper in the photosphere, the core
polarization should be sensitive to the value of D®. An estima-
tion of this coefficient has bee derived from numerical calcu-
lations by Berman & Lamb (1969), in the case where I';=0. They
obtain D®=0.758 I'c/2. This result may also be used when I';/T'g
is small (Ballagh & Cooper 1977).

The double peak structure of the core polarization seems to
be an effect of the coupling between core and wing frequencies.
Using the Eddington—Barbier approximation we can write the
following expression for the parameter Q at the surface (see
Faurobert 1988)

Q(O’ v, ”):SQ(T =K, Au)

(vV) J‘ dy
~_1_ )1 — huad
(=w e)f o) )2

[(1 —3#’2)1(%:#, vl9 /'t,)+3(1 —HIZ)Q(IV=H3 V', H’)]’
(11)

with

‘L'v='[t o(t, v)de
)

The frequency integral in (11) contains a contribution due to the
anisotropy of the radiation field in the line core and a contribu-
tion due to the anisotropy of the wing radiation field.

When complete frequency redistribution is assumed, the wing
radiation field is not polarized, only core frequencies can contri-
bute to the integral in (11). We see on Fig. 3 that the polarization
rate at Av=0.4Avy(7=0) is about half the value obtained with
partial frequency redistribution. Let us recall that when the

(12)
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Doppler width is depth-independent, as it was assumed in Fauro-
bert (1988), the core polarization is not so sensitive to the
frequency redistribution mechanism. But, because of the impor-
tant gradient of the Doppler width in the region 7 <100 (see
Fig. 1), the emergent radiation field at Av~0.4Avy(t=0) is form-
ed quite low in the chromosphere, around 7= 100. At this depth,
the same frequency is located at Av~2.4Avp(t=100) from line
center. As a consequence, the coupling with the polarized wing
radiation field, which is formed at larger depths, is enhanced and
so is the polarization. The coupling decreases at smaller frequen-
cies. At line center, complete and partial frequency redistribution
do not lead to very different polarization rates. At larger frequen-
cies, formed deeper in the photosphere, the contribution of the
line core to the integral in (11) decreases because the core
radiation field thermalizes and its anisotropy decreases. The
minimum of the polarization profile at Av~ Avp(t =0) is formed
in the region 7~ 1000 where the line core radiation field reaches
thermalization, this was already noticed in Faurobert (1988). For
these frequencies, the polarization is due to the contribution of
the wing radiation field. Very close to the limb the minimum of
polarization rate between the core and the wings is not as deep
and the Q-profile does not show any minimum. The reason is that
the line core thermalizes higher in the low chromosphere, in
regions where the wing radiation field is very anisotropic. The
large increase of the wing contribution to the integral in (11)
when the frequency increases dominates over the decrease of the
core contribution.

We also remark that for some lines of sight (u>0.4) the
polarization becomes perpendicular to the solar surface (positive
rates) in a small frequency interval between the core and the
wings. The same phenomenon also appears in isothermal atmos-
pheres (see Faurobert 1988). Its origin can be understood by
evaluating the contributions of the different frequency domains
to the integral in (11). Because of the symmetry of the phase
functions under a change of sign of u, the intensity of the
radiation field may be replaced by the Feautrier variable
uo(t, v, w)=1/2{I(z, v, p)+1(x, v, — )}, with 4 >0, and the inte-
gration over u restricted to the interval [0, 1].

Let us concentrate on the emergent radiation field in the
directions p=0.11 and u=0.5. For u=0.11, the polarization
profile shows a minimum (in absolute value) of negative polariza-
tion at Av=0.9Av,(0), whereas for p=0.5, it shows a positive
maximum at this frequency. We show in Fig. 5 the quantity u, as
a function of frequency [measured from line center in units of
Avp(0)] at the optical depths where the emergent radiation field
at Av=0.9Avp(0) in the directions u=0.5 and 0.11 is formed, i.e.
at T=5500 and 7=1500, respectively. In order to get an idea of
the behaviour of the anisotropy of the radiation field we show u,,
for 5 values of u. We see in Fig. 5, first that the radiation field at
those optical depths is isotropic in the line core, and that it is
limb-brightened at optically thick frequencies (such that 7,u>1)
and limb-darkened at optically thin frequencies. The limb-bright-
ening at optically thick frequencies is a consequence of the more
efficient trapping of the radiation field in the directions close to
the limb than in the directions perpendicular to the surface. We
recall that limb-brightening leads to positive values of the inte-
gral over p in (11) and limb-darkening to negative ones.

Let us now evaluate the contributions of the different fre-
quency domains to the integral in (11), at the relevant optical
depths. The Doppler width at T~ 1000 is smaller than Av(0) by a
factor of about 6, so that the frequencies where positive polariza-
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Fig. 5. Feautrier variable u, as function of frequency measured from line
center in units of 120 mA (Doppler width at = 1073) for 5 values of u.
The upper set of curves is for t=5500, the lower set for t=1500. Full
lines: p=0.11, dashed lines: p=0.23, - . .. —: u=0.37, dot-dashed lines:
n=0.5, dotted lines: p=0.77

tion appears are located at Av~6Avp(z). In this frequency do-
main the redistribution function Ry (v, v') shows a strong peak for
v'~v, whereas Ry(v, v'), which is very close to complete fre-
quency redistribution, shows a maximum at line center and goes
to zero in the wings. As the radiation field in the line core is
isotropic at the relevant optical depths (see Fig. 5), the frequency
domain which mainly contributes to the integral in (11) is located
around 0.9Avp(0). At 1=5500, the positive contribution of the
optically thick frequencies is clearly dominating over the negative
contribution of the frequencies located further in the wings (see
Fig. 5), whereas at t=1500 the negative contribution of the
optically thin frequencies is larger because of the strong aniso-
tropy of the radiation field at these frequencies.

We now show how the polarization rates are modified in
presence of Hanle effect due to weak magnetic fields.

4. Hanle effect

It is well-known that the domain of efficiency of the Hanle effect

is determined by the value of the dimensionless parameter 7y,
defined by

2nv g,
T Te+TC

Yu (13)
where v, is the Larmor frequency of the electron in the magnetic
field, g, is the Landé factor of the excited level and, I'y + I its
inverse life-time. It may also be written in the form (Landi
Degl’Innocenti 1985)

7u=0.88 By,/(I'x +Ic), (14)

where B is expressed in gauss and I'g + I'c in units of 107 s~ !. The
sensitivity domain of the line polarization to Hanle effect is
determined by yy~1. For the Ca1 44227 A line, which is a
normal triplet, g,=1. At chromospheric levels where x> T,
this condition yields

B~248G. (15)
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This line is well suited for the determination of weak magnetic
fields, of order 20 G, which may exist in the low chromosphere,
where the line core is formed.

It has been recently argued by Solanki & Steiner (1990) that,
because of the very inhomogeneous temperature structure of the
lower solar chromosphere, the hot magnetic flux tubes expand
much more rapidly in the cooler surrounding chromosphere than
if the chromosphere was thermally homogeneous. The merging of
magnetic flux tubes forms a magnetic canopy with an almost
horizontal base which, according to their calculations, does not
exceed approximately 800-1000 km above 75490 =1, and which
should not be very sensitive to the magnetic filling factor. Hence
the middle and upper chromosphere should be filled with mag-
netic field almost everywhere on the Sun.

We shall consider various configurations of weak magnetic
fields satisfying the condition div B=0. As we use a plane-
parallel atmospheric model, this condition gives dB,/dz=0,
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Fig. 6a and b. Polarization diagrams in the direction §=68°, obtained
with uniform horizontal magnetic fields. Pointers correspond to steps of
15°in Ag, Ag increases in the counterclockwise direction in the diagrams,
A@=0is pointed by a black square. Lines with small dots: B=20 G, lines
with crosses: B=50 G, lines with circles: B=100 G. a Diagrams at line
center (x=0). b Diagrams at A1=40 mA (x=0.33)

where B, denotes the vertical component of the magnetic field. In
plane parallel geometry the vertical component of B must thus be
depth-independent, but there is no constraint on the depth-
dependence of its horizontal component. On the other hand it is
well-known that in a plane parallel atmosphere a vertical mag-
netic field does not give rise to Hanle effect because it preserves
the axial symmetry of the radiation field. We are thus mainly
concerned with the horizontal component and we shall let the
vertical component take “typical” values at chromospheric level.
First, we shall assume that B is horizontal and depth-indepen-
dent, and we will study the sensitivity of the Hanle effect on the
field intensity. This configuration is certainly not a realistic one
because in the photosphere the magnetic field either is vanishing
(outside flux tubes) or shows a strong vertical component (inside
flux tubes). We shall consider only situations where the line of
sight does not cross a photospheric flux tube. As the filling factor
of flux tubes is very low (of the order of 1% or less), this is the
most likely situation. Let us notice that if the line of sight crosses
a magnetic flux tube in the photosphere, the Ca1 A 4227 A line
polarization should show both Hanle effect, in the line core, and
Zeeman effect in the wings.

Then we shall consider two types of magnetic configurations
which model chromospheric magnetic canopies. In the first type,
the magnetic field is horizontal and decreases exponentially with
depth. We will examine the sensitivity of the Hanle effect on the
field intensity and on its characteristic variation depth, i.e. on the
location of the base of the canopy. In the second type of model we
assume that the magnetic field has both an exponentially de-
creasing horizontal component and a depth-independent vertical
component. In this situation both the intensity and the colatitude
of the magnetic field are depth-dependent. The intensity of the
magnetic vertical component will be given typical values which
prevail above 800-1000 km, as provided by the calculations of
Solanki & Steiner, i.e. between 100 and 20 G.

Most of the polarization profiles will be shown for the line of
sight 6=68° (1 =0.37), which correspond to observations at 70 s
of arc inside the solar limb. The reason for this choice is that it
corresponds to the observation of Hanle effect in the Cal
24227 A line reported by Stenflo (1982). We shall see that some
models of magnetic canopies lead to polarization profiles in
agreement with this observation.

4.1. Depth-independent horizontal magnetic field

The intensity of the magnetic field was set to 20, 50 and 100 G.
The parameter yy remains constant in the chromosphere around
the corresponding values 0.8, 2 and 4, and decreases in the
photosphere because of the increase of the elastic collision rate
I'c. Figures 6a, b show the polarization diagrams (Q/I, U/I)
obtained with B=20, 50 and 100 G, for a line of sight with
0=68°, both at line center (x=0) and at 40 mA from line center
(x=0.33). The close curves are obtained when the difference
between the azimuth of the line of sight and the azimuth of the
magnetic field, A¢ = ¢ — @, varies from 0 to 360°, Ap increases in
the counter-clockwise direction in the diagrams. Because of the
rotation of the polarization plane due to the Hanle effect, the
Stokes parameter U is no longer zero and the absolute value of Q
decreases. The appearance of a U signal is certainly the most
sensitive evidence of the Hanle effect. But we remark on Fig. 6
that for some peculiar values of the magnetic field azimuth the U
signal is very weak, or even vahishes, whereas the parameter Q is
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significantly modified by the magnetic field. Because of the sym-
metry properties of the Hanle effect, in presence of horizontal
magnetic fields, two fields of azimuths ¢y and ¢} respectively,
such that Ap’=n—Ag yield the same value of Q and opposite
values of U (see Faurobert-Scholl 1991). As a consequence the
Stokes parameter U vanishes when Ag = +90°.

As expected, we see that the strongest effect, as measured by
the value of U, is obtained when B=20 G. For larger values of B
the sensitivity of the Hanle effect to the magnetic intensity
decreases.

4.2. Depth-dependent horizontal magnetic field

We consider a horizontal magnetic field whose intensity de-
creases to zero at large depths. This behaviour is represented by

the analytical expression
B=b,exp(—1/7.). (16)

For simplicity reasons we use the line optical depth as depth

Depth—dependent horizontal magnetic field
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Fig. 7a and b. Polarization rates in percent as functions of frequency, in
the direction §=68° and A@=0, in presence of a depth-dependent
horizontal magnetic field of the form (16), with b, =20 G. Full line: 7,=1,
dashed line: t,=10. Finer full line: polarization rates in the absence of
magnetic field. a Polarization rate Q/I. b Polarization rate U/I
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variable but we must keep in mind that it is not proportional to
the geometrical depth. The expression (16) only means that a
magnetic field of order b, is present in the region corresponding
to t~t,. Figures 7a, b show the polarization profiles obtained
with by=20 G and 7,=1 and 10. Only the results with Ap =0 are
represented. In the wings the polarization profile is not modified
by the Hanle effect and the calculations are in good agreement
with the observation recorded by Stenflo (1982). We remark that
when 1.=10, the polarization at line center is the same as in
the presence of a depth-independent magnetic field of intensity
b,. This is a consequence of the purely local nature of the Hanle
effect. The polarization profile, for a given frequency, is sensitive
to the local value of the magnetic field at the corresponding
formation depth only. Figure 8 shows the polarization diagrams
obtained, at line center, with b, =20, 50, and 100 G, and 7.=1.
We remark that no magnetic configuration of the type (16) yields
polarization rates in agreement with those observed by Stenflo
(1982),i.e. Q/I ~ —0.4% and U/l ~ — 1% at line center. With this
type of configuration, and the range of parameters b, and 7, we
have explored, the ratio U/I remains smaller than 0.6%, in
absolute value at line center. If b is set to larger or smaller values
the Hanle effect is even less efficient, and if t. is set to values
smaller than 1, then the local magnetic intensity at depths where
line center is formed decreases. Such magnetic configurations
would yield the same polarization rates at line center as those
obtained with smaller values of b, and 7.=1.

4.3. Depth-dependent magnetic field

The horizontal component of the magnetic field is still given by
(16) and the vertical component is set to various constant values,
denoted by b,. The magnetic intensity is thus

B=/b?+bZexp(—21/,), (17)
Horizontal magnetic field, T, =1

fe]
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Fig. 8. Polarization diagrams obtained with depth-dependent horizon-
tal magnetic fields of the form (16), with 7,=1, at line center in the
direction 6=68°. Pointers correspond to steps of 15° in Ap, Ap=0 is
pointed by a black square, A increases in the counter-clockwise direc-
tion in the diagrams. Lines with small dots: b =20 G, lines with crosses:
by =50 G, lines with circles: b,=100 G
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and the colatitude of the magnetic field is given by

cos 0p=b,/./b? +b3exp(—21/1,). (18)

As in Solanki & Steiner (1990), we assume that the azimuth of the
magnetic field is depth-independent. Figures 9a,b show the
polarization profiles Q/I and U/I obtained with b; =100 G and
7.=1 and 10. Only the results corresponding to ¢ —¢@z=0 are
represented. They illustrate one of our previous remarks, the
Stokes parameter U is barely detectable whereas the Hanle effect
appears clearly on the parameter Q. Figures 10-12 show polari-
zation diagrams for various values of the parameters b,, b, and
7.. The configuration with b, =100G, b,=50G, 7.=1 and
@ —@g=90° yields polarization rates which are in quite good
agreement with the observations of Stenflo (1982). The difference
between the observed value of U/I (—1%) and the results of our
calculations (—0.8%) would hopefully be smaller if we used two-
dimensional atmospheric models. In a two-dimensional geo-
metry the condition div B=0 no more implies that the vertical

Depth—dependent magnetic field, b1=100G
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Fig. 9a and b. Polarization rates in percent as functions of frequency, in
the direction §=68° and Ap=0, in presence of a depth-dependent
magnetic field of the form (17) and (18), with b4=50 G and b, =100 G.
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Fig. 10a and b. Polarization diagrams obtained with depth-dependent
magnetic fields of the form (17) and (18), with b; =100 G, at line center in
the direction 6 = 68°. Pointers correspond to steps of 15° in A, Ap =0 is
pointed by a black square, Ag increases in the counterclockwise direction
in the diagrams. Lines with small dots: b, =20 G, lines with crosses:
by =50 G, lines with circles: b,=100G. a 7,=1. b 7,=10

component of B is depth-independent. Indeed it is well-known
that the expansion of flux tubes leads to a decrease of the vertical
component of the magnetic field in the chromosphere. This
phenomenon enhances the Hanle effect in the line core because,
at chromospheric levels, the vector magnetic field lies actually
closer to the horizontal plane than in the one-dimensional confi-
guration described by Egs. (17-18). We can nevertheless conclude
that the observations of Stenflo are in agreement with the exis-
tence of a low lying magnetic canopy, of the kind described by
Solanki & Steiner (1990). The most satisfying configuration, with
1.=1, yields z~950 km as an evaluation of the location of the
base of the canopy.

An interesting feature which also appears on the polarization
diagrams in Figs. 10-12 is the existence of magnetic configura-
tions leading to quite large positive values (up to 0.5%) of Q/I at
line center.

The appearance of perpendicular polarization at line center is
due to the coupling, introduced by the Hanle effect, of the Stokes
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Fig. 11. Same as Fig. 10 but with b, =50 G

parameters Q and U. Let us recall that in Paper I we introduced
the vector source function for the azimuthal Fourier components
of the radiation field, denoted by Sg [see Eq. (20) of Paper I] and
we showed that it may be written

Sp=[0,1[M;]P, (19)

[Eq. (21) of Paper I], where [6,] depends on g only, [Mg]
depends on the magnetic field only and P is the 6-component
vector P=(P,,, Py, Py, P_,, P,, P_,)", which depends on the
radiation field only. Its components are integral over frequency
of the irreducible tensors of the radiation field, their expressions
are given in Eq. (23) of Paper 1. We recall that Py, is the usual
scalar source function which applies to the formation of non-
polarized lines with isotropic scattering, and that, in the absence
of magnetic field, the source function for the Stokes parameter Q,
due to resonance polarization, is Sy(7, v, u)=3/8(1 — U2 Py(z, v).
The expression of P, is the same as in Eq. (11) but with I and Q
replaced by their azimuthal averages I, and Q,. The components
P,, and P,, are vanishing when the radiation field is axially
symmetric.

Noticing that at small optical depths in the line core Py(z, v)
is usually much larger than P, ,(t,v) and P,,(7,v) and that
Poo(t, v) is much larger than Py(t, v), we could derive approx-
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Fig. 12. Same as Fig. 10 but with b, =20 G

imations for the source functions S;, S, and Sy for the three
Stokes parameters of the linearily polarized line, at line center in
the presence of Hanle effect. They are given in Eq. (25) of Paper I,
but with two errors, we write here the correct expressions for
these approximations,

S;(t, v, , @)= Poo(t, v)

So(T. v, 1, 9) =1 Po(t, V) {3(1— 42) M35 (v)
+ /1= 1% [M23(2)cos(Ag) — My, (t)sin(Ap) ]
—1(1+ §?) [ M,5(c)cos2A9) — My4(t)sin(28¢)1},

Syt v, ty @) =3Py (7, v){—/1— u? [ My4(1)c0s(Ag)
+M,;(7)sin(Ag)]
+ [ M,4(v)cos(2A9) + M,5(1)sin(2A9)1}.  (20)

Let us stress that these approximations are valid only when the
non-axially symmetric part of the radiation field is very small
compared to its azimuthal average.

We can now interpret the appearance of positive values of Q
in the polarization diagrams of Figs. [10-12]. According to
Eq. (20), the sign of Q depends on the signs of both P, and the
multiplicative factor in the source function S,. This factor may
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Fig. 13. Ratio Py(z, vy)/Poo(T, Vo) as a function of 7. Full line: in the
absence of magnetic field; dashed line: for b,=100 G, b; =100 G, 7.=1;
dot-dashed line: for by=100 G, b, =100 G, 7.=10. The arrows indicate
the depth where 7,,=0.37

take positive and negative values, depending on the values of A
and of the coefficients M,;, j=2, 6. Let us for example consider
the cases where b, =100 G, b; =100 G and 7.=1 or 10 (Fig. 10).
We show on Fig. 13 the behaviour, as a function of z, of the ratio
P,/P,, at line center, for these two magnetic configurations and
also in the absence of magnetic field. We see that for both
magnetic configurations, Py/P,, takes positive values of order
1% at 7=0.6, where the radiation field emerging at line center in
the direction u=0.37 is formed. In the absence of magnetic field
this ratio takes negative values of order — 1% at the same optical
depth. As P,, and the azimuthal average I, are almost not
modified by the magnetic field (see Paper I), the effect of the
magnetic field on P, is a consequence of the decreasing (in
absolute value) of the azimuthal average Q, of the Stokes para-
meter Q in presence of Hanle effect.

An approximate expression for the azimuthal average of Q at
line center may be obtained from Eq. (20), it is written

Qo(v, T=0, ) ~§(1 = u*) My, (t, =) Po(t, =1, v). e2y)

We recall that the analytical expression of the coefficient M,, is

M, (1)=3(1-357 C3S5—2SiiS5), (22)
with
Cp=cos(bp), Sp=sin(0p),
2
Sl =——?H:, SI] =L__H__2 (23)
J1+7 J1+43

When b,=100G, b; =100 G and t,=1, we have M,,(71=0.6)
=0.15, which gives Q,/I~0.15%, and in the case where 7,=10,
M,,(1=0.6)=0.04, leading to Q,/I ~0.04%. These values are in
quite good agreement with the results shown in Fig. 10 for these
two magnetic configurations. However, let us stress that the
quantity P, has to be derived from precise numerical calculations
which fully take into account its coupling with P, and P.,.
This coupling is described by the vectorial integral equation
given in Paper L.

We now come back to the observations performed outside
active regions by Stenflo et al. (1980). In part 3, we have noticed
that the polarization rates observed in the line core for small
values of u (1 <0.23) are significantly smaller than the results of
non-magnetic resonance polarization calculations. We shall now
show that this could be due to the presence of a magnetic canopy.

We shall not take into account the observations performed
closer to the solar limb than u=0.11, because the uncertainty on
the direction of the line of sight strongly increases when u
becomes very small. We show in Fig. 14a, b the polarization
diagrams obtained with t,=1 and b, =100 G, in the direction
#=0.11 and u=0.23 respectively. We first remark that two lines
of sight with symmetrical azimuths with respect to the magnetic
field have almost the same value of Q, but opposite values of U.
The aim of the observations performed by Stenflo et al. was to
study the center to limb variation of the spatially averaged
polarization. So they chose the entrance slit to be as long as

(a) b,=1006, T,=1, u=0.11

Q/! (%)
-2

/(%)

(b) b;=100G, 7.=1, u=0.23
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Fig. 14a and b. Polarization diagrams obtained with depth-dependent
magnetic fields of the form (17) and (18), with b, =100 G, and 7, =1 at line
center. Pointers correspond to steps of 15° in Ap, Ap =0 is pointed by a
black square, A¢ increases in the counter-clockwise direction in the
diagrams. Lines with small dots: b, =20 G, lines with crosses: b, =50 G,
lines with circles: b,=100 G. The boxes refer to the observations of
Stenflo et al. (1980). a 4=0.11b u=0.23
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Fig. 15. Same as Fig. 14 but with 7,=0.1

possible (generally 60”) and oriented parallel to the solar limb.
The observed polarization rates are thus averages over the azi-
muthal direction of Q and U. According to our remark about the
symmetry of the polarization diagrams, such spatially averaged
observations will then lead to a very weak, certainly not detect-
able, U signal. We shall from now on take into account only the
averaged value of the parameter Q over the line of sight azimuth.
We see in Fig. 14 that the configuration with b; =100 G and
by=50G yields averaged values of Q in agreement with the
observations at u=0.11 but somewhat too small in the 4=0.23
direction. With this magnetic configuration the Hanle effect
seems to be too strong in the region 7~0.23. In order to decrease
the Hanle effect in that region we may keep the same value for b,
and b, but take a smaller value for t.. With 7, =0.1, the averaged
value of Q in the direction x4 =0.23 is actually in better agreement
with the observations but it is now too large, in absolute value, in
the direction u=0.11 (see Fig. 15). With the intermediate value 7
=0.5, the polarization diagram with b, =100 G and b,=50 G is
in better agreement with both observations (cf. Fig. 16). From the
set of polarizations diagrams in Figs. 14—16, we can conclude that
the optimum value of 7, must be in the interval [0.1,0.5],
corresponding to a canopy base roughly between 1100 and
1200 km.
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Fig. 16. Same as Fig. 14 but with 7,=0.5

But the spatially averaged observations may also be ex-
plained by the presence of a magnetic canopy of smaller magnetic
intensity, with b,=20 G and b, =50 G, lying lower in the chro-
mosphere, at 7.=1 (see Fig. 17).

Further observations at higher spatial and spectral resolution
would be necessary if one wants to be able to conclude on the
presence of a magnetic canopy at low level in the solar chromo-
sphere. In particular the center to limb variations of the linear
polarization in the Ca 14227 A resonance line should provide a
good diagnostic for this kind of magnetic configuration. These
observations will be possible with the very efficient polarimeters
which will be operating on the coming new generation of instru-
ments such as THEMIS or LEST. The actually available obser-
vations are consistent with the presence of such a low lying
magnetic canopy.
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Fig. 17. Same as Fig. 14 but with b, =50 G and 7,=1
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