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Abstract. This paper is devoted to the description of the method
of solution and to the presentation of some results of com-
putations of resonance polarization and the Hanle effect for a
two-level atom in an optically thick plane-parallel atmosphere.
The approximation of complete redistribution in frequency is
assumed. The principle of the method, which is of the integral
method type, has been presented in Landi Degl’Innocenti et al.
(1990, referred as Paper I in the present paper); in the present
paper, we describe the numerical methods we have used and the
results of our computations. Such results are compared with
results given by other methods, of the differential method type, in
zero magnetic field and under the hypothesis of complete fre-
quency redistribution: a good agreement is obtained. The present
method of computation, which we call the “global” method, is
applied to test the validity of the results given by the iterative
method, restricted to the first iteration, that we have used for
computing the emergent polarization of the optically thick
Hydrogen Ha line from solar prominences observed at the limb
(Landi Degl’Innocenti et al. 1987), and observed on the disk
(Bommier et al. 1989). It is found that the iterative method gives
accurate results at the first iteration for a J=3/2—J'=5/2 line,
which gives an approximate representation of the Hydrogen Ho
line. It is found, on the contrary, that the same method would not
be valid for a J=0-J'=1 line, as the results after the first
iteration are very different from the results after convergence, in
this last case. The results of our computations are finally pre-
sented in the form of Hanle diagrams for some magnetic field and
line-of-sight geometries.

Key words: lines formation — linear polarization — Hanle effect —
radiation transfer — solar prominences magnetic field

1. Introduction

This paper is devoted to describe the method of solution and to
present some results of computations of resonance polarization
and the Hanle effect for a two-level atom (lower level J, upper
level J') in an optically thick plane-parallel atmosphere. The
radiation in the atmosphere is assumed to be created either by

Send offprint requests to: V. Bommier

collisional excitation towards the upper level, followed by radi-
ative de-excitation, with a rate of collisional versus radiative de-
excitation defined by:

CJ‘J

g=—"
A

, 1

with, typically:
e<l, 2

or, alternatively, by assuming the presence of an isotropic inci-
dent radiation located at the bottom of the atmosphere (at large
optical depth). Near the surface, the radiation becomes anisotro-
pic, a more intense radiation coming from the deeper layers than
from the neighbouring layers, which are closer to the surface; as a
consequence of resonance scattering, the radiation inside the
atmosphere and emerging from its surface is linearly polarized,
for any direction except for the vertical; furthermore, the linear
polarization is modified by the magnetic field, in the domain of
sensitivity of the Hanle effect, which is given by:

015T=w,1510, (3)

where ), is the Larmor frequency, which depends on the mag-
netic field strength:

wp=g; pgB/h, @

and where 1 is the upper level life-time. At these magnetic field
strengths, the Zeeman sublevels, broadened by the natural width,
partially overlap and interferences (or coherences) between the
corresponding wave-functions are partially destroyed. This
brings to a modification of the polarization of the emitted radi-
ation depending on the Zeeman level shifts. A depolarization, or
alternatively an increase of linear polarization, and a simulta-
neous rotation of the polarization direction, due to the magnetic
field, can be observed; these are the main features of the Hanle
effect.

A proper description of the wave-functions interference effect
can be obtained by using the atomic density matrix formalism
(Bommier & Sahal-Bréchot 1978; Bommier 1980; Landi
Degl’Innocenti 1982, 1983, 1984, 1985). The populations and
coherences of the atomic density matrix are computed by solving
the statistical equilibrium equations, or master equation for the
atomic density matrix, including the magnetic field effect, pro-
vided that the intensity, anisotropy and polarization of the
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incident radiation are known. The radiative transfer equations
for the Stokes parameters have been derived, through a formal-
ism coherent with the master equation for the atomic density
matrix, by Landi Degl’Innocenti (1984). These two systems of
equations have to be coupled for solving, in a self-consistent
manner, the problem of radiative transfer of polarized radiation
in an optically thick medium. This has been done for a two-level
atom, by Landi Degl’Innocenti et al. (1990; hereafter referred to
as Paper I). In this paper, the uni-dimensional case of a plane-
parallel atmosphere has been tackled as a particular case of a
more general formulation leading to a system of coupled integral
equations for the atomic density matrix elements at any point of
the medium; this method for solving the coupled problem of
radiative transfer and statistical equilibrium is of the integral
method type; complete frequency redistribution of the emitted
radiation is however assumed.

Other methods could have been considered, in particular
methods of the differential type. In this type of methods, the
unknowns are the Stokes parameters I, Q, U, V, for each radi-
ation direction Q, each frequency v and each optical depth 7. The
description of the scattering process in terms of atomic physics is
contained in the phase matrix. The method consists in coupling
the Stokes parameters I, Q, U, V (£, v, 1) at different depths, and
at different directions for the same depth. In the method we have
used, the Stokes parameters I, Q, U, V are derived, for any
direction Q of the radiation, from the computation of the atomic
density matrix elements pé(r), which are 6 elements only for
every depth point and which are the unknowns. The method we
have employed, which is of the integral type, consists in coupling
these density matrix elements at different depths. In the differ-
ential method, 3 discretizations of the unknowns are needed: on
Q, on v, on 1. In our method, only one discretization of the
unknowns is achieved (on 7); it must be however noticed that 6
elements are necessary to completely describe the atomic density
matrix at each depth. Another discretization (on v) appears in the
kernels computation. The discretization on Q is completely
avoided in using the density-matrix formalism. To our present
knowledge, it results that the needed computer power is reduced,
for our method, with respect to differential methods, to reach the
same precision of the results. Our computation has been achieved
on the VAX 8600 of the Meudon Observatory; as an example, the
computation of the Stokes parameters emitted from a semi-
infinite atmosphere (10~ %<7 <103), in the presence of an arbit-
rary magnetic field, with a 48 points Gauss-Hermite frequency
integration and a 51 points t-grid, takes 183 s (CPU time) and
requires 900 memory K-bytes. _

The aim of the present paper is to describe the numerical
methods that have been used for solving the system of integral
equations, after a brief recall about the equations themselves
(Sect. 2), and after having given the proper equations for deriving
the Stokes parameters of the emergent radiation from the values
of the density matrix elements along the line-of-sight (Sect. 3). We
present the numerical method in the following section (Sect. 4),
with particular emphasis on the frequency integration and on the
optical depth discretization. The convergence of the integrations
is discussed. Finally, the results of computations are presented in
Sect. 5; they are firstly compared with the results obtained
through different methods in the absence of a magnetic field
(Sect. 5.1); in the next subsection, our “global” method is used to
study the convergence of an iterative method, which has been
previously proposed for computing the emergent polarization of

the optically thick Hydrogen Ha line of solar prominences ob-
served at the limb (Landi Degl’Innocenti et al. 1987), and ob-
served on the disk (Bommier et al. 1989); the effect of the
magnetic field on resonance polarization (Hanle effect) is pre-
sented in Sect. 5.3 for some particular geometries of the magnetic
field and of the incline of the line-of-sight with respect to the
normal to the surface of the atmosphere.

2. Recall about the system of integral equations to be solved

These equations have been obtained in Paper I under the follow-
ing hypothesis:

i) Plane-parallel atmosphere with vertical axis Oz, which is also
assumed to be the quantization axis for the atomic density matrix
(see Fig. (5) of Paper I);

ii) Two-level atom (lower level J, upper level J'), with collisional
and radiative excitation and de-excitation;

iii) it is assumed that the impact approximation is valid for
collisions, i.e. that the collision time is very small compared to the
mean time between two successive collisions and between photon
emissions, which is of the order of the characteristic time of
evolution of the excited state; under this approximation, atom-
photon and atom-perturber interactions can be decoupled and
are additive in the master equation;

iv) induced emission is neglected;

v) the lower level J is assumed to be unpolarized, which means
that J=0 or 1/2, or, alternatively, that the coherences in the
lower level are destroyed by collisions;

vi) complete frequency redistribution of the emitted radiation is
assumed.

Under these hypotheses, the radiative transfer equations for
the Stokes parameters can be expressed analytically in terms of
the density matrix elements; the resulting expressions for the
Stokes parameters can be introduced in the statistical equilib-
rium equations, leading to a system of integral equations coup-
ling the atomic density matrix elements at each point of the
medium. For the case of a plane-parallel atmosphere the results
are given by Eq. (58) of Paper I, with the explicit expression for
the kernels K;;(]z—1'|) given in Eq. (56) and Eq. (61) of Paper L

3. Integration of the emitted radiation along the line-of-sight

We give hereafter some details about the line-of-sight integration
that were not explicitly mentioned in Paper L

Employing the same notations as in Paper I, the emerging
Stokes parameter S;(v, Q) at a point x of the surface of the
atmosphere is given by (see Eq. (15) of Paper I):

boundary

[Si(v, Q)];=J [si(v, @)1, e (x) ds, )

0

where the contribution of the isotropic source radiation at large
optical depth has been neglected, and where the source function
at point x’ for the i" Stokes parameter [s;(v, Q)], is given by:

AJQRJ'+1
A@I+ ) > wi p8(x") S50, Q). ()

[si(v, Q)Jx= B &

The absorption coefficient at frequency v being assumed to be
constant throughout the atmosphere, the optical depth between
points x and x’, 7,(x, x'), is:

Tv(xs x,)=’1v|xl_x|’ (7)
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the absorption coefficient at frequency v being related to the
absorption coefficient at the center of the line by:

ny="1o ¢(vo—). ®)

The coefficients w$¥}, which depend on the level quantum num-
bers only, and .7 §(i, Q), which is a geometrical tensor depending
on the Stokes parameter considered and on the direction of
propagation of the radiation, are defined in Landi Degl’Innocenti
(1984). p§(x') is the atomic density matrix element at point x’ in
the irreducible tensors representation, the quantization axis be-
ing the vertical to the atmosphere Oz.

The line-of-sight angular coordinates y, and 0, are defined in
Fig. 1. The origin of the Oz coordinate (the vertical to the
atmosphere) being taken on the surface of the atmosphere (see
Fig. 5 of Paper I), one has:

—Zz

—_—; 9
cos Y, ®
taking the optical depth at the center of the line along the Oz axis,
7, as the characteristic variable of the problem, instead of the

geometrical depth s, one has:

—dt
ds=— (10)
MoCOS Y,
and:
7,(x, x')=¢(v°_v) T. (11)
cos Y,
One then has, for the emerging Stokes parameter S;(v, Q):
AJQ2J' +1
[S:(v, Q)]x=\/(—B_) 2w PEM) T §G, Q), (12
kQ
with:
boundary ¢(V _ V) ¢(v0 — V)

PE(v)= K(1)e [— o ] dr. 13

o L po(t)exp — | oos v T (13)

A

line-of-sight

magndtic field

Fig. 1. Magnetic field and line-of-sight angular coordinates; the refer-
ence direction for measuring the Stokes parameters of the emitted radi-
ation is supposed to lie in the plane containing the line-of-sight and the
vertical to the atmosphere

385

Replacing 7 §(i, Q) by its value, one obtains after some com-
putations, taking into account the conjugation property of P§:

[P§1*=(—1*"2PX,, (14)
s, -—-@{P(‘; W, [2;5(3“,& Yi—1)P2

— /3 siny, cos ¥, [cos 6, Re(P2) — sin 6, Im(P2)]

+\/7§sinz z/x,[cosZH,Re(P%)—sin29,Im(P§)]]}, (15)

s :A\/(ZJ’+1)

3.
A ws%z[—z—ﬁsmzws

—\/5 siny, cos ¥, [cos 6, Re(P%)—sin 0, Im(P?)]
——#(1+cosz1//,)[00S29,R6(P§)—sin29,Im(P§)]], (16)

s =A\/(2J’+1)

R - w(,%),[\/isin ¥, [sin 6,Re(P2)+ cos 6, Im(P?)]

+./3 cos Y, [sin 20,Re(P2)+cos 26, Im(Pg)]]. 17)

4. Numerical method for solving the integral system
of equations obtained in Paper I

The integral terms of the system of Eq. (58) of Paper I, coupling
the atomic density matrix elements at different points of the
medium, are linear combinations of integrals of the form:

+ o0 0
RY(q)= dxdf"(x)f dv'E, [t —7'|¢(x)]1p§(7"), (18)
- 0
where x is the reduced variable for frequency:
V=g
= ) 19
*= (19)

Analogously, the term giving the contribution, at optical depth z,
of the external radiation supposed to illuminate the atmosphere
from its bottom layer at optical depth 7y is:
+ o
R"“(r)=j dxp() Y [, Epsallty =7l (0], (20)
—© p
which is obtained from Eq. (51) of Paper I, supposing that the
external radiation is unpolarized but eventually anisotropic (limb-
darkened); the quantity I,(v) is defined in Eq. (50) of Paper I.
The first step is to discretize the frequency integration, the
second step is to discretize the optical depth integration.

4.1. Frequency integration

A Doppler profile is assumed; therefore, Eq. (18) can be dis-
cretized over frequencies by using the Gauss-Hermite method,
with weights W, and abscissae x,, ¢, being the profile value at x,.
One has then for R?)(t) and R®(1):

RO@)=} WuﬁJ

[

@

dv'E,[le =, 10§ (), o2y
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QT(H ' ! '
19 _
Convergence of the Hermite integration
(semi-infinite atmosphere)

181 J
1.7 ° —
! $v=45,B=0
1.6 number of points for Hermite integration—

1 | | 1 N
10 20 30 40 50

Fig. 2. Convergence of the emitted polarization at line center for
Y, =45° (in ordinates) with respect to the number of frequency Gauss-
Hermite points in the line profile (in abscissae), for a semi-infinite
atmosphere (103 <t <10*), without collisions and magnetic field, illu-
minated by an isotropic radiation at large optical depths (the results of
this figure are obtained with 11 depth-points for the 7 integration)

R(E)(T)'_"Z WazlpaEp+n[|tN_T,¢a]'

a p

22

The numerical result on the convergence of the emergent
polarization with respect to the number of frequency points is
given in Fig. 2; it can be seen from this figure that convergence is
well reached with a 32 points frequency integration.

4.2. Optical depth discretization

To achieve the optical depth discretization, the density matrix
elements pg(r) will be computed at a certain number of points
Ty, ..., Ty, in logarithmic steps. [p§]; will denote the density
matrix element at point i. We take into account the variation of
p§ (1) between successive points [p§]; and [p§]i,, by introdu-
cing a linear variation of p§(z):

Tiv1—7T T—1;
pé‘(t)=[p5],~L—+[ﬂ5];+1 -

Tiv1— T Ti+1— T

Ti<T<Ti4q- (23)
After some calculations, we obtain for the term R(z) evalu-
ated at optical depth 1, (z, being one of the points 7,, .. ., Ty):

R(I)(To)zz Waz Z {[pg]aEn+l[|Ia_t0|¢a]

a all the intervals
[pg]b— [pg]a

"[Pé]bEw 1[It —1old ]+
,Tb—‘cal

1
X¢T[En+2[I‘Ea_TOI¢¢]—En+2[ITb_TO|¢a]]}a (24)
where a is the extreme of the interval (z,, 7,) which is closest to 7,
(and eventually coinciding with it), and b is the farthest extreme.

The first line of Eq. (24) can be summed over the intervals, and
one obtains:

R(”(To)=2 Wa{—[pg]lEn+1 [t =10l b,

+2[0§10En+ 1 [01=[p§InEns 1 [ltn—70l b2]
[p§ls—Lp5la 1
+ v Leodmleode T
all the intervals |Tb—Tal ¢a

><[lfa—folqﬁa]—E,.n[lfr%l%]]}, 25

[p§1o being p§(7o):
For the term describing the contribution of the external
radiation at optical depth 1., one has:

R(E)(To)=z Wa Z IpaEp+n[|TN—TOI¢¢]' (26)
a )4

The system of integral equations is thus reduced to a system
of linear equations in the unknowns [pg§];. The number of
unknowns 6 x N, where the factor 6 accounts for the different
non-vanishing multipole components p§ at each depth point.
Once this system is solved, one can perform the t integration
contained in the definition of the quantities P§(v) (Eq. (13)).
Through the same assumption concerning the behaviour of p §(7)
with 1 (Eq. (23)), one gets:

Pi=tost e | 2000, | g,

1
“ [ d(vo—v) ] N"‘{ cos Y 1
P osw T 2 00— =,

x<exp[_Mt.]_exp[_ﬂ&:V_), ])
cosy, cosy,

X([ﬂﬁ]r[ﬁé]m)}, (27)
and, substituting this result into Eq. (15-17), the numerical values
of the emerging Stokes parameters are finally recovered.

The convergence with respect to the optical depth discretiz-
ation has been studied: in Fig. 3, we have plotted the emergent
intensity and polarization degree in zero magnetic field, more
exactly the logarithms of the differences of the values obtained
assuming N and N + 10 points in the atmosphere, as a function of
N +5; as the slope of the curves is larger than 1, the convergence
of I and Q/I is proved. In the case of Fig. 3 (semi-infinite
atmosphere with 1073 <7 <10%, 7 decades), it can be seen that a
better than 1% relative accuracy on the emitted polarization is
obtained assuming 10 points per decade; in the case of slabs of
finite optical thickness, the same precision is attained assuming
up to 20 points per decade. Such a rather large number of points
needed to reach the convergence could be due to the discontinui-
ties of the first derivative of p§(t), which occur at the discretiz-
ation points when the linear approximation of Eq. (23) is used
(Frisch & Frisch 1977).

Frisch & Frisch (1977) have indeed argued that such dis-
continuities could lead to erroneous results of computations. We
have then tried to use a better approximation, by introducing a
quadratic interpolation of p§(t) from its value in 3 neighbouring
points 7;_, T;, 7;+ ;- But the numerical computations entering the
analogous of Eq.(24) for the quadratic interpolation yield to
numerical difficulties arising from the computer internal pre-
cision, so that we have been obliged to forsake this trial. How-
ever, we have compared our results, obtained through the linear
approximation of Eq. (23), for the line source function at various
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Q/1
-4 |-

Convergence with
the number of grid points
(semi-infinite atmosphere)
p=cos ¢, =01

5
Q/1=0.0631357
N+5

| | | ] ) | |
50 100 150

Fig. 3. Convergence of the emitted polarization at line center for
u=cos ,=0.11 with respect to the number of optical depth points in a
semi-infinite atmosphere (1073 <t<10*), without collisions and mag-
netic field, illuminated by an isotropic radiation at large optical depth:
logarithms of the differences of the values of I and Q/I obtained assuming
N and N + 10 points in the atmosphere (in ordinates), as a function of
N +5 (in abscissae); the slopes of the curves are given

depths, in the absence of polarization and magnetic field, with
those of Avrett & Hummer (1965); a satisfatory agreement has
been found, as it can be seen in Fig. 4.

5. Results of computations

5.1. Comparison with results obtained with other methods
in the absence of magnetic field

The emergent intensity and polarization along the line profile has
been compared with results obtained by other methods, of the
differential method type, in the absence of magnetic fields and
upper the complete frequency redistribution assumption. These
methods are those of Rees & Saliba (1982), and Faurobert (1987,
1988). The results are given in Fig. 5, for a semi-infinite atmo-
sphere, and in Fig. 6 for slabs of finite optical thickness 7. T'is the
frequency integrated optical thickness defined by:

+ 0 L
T=J dv p(v—vg) J 7o ds, (28)
—© 0
L being the slab geometrical thickness along the Oz axis. As it can
be seen on these figures, a good agreement between the different
methods is obtained.

i | ! ] T I | I I
semi-infinite atmosphere
(without polarization)

B,=1

our computation
Avrett & Hummer (1965)

logt
| | ] | | | 1 ] |
-4 -3 -2 -4 0 1 2 3 4 5 6

Fig. 4. Source function for the line intensity, as a function of optical
depth, in logarithmic scales. The computation has been achieved neglect-
ing the line polarization, and in zero magnetic field, for a semi-infinite
atmosphere (10~ 4<1<10°), collisionally excited. 48 points have been
assumed for the Gauss-Hermite v- integration, and enough points have
been put in the t-discretization to reach convergence

5.2. Comparison global method]iterative method

The method developed in Paper I and in the present paper, which
we call the “global” method, can be used to study the conver-
gence of the iterative method, which has been used, restricted to
the first iteration, for computing the emergent polarization of the
optically thick Hydrogen Hu line of solar prominences observed
at the limb (Landi Degl'Innocenti et al. 1987), and observed on
the disk (Bommier et al. 1989).

The principle of the iterative method is the following: the
contribution of the internal radiation to the statistical equilib-
rium equation for the atomic density matrix at optical depth z, is
obtained using Eq.(25), in which one introduces the density
matrix elements [ p §]; obtained at iteration N — 1. The statistical
equilibrium equations (Eq. (8) of Paper I) are then solved at each
optical depth 7;, taking eventually into account the effect of the
magnetic field, which only couples the density matrix elements
locally; as a result, one obtains the density matrix elements [p §1;
at iteration N. The initial (or zero-order) solution is the solution
of the coupled problem of radiative transfer and statistical equi-
librium equations without polarization; in the present case, it is
obtained using the global method for only the populations [ p$];
, the other coherences with K #0 and Q #0 being assumed to be
Zero.
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QT (%)
4 |-

semi-infinite atmosphere _|

- --— Rees and Saliba,1982
—-— Faurobert,1988
our computation

) . DNIDXNp

0 1 2 3 4

Fig. 5. Comparison of our results with those of other methods: emergent
polarization for u=cos y,=0.11 (in ordinates) as a function of reduced
wavelength (in abscissae), assuming complete frequency redistribution,
without magnetic field and incident radiation, for a semi-infinite atmo-
sphere (10~ 3 <7 < 10*) with different ¢ values (the results of this figure are
obtained with a 48 points Gauss-Hermite frequency integration, conver-
gence being reached for the 7 integration)

The convergence of the iterative method is studied by com-
paring the emergent polarization obtained with the “global”
method, with the one obtained with the iterative method at each
iteration. This comparison has been applied to the case of a
normal Zeeman triplet (J =0-J'=1, w{?,=1), and to the case of
a J=3/2-J'=5/2 line (w?;=0.53), which gives an approximate
representation of the Hu line of Hydrogen. The results are shown
in Fig. 7 and Fig. 8 for these two lines respectively; it can be seen
from these figures that the convergence of the iterative method is
reached within a few iterations, and that the convergence is more
rapid for the J=3/2—J'=5/2 line than for the normal Zeeman
triplet. This can be explained by the fact that the coupling
between the density matrix elements at different points, which is
proportional to w$?, and [w{?;]? is weaker in the case of the
J=3/2-J'=5/2 line, where w{?,=0.53, than in the case of the
J=0-J'=1line, where w{?, = 1, which is the maximum possible
value for w{?, (see Table 1 of Landi Degl'Innocenti 1984); there-
fore, the convergence of the iterative method is the slowest in the
case of the normal Zeeman triplet, and is faster for any other line.
Moreover, it can be seen from Figs. 7 and 8 that the result of the
first iteration is half of the exact result, in the case of the normal
Zeeman triplet, whereas for the J =3/2—J'=5/2 line the result of
the first iteration differs from the exact result by only 0.1% in
polarization. Taking into account that the present measurement
uncertainties in the observation of Ha linear polarization in

I T T
Q/T (%)
8 - T TTTTTT T 3
- T=1
— —
1=10
6L e = = == = == =

Stab
— -~ — Rees and Saliba,1982 |
— -— Faurobert, 1987

our computation
E:]O-L —

T=100

A -

AXIBXp
0 1 2 3 L

Fig. 6. Idem as Fig. 5, but for slabs of finite frequency-integrated optical
thickness T=1, 10, 100

B Global method
[ Iterative method

J=0 - J'=1 line

Emergent polarization (%)

Number of iterations

Fig. 7. Comparison of the global method with the iterative method for a
normal Zeeman triplet line J=0—-J'=1 (w{?;=1). In ordinates: Emer-
gent polarization at line center for i, =45°, for a semi-infinite atmosphere
(10~ 3 <7 < 10%), without collisions and magnetic field, illuminated by an
isotropic radiation at large optical depth (the results of this figure are
obtained with a 48 points Gauss-Hermite frequency integration and 11
depth-points for the t integration). In abscissae: number of iterations. In
dark grey: result of the global method (constant); in light grey: result of
the iterative method
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Fig. 8. Idem as Fig. 7, but for a J =3/2—J' =5/2 line (w{?, =0.53), which
gives an approximate representation of the Ha line of Hydrogen

Magnetic Field: yg = 90° AA (Doppler units) = 0.00
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Fig. 9. Hanle effect diagram, for a semi-infinite atmosphere

(1073 <1t <10%), without collisions, illuminated by an isotropic radiation
at large optical depth (the results of this figure are obtained with a 48
points Gauss-Hermite frequency integration and 51 depth-points for the
7 integration), for an horizontal line-of-sight (y,=90°), and an horizontal
and uniform magnetic field (¥3=90°). In full line: iso-azimuth curves
(constant azimuth 6z and increasing magnetic field strength
I'=0—100); in dotted lines: iso-strength curves (constant magnetic field
strength ' and increasing azimuth 65—6,=0°—180°). The results pre-
sented here refer to the polarization observed at line center

prominences are generally of the same order of magnitude, we
conclude that the results of computations of the Ha line polariza-
tion using the iterative method restricted to the first iteration are
valid for interpreting polarization measurements in terms of
magnetic field diagnostic.

5.3. Effect of a weak magnetic field (Hanle effect)

The effect of a weak magnetic field (Hanle effect) on the linear
polarization of the emitted line can be represented on diagrams,
as those given in Figs. 9, 10 and 11, which have been computed
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Fig. 10. Idem as Fig. 9, but for a vertical line-of-sight (,=0°). The
magnetic field is horizontal (y;=90°)

Magnetic Field: yg = 30° AA (Doppler units) = 0.00
Line-of-sight: Y = 60° p(B=0)=232%
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Fig. 11. Idem as Fig. 9, but for an intermediate case: ¥, =60°, {5 =30°

for the following geometries:

i) a horizontal line-of-sight and a horizontal magnetic field
(¥, =90°, Y5=90°);

ii) a vertical line-of-sight and an horizontal magnetic field
(¥, =0° =90,

iii) an intermediate case (i, =60°, Y z=230°).

The full lines of the diagrams are iso-azimuth curves (constant
azimuth 6, and increasing magnetic field strength I'=0-100), the
dotted lines of the diagrams are iso-strength curves (constant
magnetic field strength I' and increasing azimuth 0;—0,=
0° —180°). Figure 9 shows a very close similarity with analogous
diagrams obtained for an optically thin line in a 90° scattering;
the usual signatures of the Hanle effect, namely a depolarization
and a rotation of the polarization direction due to the magnetic
field can clearly be seen on this figure; Fig. 10 shows that in this
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particular scattering geometry, the effect of the magnetic field is a
polarizing effect (instead of depolarizing effect as in the usual
Hanle effect), the line being unpolarized in zero magnetic field
(Q=0and U=0).

In the examples given in Figs. 9, 10 and 11, the magnetic field
has been assumed to be uniform in the atmosphere; however, a
non-uniform magnetic field could be easily introduced in the
computation, because the effect of the magnetic field is only to
couple the different atomic density matrix elements at the same
point in the atmosphere; in other words, the effect of the magnetic
field on the density matrix is local.

6. Conclusion

In this paper, we have presented the method of solution and
results of computations of resonance polarization and the Hanle
effect for a two-level atom in a plane-parallel optically thick
atmosphere. Our results concern not only a normal Zeeman
triplet line, but any line having arbitrary quantum numbers J and
J'. Complete frequency redistribution is however, assumed. The
principle of the method, which is of the integral method type, has
been presented in Landi Degl'Innocenti et al. (1990, Paper I); in
the present paper, we have described the numerical methods we
have used for solving our system of coupled integral equations,
and we have given the results of computations. Our method of
solution involves two discretizations: a frequency discretization,
which has been achieved using the Gauss-Hermite method, and
which is found to be convergent for 32 frequency points, and an
optical depth discretization, which has been achieved assuming a
linear variation of the density matrix elements between two
neighbouring points; the convergence (better than 1% relative
accuracy on the emitted polarization) is reached with 10 (and in
some cases up to 20) points per decade; this rather large number
of points necessary to reach convergence could be due to the
discontinuities of the first derivative of the density matrix ele-
ments, which occur when the linear approximation is used
(Frisch & Frisch 1977). Results of computations have been
compared with results given by other methods, of the differential
method type, in zero magnetic field and under the hypothesis of
complete frequency redistribution: a good agreement is obtained.

The present method of computation, which we call the
“global” method, has been used to study the validity of the results
given by the iterative method, restricted to the first iteration, that
we have previously used for computing the emergent polarization
of the optically thick Hydrogen Ha line of solar prominences, for

prominences observed at the limb (Landi Degl’Innocenti et al.
1987), and for prominences observed on the disk (Bommier et al.
1989). We have found that this method is valid, taking into
account the uncertainties typically present in polarimetric obser-
vations, for a J=3/2—J'=5/2 line which gives an approximate
representation of the Hydrogen Ha line, whereas such a method
would not be valid for a J =0—J’ =1 line, the result after the first
iteration differing by approximately 50% from the results of the
global method (see Figs. 7 and 8).

The results of the effect of a weak magnetic field (Hanle effect)
on resonance polarization have been presented, for some mag-
netic field and line-of-sight geometries (see Figs. 9, 10, 11). In
particular, it is shown that in some geometrical cases (Fig. 10), the
effect of a magnetic field is a polarizing effect, and not a depolar-
izing effect as in the usual Hanle effect.

The results presented in this paper can provide a diagnostic
tool for measuring weak magnetic fields in the upper solar
chromosphere from the observations of linear polarization in
strong resonance lines.
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