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Abstract. The spectropolarimetric signature of models df. Introduction
small-scale magnetic features is well understood at the Cer}&rﬁumber of spectropolarimetric diagnostics have been devel-
of the solar disc, but has been little studied near the solar limb P P 9

mainly because the detailed geometry of the flux tubes mﬁ):?ted specifically to study the structure and dynamics of small

then be taken into account in a realistic analysis. We presgﬁ gnetic flux tubes that are observed in the photospheric layers

multi-ray calculations of Stokes profiles through arrays of 2_@Tohe solar atmosphere (see Solanki 1993 for a detailed review).

magnetohydrostatic models of small flux tubes. We compars st of these diagnostics have been developed and tested for

the Stokes profile shapes and Stokes based diagnagttesi( \{ertlcally incident lines of5|ghtpnly, corresponding to pb_serva
. . o . : tions at the centre of the solar disc. The present paper is intended
ratio, V amplitude, magnetic line ratio, centre of gravity wave- . . . .
. to study the utility of some of these diagnostics for observations
lengths, etc.) resulting from plane-parallel and 2-D flux-tube

models at different limb distances for two lines in the ViSiblgu%iee(:sgs%in\t\r/ﬁ most Stokes diagnostics have been tested
and an infrared H-band line. For the visible lines around 5250 y 9

all the diagnostics we have studied, with the exception ogheohn;}(lsvr\]lge:crcoomm(jj';'S%nfe%?:éiwéng;gr;heirce(;t:ﬁeogge;g:s:rfg'jgj':’e
andU to V ratio, are significantly affected by the finite size o* y 9 y 9

the flux tubes and the passage of the rays through non-magn%lﬁags a significant role. At the centre of the solar disc (i.e. at

material near the limb. We show that magnetic filling factor$,~ cos 0 = 1, wherefl is the heliocentric angle), the geometry
and the global magnetic flux may be underestimated using H]fea vertical flux tubg, i.e.its f_|n|te width, cross-sectional shape
usual calibration techniques. In addition, near the solar limb t Qq areaasa funct|on' of helght, usually.does not affec.t obser-
magnetic line ratio can move into a regime that is forbidden a\é@tl?nlsggsoeeize.g., steiner & P'Zéo I1&289, Solanki 198dg’ Ke(:jller
cording to simpler models. The spatially averaged Iongitudin%li a ). Exceptions are any Stokeéasymmetry produce

field derived from the centre-of-gravity method also becom gflows outside the flux tubes (Grossmann-Doerth et al. 1988;
%olanki 1989), strongly split lines in the infrared (Zayer et al.

strongly model dependent. The thermal structure of the nop: 4 . X .
. - . 89; Solanki et al. 1992; Bruls & Solanki 1994) and investi-
magnetic atmosphere appears to play a particularly importa ttions aiming at the study of magnetic canopie)s or the upper

role in determining the values of these diagnostic paramet&%btosphere / lower chromosphere in general (Solanki et al

The infrared line at 1.5648m, on the one hand, reacts “tt.lelg?l; Faurobert-Scholl 1992, 1994; Briand & Solanki 1995).
to the external atmosphere and provides superior diagnostic5 0 ;
The reason for the unimportance of the flux-tube geometry

both the magnetic field strength and filling factor. On the other "~ " . . .
hand, for a flux tube with a sharp boundary this line shows Iittl%{“ = Lis the alignment of the flux tube axis with the line of

dependence on the flux-tube diameter, in contrast to the earﬁ@rht' Atu = 1 the dominant fraction of t.he.polanzed rad|gt|on
findings of Zayer et al. (1989). comes from rays that stay completely within the flux tube in the

visible layers, while only a minor portion pierces the flux tube

Keywords: Sun: magnetic fields — Sun: infrared—Sun:facuIagpu_lr_]g:gt(i?.lggIé'hggn&gs' completely when moving away from
plages — polarization —line: profiles — line: formation — radiative tuat 9 P yw ving away

transfer 1 = 1. Every ray then passes through both strong flux-tube
magnetic field and intermediate field-free plasma, so that the
size and shape of the flux tube cannot be ignored any longer.
Of the few investigations that take the geometry into account
when calculating spectral lines produced by flux tubes viewed
at an angle, most have restricted the rays to the central plane,
i.e. the plane formed by the flux tube axis and a sightline ray
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passing through that axis (e.g. Walton 1987; Zayer et al 198@ble 1. Summary of the analyzed magnetohydrostatic models
Grossmann-Doerth et al. 1989; Steiner et al. 1996, Ploner_&

Solanki 1997). This plane divides a cylindrical flux tube intModel B* R* f* Dashed pattern

two equal halves, as seen by the observer. So far ohyté8 [G] [km] [%] used in figures

et al. (1993) and Audic (1991) have considered Stokes transfer

along rays passing through the full, axially symmetric flux tube, B 1600 100 5 = ———

including regions outside the central plﬂﬁhese two investi- iggg 128 150 -

gations differ in their aims. Bnte et al. (1993) were specifically - -~~~ >~ >~ =~~~ 7

h . . L 1600 200 5 - —-—---

interested in the centre-to-limb variation (CLV) of the Stokes 1600 10 5 e — oo —

asymmetry, while Audic (1991) considered idealized spectr@d, A 1600 o0 oo ..........

lines resulting from a single model flux tube for a simulated
high resolution observation.

~ The present work is complementary to both of these. Wi@mogeneous, vertical magnetic fighiz) equal to the values
investigate various diagnostics of solar magnetic field strengffyng the flux-tube axis of the other models. It turns out that
and inclination, temperature, magnetic filling factor and fluxnodel C gives results very similar to model B for almost all

tube diameter. We lay particular emphasis on the dependepgeameters, except the magnetic line ratio (Sect. 3.5) and is not
of these diagnostics on the flux-tube diameter. We restrict odfscussed separately except in that section.

selves to the currently typical situation of observations that can-
not resolve the flux tubes.

2.2. Radiative transfer along multiple rays

The procedure employed to diagnose the hydromagnetic models
described in Sect. 2.1 is basically the same as that described by
2.1. Magnetohydrostatic model Bunte et al. (1993). To summarize, we first determine the atmo-

We describe the magnetic structure of the network or an act her_|c quanities required for the rad|a_t|ve_ transier of Zeeman
plit lines along a set of parallel rays inclined to the vertical

region plage by a periodic array of rotationally symmetric, veg

2. Hydromagnetic model and line transfer

tical flux tubes in magnetohydrostatic (MHS) equilibrium. The ya prgscrlbed angl@lThe rays pass through a periodic tWO.'
are embedded in a static field-free gas. The magnetic structur, {rgs]ensmnal array of identical model flux tubes anq are dis-
obtained as a numerical solution of the MHS equations for prI ibuted such that thg WhOIE’: set samples a full 'perlod O.f the
scribed internal and external stratification of the gas press ?<-tube array ata given height. Th|_s IS ap_proprlate for simu-
The procedure is described in detail by Steiner et al. (1986). Ing low spatial resolution obsgrvaﬂon*s. Fig. 1 shows outlines
radiusR* of the flux tube at = 0 (i.e. unit continuum optical Of two arrays of flux tubes of differen” and the bundie of

depthr, at 50004 in the embedding atmosphere), the fiIIindayS passing through them in the central plane at two different
factorfc(z — 0) = f* (i.e. the area occupied by thé flux-tubd” values each. Note how the number of flux tubes (or flux-tube

magneticfield at = 0divided by the total area) and the pressur\ré"?jlilﬁlthat a ray crosses depends on botand the flux-tube
stratification may be prescribed freely. The vertical compone We use20 x 21(= 410) rays in all of the following calcu-

of the magnetic field is kept constant across the flux tube radjus . . "
at the bot?om of the compputational box, which then is still trJ‘gUons. We also co_ns@er Stokesand( in add|t|qn to Stokes

to within a few percent at = 0. We have determined the value’,. anq therefore Q|str|bute rays over a full period also in the
of the internal gas pressureat 0, p* by prescribingB*, the direction perpendlcu_lar to the _plane_ of Fig. 1.

field strength on the flux tube axis at that level. Here we kKe&p th tv':/he use ag ad?pt'.\ée st_eth S|z|e grid along ea?{_h ri{}' I: ensures
fixed at the typically observed value of 1600 G (e.gieHi et atthe number ot grid points along any ray section that pierces

al. 1992). The internal gas pressure stratification is given by t@télukx tube is Iatrger(t]hands‘;)ml;et r_nlnlmw;n vatlllue (reia_lg tthat the
temperaturd’(z) of the plage flux-tube model PLA of Solanki Okes paramete3, U andV” obtain constructive contributions

(1986) and the condition of hydrostatic equilibrium, while th8nly within the magnetized part of the atmosphere) and that a

external atmosphere is described by HSCOOL, which is simiﬁﬁx'mum optical step size aklog T = 0.1 is not exceeded,

to the HSRA (Gingerich et al. 1971), except that it is cooler ich is important to maintain the sharpness of the flux tube
approximately 250 K at all heights. This choic€elt(f:) demon- oundary on the optical depth scale.

strates the influence of the non-magnetic atmosphere betw: enOnce the atmosphere has been computed along each ray,

the flux tubes on the Stokes profiles particularly clearly. THAe Stokes parameters are calculated using the radiative transfer

flux-tube models calculated and analyzed during the present —dz desclgbegkby iolankl 5.1987)’ Wh.'Ch’ for thte s;)rllutlg_n of
vestigation are listed in Table 1. For comparison we often uséa% ANO-RACNKOVSKY equations, NOW Incorporates the Liago-

1-D plane-parallel atmosphere with data from PLA and with agsEgI()ament Lambda Operator (DELO) routines of Rees et al.

! Caccin & Severino (1979) and Chapman & Gingell (1984) have We have calculated three spectral lines for each model, Fe
also considered rays outside the central plane, but for continuum rdd$250.2A, Fe | 5247.1A and Fe | 15648\, all of which have
ation only. in the past been extensively used to study solar magnetism. For
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Fig. la—dCut along the central plane (i.e. the plane spanned by the flux-tube axis and the line of sight) through arrays of two flux-tube models,
showing the flux-tubes shaded), and a sample of rays in the central plane, along which line profiles were calculated. For the line profile calculations
more rays were used. The thick line delineates the continuum optical depth tinity () level at the appropriate viewing angle. The thick

vertical bar on the right border frame indicates roughly the height range over which Fe | 335@2 average forme@Model D with R* = 50

km, b model E withR* = 200 km. Profiles are also calculated along rays lying within other planes parallel to the central plane, as described in
the text and illustrated by iBte et al. (1993). The anglebetween the rays and the flux-tube axis is the same in both figures, and corresponds

to u = cos @ = 0.8. c andd show the same models as Figs. 1a and b, respectively, but now with rays having an inclination corresponding to
w=0.2.

the two visible lines we use the same atomic data as Solankatthe line core. Examples of multi-rdy profiles aty = 0.2,
al. (1987), while for the infrared line we follow Solanki et alunbroadened by macroturbulence, are shown in Fig. 2a.
(1992). The V' lobe separation of the multi-ray profiles, if taken at
face value to represent Zeeman splitting, suggests a |&gér
1 = 0.2 than atu = 1. Such a hypothetical observation could
thus be misconstrued to indicate a field strength increasing with
3. Results height, while exactly the opposite is the case in the underlying

We discuss the results for the different line parameters and @iodel.

agnostics individually. The infrared line is discussed separately To understand the multi-ray profile shape we first note that
in Sect. 3.7. the inversion in the centre of théprofile is not due to magneto-

optical effects. We confirmed this with calculations that had
magneto-optical effects switched off. Next we consider the

3.1. Profile shapes transfer equations for a Zeeman split spectral line in LTE,

The spectral shapes of Stok@sU andV resulting from multi-

ray calculations as described in Sect. 2.2, can deviate signif,,
icantly from profiles calculated in a plane parallel (i.e. 1-Djir.
atmosphere. Al = cosf = 1 these differences are minute
and the Stoke¥” profiles are almost indistinguishable while at

p = 0.2their shapes are totally different, with the multi-ray proq(),,
file having narrow, widely separated lobes and often an inversigp~ = nQ(y = By) + (1 +n1)Qu + pvUs, —puVe . (2)

(1 + 771)([ Bl/) + nQQV - 77UUV + UVVV ) (1)
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0.008¢ function andr, is the continuum optical depth along the line

of sight. Expressions fay;, ng, nu, nv, pg, pu andpy are
given by, e.g., Landi Degl'lnnocenti (1976). Along most rays
in the geometry considered here, light enters the flux tube from
the field-free atmosphere, in whielpy = ny = nv = po =
pu = py = 0. For simplicity we assume that the magnetic
filling factor of the unresolved flux-tubes is sufficiently small,
so that always/, @, U < I. This condition is fulfilled by
most observations in the quiet sun and in solar pla@ed{, V'

i ] amplitudes typically do not exceed a few percent). For large
e a0 o om0 oos oi0 ous enoughd it is fulfilled along each ray individually, since then

Relative wavelengtn &1 (B) a large fraction of it passes through field-free atmosphere. In

0.015 ; addition, for lines of sufficient strength, such as the ones we

i ] considerng, nr,nv =~ O(nr) 2 1. In this case Egs. (1)—(4)
can be simplified to

dr,
dre

0.006 |
0.004 |
0.002 |

0.000F

Stokes V/I,

—0.002f

~0.004 |

[ Fe [ 525028 : ]
—0.006 : j

0.010

~(1+nr)ly, —B.), (5)

0.005

Stokes Q/I.

dpP,
dr.

~np(l, — B,), (6)

0.000

ooosl whereP = @, U andV, in turn. For a thin flux tube and a

To15 010 006 000 0.05 010 0.15 sufficiently larged we can write as solution of Eg. (6):
Relative wavelength AX (8)

Lo~ —— T ] PVRJ’T]P(IV_BV)ATC' (7)

, Bi ! C ] (We have made use of the boundary condii¢rr 0 at the first
' i 1 boundary of the flux tube pierced by the rafx}. < 0 is the
! i 1 continuum optical depth step across the flux tube. The sign of
~\ i ] P, depends o, — B,, i.e. whether the temperature decreases
I \ i ] along the ray towards the observer or not. A temperature inver-
O4r ] sion, i.e. a flux tube that is hotter than its surroundings, gives
i ] I, < B, and leads to an inversion ifi, .
o2 ] Our model flux tube is hotter than the non-magnetic at-
I 1 mosphere at equal geometrical height in the middle and up-
e oo ot oso o oio ois per photosphere. This is in agreement with stationary theo-
Relative wavelength AA (%) retical models incorporating radiative energy transport (e.g.
Fig. 2a—c Stokes profiles for models B (solid), E (dashed), D (dogrossmann—Doerth et al. 1989; Steiner 1990; Steiner & Stenflo
dashed), G (triple dot-dashed) and the plane parallel PLA model (d4890; Krblker et al. 1990; Kilker & Schissler 1992) and em-
ted) atp = cosf = 0.2. See also Table 1 for a legend of the lindoirical models (e.g. Keller et al. 1990; Bruls & Solanki 1993;
patternsa StokesV profiles,b StokesQ profiles,c Stokes! profile  Briand & Solanki 1995). Within the flux tubes the spectral line
for model D. Thel profiles for the other models are similar in shapegores, which are formed in these layers, thus sample a region in
and are not plotted for clarity. All profiles in a given frame are normaivhich,, — B, < 0, which drives theminto emission. Ifthe mag-
ized to a single amplitude in order to emphasize differences in shapgtic filling factor is sufficiently small, however, Stokégets
its major contribution outside the flux tubes, whége> B,,, so
dUu, that a pure absorption profile results, as shown in Fig 2c. Stokes
I nu(ly — By) = pvQu + (1 +n0)Us + poVe,  (3) Q, U, pV, on therz)therphand, obtain their constructgilve contri-
butions only within the flux tube, wittB,, > I, in the upper
dv, layers, which leads to the inversions seen in Figs.2a and b. In
I nv(ly = By) + puQu — pUu + (L+11)Ve . (4)  summary, at smajt the sign oV, Q, U inthe line core depends
on the temperature of the flux tube relative to its surroundings
Here(I,, Q., U,, VV)T is the Stokes vector at frequengy for all but the weakest lines.
nr, g, Nu andny are line absorption coefficients relative to  In either of the considered geometries another effect, first
the continuum absorption coefficieniy, py andpy are the pointed out by Audic (1991), also plays an important role. The
corresponding magneto-optical coefficients (which in geneadlarized signal in the line core is greatly reduced due to absorp-
are considerably smaller than, g, etc.), B, is the Planck tion in the gas between the flux tube (or the magnetic central

Stokes 1/1,
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layer) and the observer. There, the transfer equations for polar-"""*"
ized light are simply: 0.0020
dI
v o_ 1 L/ _Bv , 8 . 0.0010 F
ar. (L +mn1)( ) (8) g
8 ovoooog
dp, 7
=(1 P, . 9 ~0.0010¢
O ( +771) 9) 00010E
The solution to Eq. (9) reads -ooozop  Fel 200 2%
—0.0030E s s s T ]
/ — — —

Bo= oo (- [(4m)ar). (o) em ww em om om e o

Inserting Py, from Eq. (7) we obtain 0-0080F

P, = np (In, — Bo,) AT exp (— /(1 + 1) dTé) , (12) O‘OO‘“’?

wherel,, and By, are the intensity and source function refer-5, 00050
ring to the portion of the ray within the flux tube. g
This effect tends to mak@, U, V largest in the line wing
(wherel +7 is small) and gives them flat cores (whéren; is g
large), i.e. itdecreases threand (to a lesser extent) thepeaks 0.0010
and moves the-maxima away from the line core (Audic 1991). £
Again, this effect strongly depends on the thermal structure of 0-oog%f15" e i ohe o oo ous
the non-magnetic atmosphere, through the temperature depen- Relative wavelength A ()
dence ofj; (e.g. they; of low excitation Fe | lines increases with
decreasing temperature). Both effects, the inversion and the ab- | -
sorption at the line core increase the Stokembe separation
and therefore lead to an unexpected increase of that measure | \ C

with decreasing:. I . / ]
06 = \ -

s

w
< C
o £
#% 0.0020F

Stokes /I,

3.2. Shapes of turbulence-broadened profiles 04l S v ]

Consider briefly the influence of a macroturbulent velocity on i e ]
the Stokes profiles. Such a source of line broadening is gen- 02 N
erally employed to reproduce the widths and shapes of Stokes I ]
profiles (e.g. Solanki 1986;iBite et al. 1993). If we broaden the 0.0 : : ‘

N A . -0.15 70‘,10 —0‘,05 0.00 0.05 0.10 0.15
calculated profiles by 2 kntg, a value typically required to re- Relative wavelength Ax (8)

produce observed profiles, then the Stokes profiles of Fig. 2 ﬁf&. 3a—c Stokes profiles broadened by a macroturbulent velocity of

transformed into the corresponding profiles plotted in Fig.3.xm s ! for the same models as in Fig.2 StokesV, b StokesQ,
Note that only the extreme profile produced by model G stillstokesr.

shows a significant central inversion after broadening. The

StokesV profiles show large variations from one model to the

_next, whereas the) profileg O_f aII. the models are very sim-3_3_ Stokeg)/V ratio and the magnetic inclination angle

ilar. Consequently, the variation in flux tube diameter is only

distinguishable in Stokeg, if at all. The ratio\/Q? + U?/V, usually taken at a fixed wavelength,
It has recently been proposed barfehez Almeida et al. is a measure of the inclination angjeof the magnetic vector

(1996) that magnetic elements with sizes even smaller thafative to the line-of-sight. In the pasthas been determined

model G exist (so called MISMAS). Fig. 3a suggests that ifthef®m a plane-parallel, 1-D model with either a height depen-

are significantly hotter than their surroundings at the solar lindent or homogeneous magnetic field (e.g. Ronan et al. 1987;

they should produc& profiles with strong inversions in theirLites & Skumanich 1990; Lites et al. 1993; Bernasconi et al.

cores. The Stoke® observations by Stenflo et al. (1987) dd.995; Martnez Pillet et al. 1997). Here we test the accuracy of

not exhibit any significant inversions, suggesting that either tttés approximation by comparing the results of a plane-parallel

magnetic elements have diameters larger than approximatelydel with our multi-ray calculations. We note the value of

50 km or are at roughly the same temperature as the ambi€qt../Vinax produced for a given 2-D model and then search

medium. However, a much larger set of observations closefto the angley that gives the sam@ .../ Vinax ratio, using the

the limb is required to settle this point. plane-parallel 1-D model PLA. Her@,.x and Vi,ax Signify
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theQ andV o-amplitudes, respectively. Our tests are restricted '-°
in the sense that we consider only vertical 2-D flux tubes, but we
nevertheless test at differept= 6 values. Since the azimuthal 0.8
angley = 0, StokesU is not required for this test (although,=
due to magneto-optical effects, it is generally non-zero). é

The estimated error iy introduced through approximating §
a flux tube by a plane-parallel atmosphere is on average ofly
1.4, with the largest error found by us bein§.4Ve also find 3 0.4
that for all models and spectral lines the errors are largest either
closesttothe limify. = 0.2), or closestto disc cent(@ = 0.8).

In summary, for the determination of the magnetic inclina-
tion only, it is quite sufficient to employ a plane parallel model
for spatially unresolved observations of a rotationally symmet- Oq e ——
ric magnetic flux tube. Note that, however, if either the spatial ' 11=cosh
resolution element of the spectroscopic observation is much
smaller than the flux tube diameter, or the magnetic flux is con-1-ON~1-7 77" 7~
centrated into a sheet-like structure (magnetic flux sheet) then o
the Q/V ratio is non-vanishing even at disc centre for a per- o3
fectly vertical, symmetric structure, thereby falsely suggesting
a non-vanishing inclination. !

0.6

3.4. Centre-to-limb variation of the Stok&samplitude

x (1)/ Vinax (14

0.4

For an optically thin spectral line formed in a homogeneous;
vertical magnetic field the Stoké&samplitude scales wittos

and thus to first order with. In a plane-parallel model of a flux
tube (with the magnetic field decreasing with height as in our
model PLA) there are two effects acting to produce departurespol .. . . . . . . . . . N
from this behaviour. On the one hand the decreasB afith 10 0-8 st 0.4 0.2
z lowers V.« near the limb for incompletely split lines like .

A5247.1A and \5250.2A since they are formed higher in theFig. 4a and bStokeslV” amplitude of Fe | 5250.2A normalized to its
atmosphere at small. On the other hand, due to the thermaf@!ue at the centre of the solar didGuax (11)/Vimax (1 = 1), vS. .
structure of, e.g., the plage flux-tube model, these temperath}@ted are curves for models B, D, E, G and PLA. The line patterns
sensitive lines, and thus théit, .., are considerably enhanced"© !demmed in Table 1a Amplitude of raw prqﬂlesb a%phtude of
with decreasing:.. The numerical results for5250.2A, plotted profiles broadened by a macroturbulent velocity of 2 km.s

as the dotted curve in Fig. 4a, show that for a plane-parallel

model the latter effect is the dominant one (the dotted curyg shown in Fig. 1. Then, with increasing inclination (decreas-
varies less rapidly tham). The curves for the multi-ray modelsing ;) an increasing number of rays passes at some height in
lie below the plane-parallel results for sufficiently smalAlso,  the atmosphere through one or more flux tubes, so that, loosely
they strongly differ from each other at intermediate speaking, the ‘effective’ magnetic filling factor increases with
Van Ballegooijen (1985) first proposed that when observifigclinationrelative to the case of a single flux tyksthough it
atan angle to the axis of an isolated thin flux tubelthempli-  does not increase in an absolute sense. We expect that at least
tude should be much lower than in the plane-parallel case. In msG_Ctive region p|ages and the enhanced network a periodic
calculations Stoke¥’ at a fixed wavelength drops by a factogollection of flux tubes, like we model here, comes closer to re-
of over 10 aty = 0.8 for a vertical flux tube with a diameter ity than in a single, isolated flux tube. Consequently, although
of 15 km. We qualitatively confirm his result, but find a muclhe effect pointed out by Van Ballegooijen (1985) is present,
gentler drop inV,..x with decreasing: than he did. This is the it js expected to be of smaller magnitude in active regions and
case even for our model G with* = 10 km, comparable with the network than his calculations suggested. The response of
the R* of 7.5 km for Van Ballegooijen’s model. isolated flux tubes may well be more in accordance with the
At large ¢ one important difference between his and owg|culations of Van Ballegooijen (1985).
models is that our flux tubes expand with height, whereas he e attribute the enhancéd,,... of model E aty = 0.8 rel-
considered straight flux sheets. At smalhowever, the domi- atjve to the plane-parallel case to the hot wall present below
nantreason for the discrepancy between Van Ballegooijen's 3Ad externalr = 1 level in the 2-D MHS models, which be-
our results is that he considered only a single flux tube and n@igines increasingly visible as one moves away from disc centre
whole array. In order to understand that, let us consider a bun(gqg_ Spruit 1976; Kalker & Schissler 1988). Due to the large
of rays equally distributed over a period of the flux tube arraypntinuum intensity resulting from the hot wall theprofiles

02 Fe 1 5250.28 R
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)
1
I

formed along rays piercing it are greatly enhanced in amplitude. '
On the other hand, below a certaimays piercing the flux tube
wall mainly lie outside the flux tube, so that Stokéss small 0.8
along such rays (partly due to the effects described in Sect. 3.%4).
Thus, we expect that there is an intermedjatealue at which & o6
the visibility of the wall is largest, in which case the rays passing
through the hot wall just manage to stay within the flux tube.<

In this picture the maximum hot-wall-inducéd,,.. en- 5 0.4
hancement happens at increasingly smalléor increasingly .°
large flux tubes. A comparison of Fig.la with 1b shows that 02
whereas all the rays passing through the hot wall in the thick
flux tube lie within the flux tube for al. < 1, this is patently
not the case for the thinner flux tube, althoygis the same in Oq T s T s o -
both cases. Hence we expect the enhancement &f fivefiles ' ' p=cosd ' ‘
due to the hot walls of the thinner flux tubes to be largest at
11 > 0.8, which  region is unfortunately not resolved by qur F'9-5-Same as Fig. 4a for Fe | 52474
grid.

The application of a macroturbulence redubgs.(# < 1)  traditionally to calibrate the MLR, we have MLR 1 for a suf-
relative toViax(u = 1) for all models. Thé/iax (1), normal-  ficiently weak field and MLR< 1 for stronger fields.
ized to its disc centre value, is plotted in Fig.4b for profiles This diagnostic is well studied and understood for longitudi-
broadened by a macroturbulence of 2 km' sThe effect is nalfields and flux tubes locatediat= 1. Its centre-to-limb vari-
larger for narrower flux tubes. Near the limb all of our 2-Rytion, however, has been studied only for plane-parallel model
models producé’,.(5250) that are approximately a factor ofatmospheres. These showed that for fields inclined to the line of
2 lower than the simplé” ~ p estimate. This effect shouldsight the blending and saturation of the ando—components
be kept in mind when determining fluxes from, e.g., full-dissecomes important (Solanki et al. 1987), causing the line ratio
magnetograms. to increase with increasing strength of thecomponent. For

In Fig. 5 we plotV;,., of 5247.1A vs. i for the same mod- vertical flux tubes this implies that the MLR increases towards
els as in Fig. 4a. Interestingly,. (5247.14) decreases more the limb. An illustration of this effect is provided by the dot-
rapidly with decreasing: than V;,.«(5250.2 A) for all mod-  ted curve in Fig. 6a, which shows the MLR as a function.of
els. The only difference between the two lines is the|r differingalculated in the plane-parallel PLA atmosphere. A part of its
Lance factors. The larger Zeeman sensitivity of 5258.281-  increase towards the solar limb is also due to the decrease of
ative to 5247.1A leads to a greater separation betweerits 3 with height. The four other curves represent the MLR result-
components. Consequently, thecomponents are less affectedng from multi-ray calculations through models B, C, D and E.
by absorption in the field-free part of the atmosphere and by thesmall 1. all multi-ray models give MLR values greater than
temperature enhancementlntheflux tube (Sect 3.1.), compajiafy. B Even slightly off disc centre at = 0.8 (# ~ 35°) one
to the 5247. ]A line. This weakend/;,.. (5247.14) relative to may obtain a MLR of unity which could be misinterpreted as

Vinax (5250.2A) at smally, leading to significant and surprisingthe measurement of an intrinsically weak magnetic field.

consequences for the ratio between therofiles of these two MLR values > 1 can be explained using the results of
lines (see Sect. 3.5.). The above explanation for the differergects. 3.1. and 3.4. The saturated line core in the field-free part
between/ax (5250) and/iax (5247) vsyuis confirmed by the of the atmosphere weakens theprofile in the core of a suf-
behaviour of the extremely Zeeman sensitive line at 15548f|0|ently strong line. As already discussed in Sect. 3.4. vfhe

Fe 1 5247.1% TS ]

T T T T T [ T T T [ T T T [ T T T
R
/
/
s

(see Sect.3.7.). lobes of a more strongly Zeeman split line (€g5250.2A)
lie further from the line core than tHé lobes of a less Zeeman
3.5. Magnetic line ratio splitline (e.g.A 5247.1A) and are cons_equently less weakened
_ by transfer effects in the non-magnetic atmosphere. The MLR
The ratio is thereby increased and exceeds unity in this case.
Vinax (5250.2 A) ot (5247.1 /'i\) In order to test this explanation we consider four different,
MLR = Vinax (52471 A) g (5250.2 A) plane-parallel atmospheres with a vertical magnetic field con-

2 Vi (5250) fined to a specific optical depth range only, i.e., a 3-layered
= - mex (12) model as described in Sect. 3.1.

3 Vinax (5247) ) ,
L . . 800G for 7min = 107° < < Tmax = 107
is widely accepted as one of the most powerful diagnostics Bf = { 0 eIseTwh ere 75000 = 7
the intrinsic magnetic field strength of solar magnetic elements
(Stenflo 1973; Stenflo & Harvey %985) gnd is sometimes re2 Note that in Fig. 6a the MLRs for the 2-D models are always larger
ferred to simply as the magnetic line ratio, or MLR for shorthan for the 1-D model even at= 1. This is caused by the radial field
For a simple model with a homogeneous magnetic field, as usechponent in the 2-D models that is absent in the 1-D model.
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taf 7 - ] pierced by an isolated inclined ray. In this simplified geometry
=t B a 1 we need only consider a vertical ray. In the 3-layer picture a
S Emac = 0 lem s B hot flux tube embedded in cool surroundings produces a neg-
Vés L2 e ;';’f: ative temperature gradierd'/dr.) at the lower boundary of
3t e T ] the central layer, while the gradient remains positive at all other
= 0 P 1 heights. Using Egs. (5) and (7) it is then straightforward to de-
g Loy = — ] duce that for a sufficiently thin central layer Stokedoes not
=L - e . i show an inversion in its core, whereas Stoge</ andV” do.
= L7 T —— Table 2 shows that the MLR is larger for a cooler atmo-
108 7 T ‘ f sphere, i.e. for larger line saturation (test No. 2), as compared
;j R | to the case of a hot atmosphere (test No. 1). Furthermore, it
L , is largest when the magnetic portion is hot and the field-free
o6L—— .. layers are cool (test No. 3) due to Stokésabsorption in the
1.0 0.8 0.6 0.4 0.2 . . . . .
11=cos0 field-free gas and the inversion of Stokésn the line core (see
Sect. 3.1). Note also that the MLR increases witfrhis effect
Le[ " T T ] is largest for a low temperature and correspondingly high satu-
~ b i ration within the magnetic layer (tests 2 and 4) and it is largely
8 14r €mac = 2 km 57 A due to blending of the- ando-components.
0 e T T ] Finally, the MLR becomes even larger if the line profiles
gﬁ - e - e 8 are broadened by a macroturbulent velocity (Fig. 6b). In sum-
N T A ] mary, for small magnetic flux tubes the MLR is not a reliable
& i - 1 diagnostic forB too far outside solar disc centre, since it be-
% 1.0 _ comes excessively sensitive to the temperature, flux-tube size
%E i / _ - ’ - and turbulent velocity. At present it is not clear from observa-
I P SR 1 tions whether MLR values greater than unity are presentin solar
;j 0.8 ] data or not. The few MLR values determined by Stenflo et al.
r ] (1987) near the limb all lie below unity, but a larger number of
oel . . . . .. . ] observations are required for a definitive answer.
1.0 0.8 0.6 0.4 0.2

pu=cos@

Fig.6a and b Magnetic line ratio (MLR), 2Viax(5250.2A) 3.6. Centre-of-gravity method

/3Vinax(5247.1A), for models B, C, D, E, and PLA (Model C is rép-The centre-of-gravity method (or c.g. method) for the longitu-
resented by the long dashea)MLR based on unbroadened profiles iy magnetic flux or filling factor was introduced by Semel

b MLR from profiles broadenecyba 2 km s macroturbulence. (1967). The centre-of-gravity wavelengths- of the positively

and negatively polarized components of a spectral line are de-
fined as:

vy U= (£ 7)) A

Table 2. MLR for various plane-parallel models

Test  T(r) T(r) MLR MLR , (13)
No. forB#0 forB=0 (y=0) (y=280°) JIe—(T£V)) dX
1 PLA PLA 0.79 0.84 According to the c.g. method the spatially averaged longitudinal
2  HSCOOL HSCOOL 0.90 1.05 magnetic field strengthB cos ) (in Gauss) is related td+ in
3 PLA HSCOOL 1.15 1.20 a straightforward manner:
4  HSCOOL PLA 0.73 0.86
(A= = Ay)/2

(Beost) = o7 10-13 Aot (14)
In addition, the temperature stratification in the rangg, < with the wavelengths given i Here )\ is the line centre
Ts000 < Tmax (I-€. in the central layer) may correspond to aavelength and.g is the effective Lané factor.
different model atmosphere than that outside this optical depth For an optically thin line Eq. (14) can be shown to be exact
range. The chosen model combination and the correspondiogany . or~ value. In plane-parallel atmospheres the accuracy
computed MLR for two different angles between the line of is still high even for optically thick lines (errors; 10%, Semel
sight and the magnetic field are given in Table 2. 1971) and the c.g. technique shows distinct advantages over
As far as line transfer is concerned such an atmosphere carther techniques for determinif@ cos ) (e.g. Rees & Semel
posed of 3 horizontal layers, with the (thin) central layer po4979; Grossmann-Doerth et al. 1987; Cauzzi et al. 1993).
sessing a magnetic field (i.e. it corresponds to the flux tube) and This section may be considered to be an extension of the
the top and bottom layers being field-free (corresponding to itrk of Rees & Semel (1979), who based their conclusions on
surroundings), is formally the same as a vertical (thin) flux tude5-D radiative transfer through a vertical flux tubeuat 1.
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. . T ' : . Fig. 8aand bStokesl profiles of Fe | 1564@ for models B, D, E and
Fig. 7a and b Spatially averaged longitudinal field, derived with LA.as = 1.0, b i — 0.2. The profiles are broadened by 2 kifts

the centre-of-gravity method, normalized to its value at disc centl%,
(Bcosv)(n)/{Bcosv)(u = 1) vs. u. Plotted are the results for un-
broadened profiles from models B, D, E, and PLA. Macrotrubulence- ] o
broadened profiles give practically identical resultge | 5250.24, Method may thus be an excellent technique for determining
b Fe 1 5247.1A. (B cos~) atu = 1, but its reliability is reduced at smallgrfor

thin flux tubes. Inspite of these problems, the c.g. method still
provides more reliable results than fi@mplitude or magneto-
In Fig. 7a we plot B cos v) derived from Eq. (14), as applied tographic observations. Another advantage of the c.g. method lies
Fe 15250.24 (the plotted(B cos ~) is normalized to its value at therein that it is insensitive to macroturbulence or instrumental
w1 = 1). The dotted curve representing the plane-parallel PLi&koadening. Thus Fig. 7 is also valid for broadened profiles.
model lies very close to the expected linear dependenge on
confirming the superiority of the c.g. method over the Stdkes o
amplitude in this type of model (compare with the dotted curv3e'7' The 15648 line
in Fig. 4a). Unfortunately, théB cos~) curves obtained from Fig. 8 showsl profiles of Fe | 15648\ for models B, D, E
the 2-D models using the c.g. method are less satisfactory. Tharsd PLA atu = 1 (Fig. 8a) andu = 0.2 (Fig. 8b). Profiles due
for flux tubes(B cos v) is underestimated by up to a factor of 20 the remaining models (C and G) are rather similar to those
near the limb when diagnosed by the centre-of-gravity methptbtted and are not shown for clarity. The splittingat 0.2 is
in conjunction with a plane-parallel model. Also, Fe | 524K.1 20-25% smaller than at = 1, due to larger formation height
(Fig. 7b) gives consistently loweB cos ) values near the limb near the limb, together with the vertical gradient of the field. The
than 5250.2. decrease of 15-25% betwegn= 1 and 0.4 observed by Sten-
The reason for the difference between {fizcos ) result- flo et al. (1987) is in rough agreement with the corresponding
ing from plane-parallel and 1.5-D calculations lies once againdalculated decrease of 15-20% betwger 1 and 0.4, which
transfer effects introduced by the field-free medium into the pour models give.
larized profiles. Note that theé profiles produced by the 1.5-D  According to Fig. 8 the Stokdg peak separation is almost
calculations not only have lower amplitudes, but also narrowiedependent of the flux-tube radiug;, unlike the findings of
V' lobes, which reduces thek; — A_ additionally. The c.g. Zayer et al. (1989). We traced the difference to an insufficient
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resolution of the flux tube boundary for the integration of the The Stoked” amplitude decreases more rapidly for a flux
radiative transfer equation in the code employed by Zayer ettalbe with a finite diameter than for a plane-parallel model. For
(1989), which becomes most important for small flux tube radthe atmospheres considered here, however, the 2-D models often
In the present work we have remedied the problem by usingl@closer to a simplé/,,.. ~ p scaling than the 1-D calcula-
adaptive mesh for that integration, as explained in Sect. 2.2.tions. In 2-D models (again, for the atmospheric models used

We see little influence of the field-free atmosphere on tiere) the magnetic line ratio (MLR) can attain values exceeding
profile shapes of the 15648line, in contrast to Fe | 5250.&8  unity.
and 5247.13; the inversion and flat portion in the cores of the The CLV of StokesV/ amplitude, area and + V' centre-
visible Stokes profiles are absent in the infrared line (comparkgravity wavelengths provides an indication of the CLV of
Figs. 2 and 3 with Fig. 8). This is partly due to the low formathe magnetograph signal expected for vertical flux tubes. Our
tion height of the line. At this height the flux tube is coolecalculations suggest that at smallethe magnetic flux is un-
than its surroundings (i.d, > B, in the flux tube, so that no derestimated relative to = 1. The centre-of-gravity method
temperature inversion is produced). Furthermore, the 1§64Eprovides a somewhat better estimate than parameters like the
line is relatively weak, unsaturated and temperature insensiti&okesl” amplitude or thé/ value at a fixed wavelength.
all of which substantially reduces the absorption (and satura- There is another important point regarding the MLR. Since
tion) in the field-free part of the atmosphere. Finally, due to thike value of the MLR depends sensitively on the angle between
line’s large Zeeman sensitivity, itsscomponents peak outsidethe flux-tube axis and the line of sight, an inclined thin flux tube
the wavelength range within which it absorbs in the field-free atear the centre of the solar disc should also give MLR values
mosphere. Th&,,.x (1) curves for the 2-D models (not shown)ear unity (or possibly exceeding unity) even if it consists of
deviate correspondingly less from the plane-parallel case, coankG field. Such a line ratio would, using a simpler model,
pared to the visible lines. The counterparts of Figs. 4 and 7a fig suggestive of an intrinsically weak field. Observations at
Fe | 15648A therefore also show correspondingly little scattet5648A are, however, rather insensitive to this effect and should
from one model to the next. give unambiguous resulf$.

Finally, the current investigation reveals that the superiority
of the Fe | 15648 line over Fe 1 5250.2 as a probe of the
magnetic field also extends to observations off solar disc centre.

We have tested a number of diagnostics of solar magnetic el&is underlines once more the need for a full-disc magnetometer
ments off disc centre. To this end we have calculated the cen@@erating on a daily basis in the Fe | 15648ne.

to-limb variation of Stokes profiles of three spectral lines in

2-D magnetohydrostatic models of flux tubes. Of the diagnd%gknowledgementsThanks are extended to B. Lites for reading and

tics considered here only the ratio of the amplitudes of Stok%osmmentlng on the manuscript.

V to the root mean square 6f andU, i.e.,V//Q? + U?,
continues to give reliable results near the limb (in this case tReferences
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