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Abstract. The recently introduced emergent line radiation con-
tribution function (Achmad et al. 1991; Gurtovenko et al. 1991)
is extended to the Stokes vector of Zeeman split spectral lines.
This contribution function is compared to the line depresssion
contribution function on the basis of an analytical relation and
of numerical NLTE computations of a set of spectral lines. In
general the two contribution functions give very similar results,
although in some cases the one or the other of them is more
suitable.
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1. Introduction

The search for a functional description of the contribution from
each atmospheric layer to a spectral line, which is not distorted
by the unrelated contribution to the continuum, goes back to
de Jager (1952), Pecker (1952), Mein (1971) and Gurtovenko
et al. (1974). The search appeared to have ended with the consis-
tent derivation by Magain (1986) of a unique contribution func-
tion (CF) for the intensity line depression, Ry = 1—1I; /1., where
I, is the intensity in the line and [, is the neighboring continuum
intensity. Magain’s CF, denoted by Cr, was generalized to the
Stokes vector of a Zeeman split line by Grossmann-Doerth et al.
(1988). Recently, however, Cr has been criticized by Achmad
et al. (1991), who introduced two new CFs, one each for the
emergent continuum, C;, and for the emergent line radiation,
C) (cf. Gurtovenko et al. 1991). According to Achmad et al.
these new CFs have the advantage that, unlike Cg, they can
be uniquely extended to the flux spectrum. In addition, these
authors found that C'g and C, differ somewhat even for the in-
tensity. Achmad et al. therefore recommended that their new
CFs, in particular Cj, are to be preferred in all cases.

In the present paper we first extend the definition of C; and
CRp to the full Stokes vector of Zeeman split lines (Sects. 3 and
4). Then, in Sects. 5 and 6 we discuss the relative advantages
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and disadvantages of Cr and C; (for Zeeman split and unsplit
lines). Finally, in Sect. 7 we summarize the results.

2. The Achmad et al. contribution functions

In order to distinguish between the spectral line and the contin-
uum Achmad et al. (1991) separate the total source function, S,
into a part due to the line, S}, and another due to the continuum,
Se.

8= =5+ =8, )

Kt K

where k; is the line absorption coefficient at the wavelength un-
der consideration, s is the corresponding continuum absorption
coefficient and k; = K. + k;. By showing that the formal solu-
tion integral for the intensity can thereby also be separated into a
continuum and a line part, they obtain the following expressions
for the CFs to the emergent line and continuum radiation:

Ci(log 1) = In(10) To:—:)Sl(T:)e_T', @)
C.(log 7o) = In(10) To:—;Scm)e-ﬂ, 3)

where 7 and kg are the optical depth and absorption coefficient
at a reference wavelength ).

3. Line and continuum CFs for the Stokes parameters

Expressions corresponding to Egs. 2 and 3 can be derived by
simple analogy for the CFs to the emergent Stokes parameters.
This is best illustrated by first rewriting the transfer equation for
the intensity, I, in the absence of magnetic field into the form
in which the Unno-Rachkovsky equations are usually written,

dI
o = (+DI = (S, +5), @
T N , ‘
where we have made use of the fact that Eq. (1) is equivalent to
n_ g 1 :

1+ T’OISC, )

L =

L4y
with n; = k;/k.. The formal solution for a semi-infinite atmo-
sphere then reads:

o0
10 = [ S+ Soe e,
0
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From Eq. (6) we immediately obtain

Cellog7e) = In(10) TeSe(r)e™ 0™, )
Ci(log7e) = In(10) 7o Sy(re)e~ 0. ®)
InLTE S, =S, =S; = B, and

nr

Cr=nC.= ——0C, 9

1="M1 T+m1 t ()]
where C, = C, + C is the CF of the total emergent radiation.
For large 1 (in the cores of strong lines) C; = C; and C; =
0, while C; = C; and C; = 0 for small ;. Furthermore, in
a Milne-Eddington model atmosphere (1; independent of 7;)
C) ~ C, ~ Cy. In particular, C) has its maximum at the same 7
as C; and C;.

We now turn to the Stokes parameters. The Unno-

Rachkovsky equations read

dI
— = (E+ I - (15, + Q15)),
dr
where I = (I,Q,U, V)T is the Stokes vector, E is the unity
matrix, 1 = (1,0,0,0)T and Q is the absorption matrix
(e.g. Landi Degl’Innocenti 1976, Rees 1987). Following Landi
Degl’Innocenti (1987) we can write the formal solution as:

(10)

1(0) = /00 00, 7.)(021S; + 1S, )d e, (11
0

wheré O(m,, 1) is the evolution operator, defined by its differ-
ential equation

dO(7y, 11)

= (E + Q)O(TZa Tl))
dT2

12)
with O(7,7) = E. Equation (11) is completely analogous to
Eq. (6), so that we can write

Ci(log 7c) = In(10) 7 O(0, 7c)A(7)1S)(7e),
C.(logc) = In(10) 7 O(0, 7c)1Sc(7e).
C=(Cy,Cq,Cuy,Cy)" is the Stokes contribution vector.

Note that for a magnetized atmosphere the polarized com-
ponents of C. are non-zero, although Stokes ), U and V' show
no continuum signal. Recall that the same problem is encoun-
tered when considering the contribution function to the total
emission (e.g. van Ballegooijen 1985; Grossmann-Doerth et al.
1988). To understand this behavior we must recall that at a wave-
length with significant line absorption C; is not the continuum
CF. Rather, it is the CF for the case that, in addition to contin-
uum absorption and emission, line absorption is present (but no
line emission). For a Zeeman split line such pure line absorp-
tion may be different in orthogonal polarizations at a certain
wavelength, so that it can also produce polarized profiles. Only
at wavelengths at which n; ~ ng = nu = ny ~ 0 does C,
become the contribution function of the continuum.

(13)
(14)

C,;, on the other hand, does tend to zero far from line cen-
ter, since €2 approaches 0 there. Consequently, C, is the useful
quantity and C. should in general be ignored.
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4. Computing the Stokes contribution functions with the
DELO technique

Next we write the expressions for C; and C. in the notation
of the Diagonal Element Lambda Operator (DELO) technique
for the solution of Eq. (10) (Rees et al. 1989). This technique
has established itself as fast and stable and is widely used. In
the DELO technique for the solution of the Unno-Rachkovsky
equations the Stokes vector I, at grid point n is related to I,,1,
the Stokes vector at the deeper neighboring point n + 1, by

In = QnIn+1 + Pna (15)
where
R
P, = "7_.7 [Fnst,n + Gn(st,n+1 - St,n)] ) (16)
Q, =R, [EnE -G, <E+—Q"+‘ _ E)] . a7
NI,n+1
In Egs. (16) and (17)
E -1
R, = [E+(Fn—Gn)< + S —E)] (18)
NI,n
and
En = 3_6", (19)
F,=1—¢%, (20)
Gn = [(1— €)= 6,e75"1/6p, Q1)
Op = Tvyn+l — Tun- (22)

It can be easily shown that Q,, is the numerical equivalent of
O(7y, Tne1) and that

n—1

00, 7) <= [ ] Q. 23)
k=1

Consequently
n—1

Cellog ) = In(10) 7 || Qi1Se(rn), @4
k=1
n—1

Ci(log7a) = In(10) 7 [ | QuQn1Si(n) (25)

k=1
The computation of C; and C, for other techniques of the solu-
tion of the Unno-Rachkovsky equations (van Ballegooijen 1985;
Rees et al. 1989) is equally straightforward.

5. Analytical relationship between C; and Cg

In this section we briefly discuss, on an analytical basis, the rela-
tionship between the CF of the emergent line Stokes parameters,
C,, and the Stokes line depression CF, Cg.

Cr is obtained by solving the transfer equation for R =
1—1/I. (Grossmann-Doerth et al. 1988; Rees et al. 1989). Ac-
cording to Murphy (1990) Cr may be written as

_ Ie(7e) Si(7e)
Cr =1n(10) O(0, 7¢) 1.0) [1 - Ic(Tc)] Q1)1 (26)
Using Eq. (13) this can easily be rewritten to
_ Ci(7e) | Ie(Te) _
R AC) [Smc) l] ' P
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Although Eq. (27) is not to be recommended for determining
one CF from the other (particularly C; from Cg), due to numer-
ical instability, it does allow us to predict qualitative differences
between Cg and C,.

1. The ratio between Cgr and C,; is the same for all Stokes
parameters.

2. For an absorption line Cg peaks higher in the atmosphere
than C;. This effect is largest in the line wings, i.e. when C;
peaks low in the atmosphere. This property is obtained by
noting thatfor . > 1, I, = S)(1.) = By, whileat 7, <« 1for
sufficiently strong lines I, = I.(0) > S)(7.). It also follows
therefrom that the ratio Cr,;/C) 1 changes strongly across
a line, being largest in the cores of strong absorption lines.

3. Cg has opposite signs for emission or absorption, while C,
has the same sign. For an absorption line with an emission
core (e.g. the Mg1 12.32 um line) Cg should show both
signs, as can be seen by considering (é‘; —1) as a function of

height and keeping in mind that for an emission line S; > I..

6. Numerical computations

We have incorporated the new Stokes CFs derived in Sect. 3
into the Stokes profile synthesis routine of Murphy & Rees
(1990), which solves the Unno-Rachkovsky equations using the
DELO technique for given line and continuum source functions,
absorption coefficients, damping parameters, Doppler widths,
Doppler shifts and magnetic parameters. This code, described
in detail by Murphy (1990), already possesses the ability to
compute Cg and C;.

The source functions and absorption coefficients for the cur-
rent tests are obtained (in NLTE) from version 2.0 of MULTI
(Carlsson 1986). The input atomic data to this code are the same
as those used by Carlsson et al. (1992) and by Bruls & Solanki
(19934, b), the details of which are irrelevant for the aims of the
present paper.

‘We have computed the Stokes profiles along with the 3 dif-
ferent Stokes CFs, C;, C; and Cg, of a MgI and a number of
Fe1lines. In the following we discuss a few illustrative examples
chosen from a larger set of computations.

6.1. Non-magnetic contribution functions

We begin with a comparison between the 3 CFs in the absence of
a magnetic field. Figure 1 shows the Stokes I, or intensity pro-
files (top row) of Fe 1 512.77 nm, a weak line, Fe 1 438.35 nm, a
strong line, and Mg1 12.32 pum, an unusual line since it is com-
posed of absorption wings and an emission core. CFs at different
wavelengths are plotted below each profile: C; r (dashed), Cr, s
(solid) and C; 1 (dotted). Some points are immediately apparent
from the figure.

1. C, r differs significantly from the other CFs for relatively
weak absorption (i.e. throughout the A 512.77 nm line and in
the wing of A438.35 nm in Fig. 1). There it mainly reflects
the contribution to the continuum and is of little use as a
diagnostic, as is well known.
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2. The relative amplitude of, or integral over Cj; and
Cr,1 changes across the line. This is particularly notice-
able for A438.35nm. [CgrrdlogT ~ Ry, as expected,
whereas [ Cj ;dlog T shows a more complex behavior, be-
ing strongest in the line flanks. [ C; ;dlogT is, of course,
always largest in the continuum.

Because f CRr,1d7c ~ Ry itis straightforward to determine
a CF, Cgr,w, to the equivalent width, Wy = [ RydX:

CR,W=/ Cr, (A, T)dA. (28)
)

Similarly, a C) w can be defined, but is less straightforward,
since it must first be normalized and then weighted with
R()) before integration over A. This constitutes a certain
advantage for Cp.

3. The peak of C, r lies either at the same 7. or deeper in the
atmosphere than the peak of C) ;, which in turn lies deeper
than the peak of Cg, s, in accordance with Eq. (27). Also
in accordance with that equation, the difference, A log 7,
between the optical depth of the peaks of C; ; and Cg  is
smallest when the absorption is largest, i.e. at a position at
which S; <« I, (Alog 7, = 0.2 in the case of X\ 438.35 nm),
and it is largest for weak absorption, S; =~ I. (Alog 7. = 0.5
in A512.77 nm and in the wing of A 438.35 nm).

4. The most interesting behavior is shown by the CFs to the

Mg1 12.32 um line. Whereas C;, r and C) ; are almost iden-
tical, showing a single-peaked hump, Cg 1 is more complex,
particularly near the line core. Negative C'r, 1 implies emis-
sion, and the negative lobe of Cg ; gives the contribution
to the line’s central emission peak, while the positive lobe
‘contributes to the wide absorption trough. Thus Cg,  distin-
guishes between the contributions to the two main features
of this line, while C} y and C; 1 do not.
From various tests, e.g. the Zeeman splitting of the 12.32 um
line in the presence of a height-independent field, we con-
clude that the emission peak of this line is formed near the 7.
at which Cg 1 has its negative maximum. Thus, at least for
this line, Cg 1 is of far greater diagnostic value than Cj ;.

6.2. Contribution functions for magnetically split lines

InFig. 2 we show the Stokes I and V profiles of the Landé g = 3
line Fe 1 630.25 nm (top row), as well as the corresponding CFs
at three wavelengths for a field strength B = 0 (left column) and
B =3000G (middle and right columns). Again all three CFs
(C,, Cgr and C)) have been plotted. This plot (and others like
it) confirm Eq. (27) for magnetically split lines. We also learn
from the plot that Cr and C,; reflect the line profile changes
produced by the magnetic field equally well, much more clearly
than C, (cf. Grossmann-Doerth et al. 1988). The Stokes @) and
U profiles (not plotted) as well as other computations confirm
the above results. The remarks made in Sect. 6.1 are seen to be
valid for the magnetic case as well.
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Fig. 1. Top row: Line profiles for Fe1 512.77 nm (weak), Fe1 438.35 nm (strong) and Mg1 12.32 pm (with emission core on absorption wings)
for zero magnetic field. Second to last row: Comparison of corresponding contribution functions Cr, (solid), C; ; (dotted) and Cy ; (dashed)
for each line at three different wavelengths from line center indicated at the top of each panel. Note that in the second and third rows of the

central column (438.354nm) C; ; and Cy,s are identical
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Fig. 2. Top row: Line profiles for Fe1 630.25nm: Stokes I for B = 0 (first column) and B = 3000G (second column), and Stokes V' for
B = 3000G (third column). Second to last row: Comparison of corresponding contribution functions Cr (solid), C; (dotted) and C, (dashed)
at three different wavelengths, for Stokes I (first two columns) and for Stokes V' (third column)
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7. Conclusions

‘We have extended the CF for the emergent line radiation, Cj, in-
troduced by Achmad et al. (1991) and Gurtovenko et al. (1991),
to the Stokes vector, C;. We have also given an explicit expres-
sion for its computation using the DELO technique for the nu-
merical solution of the Unno-Rachkovsky equations. We have
compared C; both analytically and numerically with the Stokes
line depression CF, Cg. In agreement with the conclusions of
Gurtovenko et al. (1991), who considered C; and Cr among
a number of possible CFs, we find that for the intensity or the
Stokes parameters of Zeeman split lines there is in general little
to choose between the two CFs. Their peaks usually lie within
0.2 dex in log 7, in the cores of medium to strong lines and
~ 0.5 dex in the line wings and the cores of weak lines. For
complex lines with absorption wings and emission cores, such
as the 12 ym lines, however, Cp has a definite advantage over
C; as a diagnostic tool.

As pointed out by Achmad et al. (1991) the advantage of C)
over Cg, lies principally in the former’s simpler applicability to
stellar flux spectra. In the presence of a magnetic field the flux is
no longer a useful quantity and an explicit disc integration must
be carried out, since the absorption coefficient and source func-
tion in Eq. (10) are not isotropic anymore. Thus, for B # 0 C,
loses its main advantage over Cr and in most cases either one of
the two CFs can be used. The differences between them do add
to the uncertainty in the true height of line formation, but since
the separation between the 7, of their peaks is generally much
less than their half widths, this additional uncertainty is not too
significant. Not only are Cg and C; very similar from a practical
point of view, but, as pointed out by Gurtovenko et al. (1991),
they are equally basic in the sense that they both describe con-
tributions to the bound-bound transitions giving rise to spectral
lines, in contrast to bound-free and free-free transitions, which
are responsible for the continuum (cf. Grossmann-Doerth et al.
1988).
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