Astron. Astrophys. 337, 565-578 (1998) ASTRONOMY
AND
ASTROPHYSICS

Hanle diagnostics of solar magnetic fields: the Sn 4078A line

M. Bianda!, J.0. Stenfl@, and S.K. Solank?

! Istituto Ricerche Solari Locarno (IRSOL), Via Patocchi, CH-6605 Locarno-Monti, Switzerland
2 Institute of Astronomy, ETH Zentrum, CH-8092idch, Switzerland

Received 1 April 1998 / Accepted 18 May 1998

Abstract. The Hanle depolarization and rotation effects in thie plane of linear polarization. In a recent paper (Bianda et al.
Sri1 4078A line have been explored with the instrumentatio®998, here refered to as Paper |) we have explored the spatial
at IRSOL (Istituto Ricerche Solari Locarno) by recording thiuctuations of the Hanle depolarization across the solar disk in
Stoked, Q, andU line profiles with high spectral resolution andhe Ca 4227A line with the new polarimeter system at IRSOL.
polarimetric accuracy in a large number of regions across the the Cat 4227A line is a normal Zeeman triplet and possesses
lar disk. From the extracted line parameters we have construdteellargest polarization amplitude in the entire visible solar spec-
“Hanle histograms” showing the statistical distributions of thieum (Stenflo et al 1983a,b). It has a linear polarization profile
Hanle rotation and depolarization effects. Comparison with theith three maxima, one in the Doppler core, and one in each of
oretical calculations allow these histograms to be understoodtie blue and red line wings. The Hanle effect only operates in
terms of magnetic fields with a strength of about 5-10 G, whithe Doppler core and is absent in the wings (cf. Stenflo 1994,
is similar to the field strengths previously found through analpp. 82—-83). Because of this property it was possible through
sis of @ /I Hanle depolarization in the Qa227A line. While  observations of only two Stokes parametdranfd@) to statis-
small-scale magnetic fields with spatially unresolved angulécally identify the signature of Hanle depolarization and exploit
distributions contribute to the observed Hanle depolarization éffor field-strength determinations.
fects, the observed Hanle rotation effects in Stdkese due to Since the diagnostic possibilities with the Hanle effect are
spatially resolved fields with net large-scale orientations (elgased on complex physical processes with subtle observational
global or canopy-type fields). We have also for the first timeffects, which have only begun to be explored, itis of great value
determined empirical “Hanle efficiency profiles”, derived into extend the observational domain by using different spectral
dependently for the Hanle rotation and depolarization effeclifies that respond differently to the Hanle effect, and to observe
They show how the Hanle efficiency has its maximum in tHeoth Stokes) and U rather than onlyQ alone, so that both
Doppler core of the line and then rapidly decreases to becothe Hanle depolarization and rotation effects can be recorded.
zero in the line wings. This allows us to better constrain the theoretical interpretations
and in particular to check the consistency and uniqueness of
Key words: polarization — scattering — Sun: magnetic fields the Hanle interpretation, and to explore how the Hanle effect
atomic processes — techniques: polarimetric manifests itself in practice.

In the present paper we explore the Hanle effect in the Sr
4078A line. From early surveys of the scattering polarization
throughout the solar spectrum (Stenflo et al. 1980, 1983a,b)
it has been known that this line belongs to the more strongly
The Hanle effect allows magnetic-field diagnostics in a pararpelarizing ones, but it has never before been used for Hanle
eter domain that is not well accessible to the usual Zeemamalysis. In contrast to the C4227A line it is not a normal
effect. It therefore provides us with a new window for the expldriplet but aJ = § — 3 — 1 scattering transition, similar to
ration of solar magnetism, e.g. of weak magnetic fields, turbiire Nar D, 5889A line (if we disregard the hyperfine structure
lent fields, and chromospheric canopy fields (cf. Stenflo 1994hd associated lower-level atomic polarization of that line, cf.
Only through the recent development of highly sensitive imagandi Degl’'lnnocenti 1998). Its intrinsic polarizability, repre-
ing polarimeters has it become possible to take full advantagesehted by the factdil, is 0.5 (in contrast to 1.0 for the Ca
the Hanle effect, e.g. with ZIMPOL (Zurich Imaging Polarime4227A line), which means that half of the scattering processes
ter) (Povel 1995; Stenflo et al. 1998) and with the polarimeter@tcur as classical dipole scattering, while the other half occurs
IRSOL (Istituto Ricerche Solari Locarno) (Bianda et al. 1998js isotropic, unpolarized scattering. Like the1@@27A line

The Hanle effect modifies the polarization that is producele Smi 4078A polarization profile has three peaks, one core
by coherent scattering in spectral lines. This modification maand two wing peaks, but in the case ofiSthe wing peaks lie
ifests itself in two ways, as depolarization, and as rotation ofuch closer to the core peak, which means that the Hanle effect

1. Introduction
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may not be entirely absent although greatly suppressed in theseA new feature of the present observations is the use of a
wings. 1-D seeing corrector in the form of a rapidly tilting plate. It

In comparison with Paper | we have in the present papgliminates image motions, mechanical drifts, and declination
extended the Hanle diagnostics by observing the three Stokbanges of the Sun in a direction perpendicular to the nearest
parameters, O, andU (the fourth, Stoke%’, was also observed solar limb. In this way the spectrograph slit, which is always
butis not analysed further here), rather than drand@, so that aligned parallel to the nearestsolarlimb, can be keptata constant
we can make simultaneous use of both the Hanle depolarizatiord well defined limb distance during the observations. This
and rotation effects, explore the relation between them and thgrieatly reduces the observational uncertainty:if= cos 6),
statistical distributions, as well as the profile variations of thegéhich was a significant source of scatter in tha Glaservations
effects across the core and wing peaks. This significantly e{-Paper .
tends our insight into the workings of the Hanle effect, and it This image corrector represents an upgrade of an instrument
places the Hanle interpretations on firmer ground. The resylt®posed by E. Wiehr and described Liti8rlin et al. (1997).
on the magnetic field strengths from this more complete Hame45° mirror in front of the calcite beam splitter intercepts a
diagnostic in the S line can then be compared with the mor@ortion of the solar limb just below the beam that enters the
limited diagnostic used in our previous Canalysis. spectrograph and is used for the polarimetry. The intercepted
portion of the beam is directed through the tilting glass plate to
a diode array that senses the position of the solar limb. A servo
stepping motor tilts the glass plate to maintain a constant limb
As in Paper | all our observations have been carried out wigesition on the diodes. A second glass plate, which is placed
the Gregory-Cougételescope, Czerny-Turner spectrograph, abétween the polarizing beam splitter and the spectrograph slit,
polarizing beam splitter at IRSOL (Istituto Ricerche Solari Lds tilted in synchrony with the first glass plate. Since this sec-
carno) in Switzerland. The polarizer, a polarizing calcite beapmd plate is located after the polarization optics, it introduces
splitter system, has been upgraded to allow the recording offadl instrumental polarization. As the two limb portions used for
four Stokes parameters. This polarimeter is placed immediattiig observations and for the first servo plate are separated from
in front of the spectrograph entrance slit, producing two imagesch other by about 30 arcsec along the limb, the seeing is not
in orthogonal polarization states, which are then simultaneouighgntical in the two beams, but the largest-amplitude image mo-
recorded by the UV sensitive CCD camera in the spectrograjpns should still be similar in the two beams. This is verified by
focal plane. With four settings of &/2 plate in front of the cal- the practical application of the system, since it brings us a major
cite beam splitter, four image pairs are recorded sequentiailyprovement in the positioning and stability of the portion of
I+Q,IFQ,I+U,andl FU.The\/2 plate can be rapidly the solar limb at which we observe.
replaced by a\/4 plate, and two settings of this plate gives us If we disregard the instrumental polarization introduced by
the image pairg =V andl ¥ V. the vacuum entrance window, the telescope is polarization free

Two image pairs, i.e., fourimages, are thus needed to extréuoting the time of the spring or fall equinox. Our present ob-
each of the Stoke§, U, andV parameters. This allows us toservations have been carried out on March 18, 19, 20, 21, and
eliminate the two main noise sources: seeing noise and gaif, near the spring 1997 equinox. We have coIIectedQZﬁ
table noise. The two images in one image pair have identiddl2 U/I, and 91V /I measurements of the 8r4078A line.
seeing distortions but different gain tables. For the second imdggch image covers about 15 arcsec in the spatial direction and
pair the polarization signals have changed sign (which is aghg interval 4077.2 — 4078/ in the spectral direction. This
the two images have traded places, and we have exchangedrtiggval includes the line and a portion around 407Bthat is
gain tables), but the seeing has also changed. By forming ratigse to the continuum level. This portion aids us in determining
between the four images in a certain way, as described in gréwt precise limb distance grposition (see below).
detail in Paper | (cf. also Semel et al. 1993; Semel 1995), we The spectrograph slit was always placed parallel to the near-
can extract an image of the fractional polarizatialy{, U/I, estsolar limb. Stokeg is defined to be positive along the limb
orV/I) thatis free from both seeing noise and gain-table nois#irection. The 1-D image corrector system was used only when
In this way we have been able to obtain polarized spectra withserving near the extreme limb, fer< 0.3. Since no image
noise levels approachiri@ —* in the fractional polarization. For rotator was used, our choice of limb position was limited in the
details we refer to Paper I. same way as in Paper |. Typical exposure times near the limb

The alignment of the beam splitter and the CCD has bearre 15-30s.
done as described in Paper I. The position angles for the four As described in Paper I, the noise is not only random but
settings of the\/2 plate and the two settings of the/4 plate contains a fixed-pattern background in the fractional polariza-
have been carefully calibrated with linear and circular polarifion. This background, in the form of an irregular, wavelength-
ers. During the observations the positioning of the wave pladependent zero-line offset, is determined by making alternating
to the fixed, pre-calibrated positions, is done manually betwertordings near the limb (for the actual measurements) and at
the image pair exposures, while the CCD frame is tranferreddisk center (for the fixed-pattern calibrations), and subtracting
the PC (which takes about 55s), or while the frames are stoithe disk-cente€)/I, U/I, or V/I data from the corresponding
on hard disk (which takes about 155s). limb data. At disk center the intrinsically solar scattering polar-

2. Observational technique
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ization vanishes for symmetry reasons, while the spurious bati-assume that the continuum polarization is only a function
ground that affects the limb observations remains unchangefilimb distance on:.. Next we inspect th€)/I profile shapes
Typically one disk-center calibration was carried out for eveyf the depolarizing blend lines in the line wings and require
five limb observations. their relative shapes and depths to match as closely as possible
the corresponding relative shapes and depths of the Stokes
blend profiles. There is an element of subjective judgement in
this procedure, which introduces some uncertainty, but no better
The main steps in the data reduction are the following: (1) Dapkocedure exists at present (cf. the discussion in Stenflo et al.
current subtraction; (2) Determination @f{or the precise limb 1998). All this uncertainty however does not significantly affect
distance); (3) Flat fielding (only required for StokBs(4) Ex- our determinations of relative line polarization amplitudes and
traction of the fractional polarizatiort3/I andU/I; (5) Deter- Hanle depolarizations.
mination and removal of stray light; (6) Correction for the vary- We find substantiaf) — U, V andU — V cross talk in
ing zero-line offset of the fractional polarization; (7) Removadur observations, which most probably originates from stresses
of @ — U instrumental cross talk; (8) Fourier smoothing fom the vacuum entrance window of the telescope, since the po-
noise suppression. As most of these steps have been explalagdation of the two mirror reflections should cancel each other
in detail in Paper |, we only comment here on new aspects tlathe time of the equinox. Imperfections and misalignment of
have not been discussed before. the\/2 plate may also contribute to the cross talk. Since we are
To determine the precige value we make use of the meanot studying Stoke%” in the present paper, and infiltration of
surements of the mean intensity (after dark current subtracti@tpkes” (from the longitudinal Zeeman effect) infpandU is
around 4078.2A in our spectra, where the intensity is expecteihsignificant in our data (it would be recognized by the spatially
to be 0.956 in units of the local continuum intensity. Regulatructured anti-symmetric line profile signatures), we are here
measurements at disk center allow us to follow and interpolaiely concerned with cross talk betwe@randU'.
variations in the sky transparency, so that the limb intensities The dominant) — U cross talk can be easily identified,
can be expressed in units of the disk center intensity. From thesece thel/ polarization is exclusively produced by Hanle rota-
values g position can be obtained, using the earlier determtion and only occurs in the Doppler core, whil I has strong
nations of the center-to-limb intensity variations by Pierce &on-magnetic polarization in the line wing3.— U cross talk
Slaughter (1977). can then be eliminated by subtracting from the obsefVgd
As in Paper | the Stokekline profiles at disk center coulda certain fraction of the observeg/I, determined by the re-
be used to determine the amount of spectrograph stray lightdwirement that the correctdd/I profile should be zero in the
comparison with corresponding FTS profiles from Kitt Peattistant line wings. Application of this method leads to both pos-
obtained by H. Neckel. Values between 1.0 and 1.5% wetiwe and negative Stoke§/I profiles, as expected, since the
found and used to correct the polarization data (assuming thinle rotation can have both signs. A sign change can happen
the stray light is unpolarized). in recordings taken only few minutes apart in different solar re-
As already mentioned, the fixed-pattern noise or wavgions. In this case subtraction of the same amount of cross talk
length-dependent zero-line offset was calibrated by the digkves very consistent results, which supports the validity of the
center observations and then subtracted from the data. Spetiathod.
care had to be taken to avoid the influence of magnetic regions U — (Q cross talk cannot be identified so readily in the data,
in the disk-center recordings. The fixed-pattern background hsifice Q /I has large and variable polarization in the Doppler
the same structure in both/7 andU/I, and it was for the St core, where a spurioug/ I contribution may be present. How-
4078A line similar to that of the Ca4227A line. All these ever, since the intrinsit /I amplitude (which is exclusively due
observations used the saig plate. In the case of the circularto the Hanle effect) is much smaller than 9¢7 amplitude in
polarization measurementg (), however, for which the\/2  the majority of the cases (cf. Flg.Za.add b below),thes Q
plate is replaced by a/4 plate, the fixed pattern is practicallycross talk will not be a very serious problem, although it will
zero. This indicates that the source of the fixed pattern is in tingroduce some additional noise (of both signs) in@hd core
A/2 plate, but as it is reproducible, it can be removed from thgwlarization. Note that this additional noise only occurs if Hanle
data. rotation is present.
After the fixed pattern has been removed, the near-limb con-
tinuum polarization was often far from zero, as expectedfof
due to intrinsic solar continuum polarization. Although after th& Analysis and results
fixed-pgttern removal the background is spect_rally flat, we qlc_Jl_ The Stokes, Q/I, andU/I profiles
not believe that it represents the true zero point of the polar-
ization scale, so we add a constant zero-line shift to the dafég. 1a shows a typical disk center profile of Stokegnor-
determined in the following way: Within each intervalpfve malized to the intensity. of the local continuum). It can be
require that all recorde@/I profiles should have the same poeompared with the near-limb profiles in Fig. 1b,;at= 0.1
larization amplitude in the farthest portions of the line winggdotted line),u = 0.25 (dashed line), and the average of the
as close to the continuum as possible, since it is reasonafgleorded profiles in the intervall < p < 0.25 (solid line).

3. Data reduction
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1.0T smaller (0.16) than for the sample of 16 recordings (0.19). This
0.8 may contribute somewhat to the systematically larger polariza-
< tions of the dashed curve.
— 06 7] We notice that th€) /I profiles of the Sri line have a triplet
g F 1 structure (disregarding the influence of the blend lines): A polar-
o 0.4 - . .
= r 1 ization peak in the Doppler core as well as peaks in the blue and
0.2 1 red line wings. This is qualitatively similar to the behavior of
| the Car4227A line, except that the wing peaks are much closer

10T ; ; ; to the core in the case of 8r(about 0.1% as compared with

F e about 0.5A for Car). The@/I profile is also locally depolarized
by blend lines at 4077.36, 4077.97, 4078.36, and 4078.47

Themeart//I profilein Fig. 1c only exhibits a single peakin
the Doppler core of the line and is zero outside. This is expected
asU/I is exclusively due to the Hanle rotation effect, which
only operates in the Doppler core and is absent in the wings (cf.
Stenflo 1994, pp.82-83).

Fig.[2a=dl illustrates how the individual polarization profiles
may vary from place to place on the Sun (each place represent-
ing a spatial average of 15 arcsec along the slit). Thus Fig. 2a
shows a stron@) /I core peak whild//I remains small, Fig. 2b
shows a combination of strorggy/ I andU /I core peaks, Fig. 2c
a greatly suppressed/I core peak together with the absence
of aU/I signal, Fig. 2d a suppresséyf I peak in combination
with a strongU/I peak. This demonstrates how the Hanle de-
polarization, which only occurs in th@ /I Doppler core, can
vary greatly across the solar surface, with or without an accom-

4077.5 4078.0 4078.5 panying Hanle rotation (represented iy ). There is thus no
Wavelength (4) simple correlation between Hanle depolarization and rotation.
Fig. 1a—c. StokesI, Q, and U line profiles of the St 4078A line. The re_Iation betweent.hem will pe glucjdated later in connection
a StokesI at disk center, normalized to the intensityof the local With histograms showing the distribution of these effects.
continuum.b StokesI/I. near the solar limb. Dotted ling; = 0.1.
Dashed linep, = 0.25. Solid line: Average of all the profiles recorde
within 0.1 < u < 0.25. ¢ Dotted line: Average of all the Stokég/ I
profiles with an amplitude exceeding 0.08 %. Solid line: Average of tiéke in Paper | for Ca we explore the relative behavior of
StokesQ/I profiles for the same sample of solar regions as used figre Q/] maxima in the blue wing, line core, and red wing. In
the mearl// 1. Dashed Line: Average of all the Stoky'I profiles,  comparison with the Cecase, the blue and red wing maxima lie
for which the corresponding//I profile had an amplitude less thany,,ch closer to the core for §tr 160 and 150 rA as compared
0.08%. with 500 and 400 A for Car. SomeQ)/I profiles (about 10 %
of them) have no well-defined maxima, e.g. Fig. 2b in the blue
All the profiles have been normalized to 0.95 at 4078(gince wing, and Fig. 2d in the line core. In these cases we have simply
no clear continuum is reached). Note the disappearance of @& acted the) /I value at the wavelength where the maximum
lanthanium blend line at 4077.26as we approach the limb. is otherwise supposed to be.

In Fig. 1c we have plotted averages of )¢ (solid and Fig[3a—t illustrates the behavior of the CLV (center-to-limb
dashed lines) anti/1 (dotted line) profiles recorded in the in-variation) of the thre€)/I maxima. When we compare Fig. 3a
terval0.1 < o < 0.25. Since many individual//I spectra did With the corresponding Fig. 2a in Paper | for Cave notice
not show significant signals above the noise level, we have wHbat the spread of the points at smallvalues, in particular
forming theU /I average in Fig. 1c only selected the profilefor 0.05 < p < 0.2, is smaller for Si1. This is largely the
with al/ I amplitude greater than 0.08 %, a total of 16 profilegesult of our present use of a 1-D image stabilizer and better
Before averaging, th&//I profiles have been multiplied by ei-determination of thex position, as described in Sedts. 2 ahd 3.
ther+1 or —1 to ensure that all the averaged profiles have a poghe solid curve in Fig. 3a represents a fit with a function of the
itive polarization amplitude in the line core. The correspondirfgrm
mean() /I profile for this sample of 16 recordings is represented (1 - p2)
by the solid line. In the considerddl < u < 0.25 interval 46 Q/I = b
recordings had & /I amplitude below 0.08 %. The medly I ot
profile for these 46 recordings is given by the dashed line. Thiest introduced by Stenflo et al. (1997). The fit in Fig. 3a has
averagey value for this sample of 46 recordings is slightlypeen obtained with = 0.16 % andb = 0.095.

Stokes /1,

Stokes Q/1 & U/I (%)

|

o ¢ ¢ ¢
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d4.2. Behavior of th&) /I wing and core maxima

; (1)
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& Fig. 2a—d. Examples of variations in the
S StokesQ/I (solid curves) and//T (dotted

g 0° curves) line profiles due to variable Hanle
S depolarization and rotation. Note that these
7 variations occur almost exclusively in the
s line core. Inb anda we see strongy/I

n

core peaks both with and without a strong
U/I signature, while ird andc we see that
‘ ‘ ‘ ‘ ‘ ‘ the near absence of@/I core peak can be
4077.5 4078.0 4078.5 40775 4078.0 40785 accompanied by & /I spectrum that both
Wavelength (4) Wavelength (4) does or does not have a strofig! signal.

o
o

The solid curve in Fig. 3b for the red wing has been derivale relation between the line center and the blue wing. Figs. 4a
by combining the curve for the blue wing in Fig. 3a and thand[® show that the relation between the polarizations in the
second-order polynomial fit of the relation between the red atwo line wings is not linear, in contrast to our results foriCa
blue wings in Fig. 4a (see below). (cf. Fig. 3a in Paper I). This can be understood in terms of a
ifference in the CLV of the blend lines in the blue and red line

In contrast to the well-defined CLV relations for the Iinéj, As the blend in the bl ing is st than in th d
wings, the line-center data in Fig. 3c exhibit a large scattdfn9s. As the biend in the biue wing 1S strongerthan in the re

which, like in the Ca case, can be naturally understood in term¥'N9 and weakens towards the limb (cf. Hig. Ta—c),dh¢Qy

of spatially varying Hanle depolarization, since such ma neti'@-tio wil dgcrgase towards the limb, which can a}cco.unt.for the
b y varying P g vature in Fig. 4a and the slope of the dotted line in[Eig. 5.

field effects only affect the core but not the wings. In the absentd
of magnetic fields we would expect the spread in the core to be _ . .
the same as that in the wings. Using the functional fé@m (1) with The standard deviation of the points around the solid curve

. - In Fig. 4a, which represents a second-order polynomial fit to
different values for the, andb parameters, we have plotted i ; . .

. . « » : he data, is found to be 0.075%. This may be compared with
Fig. 3c two different “envelope curves”, which are supposed

X . value 0.034 % for the corresponding scatter of thedaaa
represent our estimate of what the line-center CLV curvewouﬁjlfhm the interval0 < Q/I < 2% in Fig. 3a of Paper I.

be in the absence of magnetic fields, for vanishing Hanle &1%

o . proximately the same value of 0.075% is obtained as the
polarization. If there were no observational errors, we Woulrdlztrumental noise directly from the invdividugl/ andU/ T

for small values of. (see F|gﬂ]1 below for a d|scgssmn of the rofiles when the Fourier smoothed profiles are subtracted from
largery values) expect practically all observed points to fall b he raw profil d L
o ; profiles and the standard deviation is calculated. From
low the envelope curve. This is approximately the case for tfje . : .
: . is value for the instrumental noise@y I we can then derive
dotted curve. Since however we do have observational scatier, T X X
. ) € standard deviation in th@,. /Q, ratio of Fig.[8,0¢_/q,. In
we need to allow for the possibility that some points may fall on. . . . .
. .o S ig.[d the dotted line represents a linear fit to the data, while the
the “wrong” side of the envelope. The dashed curve in Fig. 3C". :
. . .~ 50lid curves are obtained when we add and subtrgci, to
represents the lowest possible choice for a non-magnetic enve- o "Th
lope that would still be consistent with the Hanle interpretation

and the observational scatter. Although there is thus a lowest

velope curves in Fig. 3c in combination with the blue-wing fit
The relations between the red and blue wing polarizationsrve of Fig. 3a. They are supposed to represent two estimates
Q./I andQ,/I are given in Figs. 4a aid 5, while Fig. 4b givesf the relation between the line center and the blue wing in the
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Fig. 3a—c.Center-to-limb variations of th€@/I maxima in thea blue . 15F .
line wing, b red wing, and line center. The solid line iarepresents a 3 L :
fit with the analytical function of Eq[{1), using the values- 0.16% S
andb = 0.095 for the free parameters. The solid line in (b) is obtained
from a combination of the fit function used faand the second-order
polynomial fit in Fig. 4a. The dotted and dashed curvesrapresent 05F
estimated envelopes (later refered to as env. 1 and env. 2, respectively) L
to the data points, using the analytical function of E§j. (1) with different 5 L
values for the two free parameters.

1.0F

1.5 2.0

(Q/T+Qy/1) /2 (%)

0.0 0.5 1.0
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absence of magnetlc fields. We notice that the dotted C“r""FiS. 5. Ratio between the polarization amplitudes in the red and blue
more nearly linear than the dashed curve.

) . linewings as a function of their mean value. The dashed line is a slightly
~ We use Fig. 4b to calculate the amount of Hanle depolarizgsnieq linear fit to the data. The solid curves are obtained if we add or
tion rather than Fig. 3c, since the ratios between the points ajliract the standard deviation in g /Q, ratio, derived from the

the envelopes are affected by fhencertainties in Fig. 3¢, while scatter of 0.075 % of the points in Fig. 4a around the polynomial fit.
this is not the case in Fig. 4b. Flg._6a and b shows the results

obtained when forming these line center/envelope ratios from

the data in Fig. 4b. Fig. 6a is based on the dotted envelope cumvental noise. Fof0° scattering (approximating observations
(env. 1), Fig. 6b on the dashed curve (env. 2). Note that poimtisthe extreme limb, i.e., at = 0) ratios larger than unity are
with a depolarization factor larger than unity are more abunnphysical and must be due to noise, but for laggealues ra-
dant in Fig. 6b, since the envelope used represents the lowist somewhat larger than unity are allowed (cf. the histograms
possible one in Fig. 3c that is barely compatible with the instrin Fig.[11 below).
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Fig. 6aand b.Ratio between the observelf I polarization amplitudes Fig. 7aand b.Center-to-limb behavior of the Stok&samplitude in the

at line center and the correspondifig I envelope values, obtained adine core.a The degree of polarizatiofi/| /1. The dotted and dashed
the ratio between the points in Fig. 4b and the dotted (env. 1) and dasbetves are the san@/ I line center envelope curves that were plotted
(env. 2) curves. The envelopes represent the values of the line cefitdrig. 3c.b The |U|/Q ratio, which equal$tan 23|, whereg is the
Q/1 that we would have in the absence of magnetic fields. Hanle rotation angle.

For mathematical simplicity we consider the case of single
4.3. Hanle rotation and its relation to the depolarization 90° scattering, as if the Sun had extreme limb darkening (such
that all illumination of the scattering particles comes from the
Inthe absence of magnetic fields Stokeis zero for symmetry disk center), and we would be observing at the extreme limb.
reasons. Itbecomes non-zero when there is Hanle rotation of thé to moderate limb darkening and observations inside the
plane of linear polarization. Fig. 7a shows the absolute valuelighb the actual polarization amplitudes will of course be much
theU/I amplitude at line center as a functioryofFor compar- smaller, but since we normalize all olt/I andQ/I values
ison the@/I line-center envelopes from Fig. 3c are plotted af Fig.[8aand b in terms of th@/I line center envelopes, the
the dotted (env. 1) and dashed (env. 2) curves. In Fig. 7b we haygplitude scaling factors (due to the actual limb darkening or
plotted|U|/Q (which equalg tan 2(3|, whereg is the rotation position) divide out to first order. TH#° single scattering case
angle) vs.u. We notice that there is no systematic CLV tren¢herefore still provides useful insight into the behavior of the
for [U|/I or |U|/Q. The occurrence of Hanle rotation dependsormalized data. Note, however, that smaller scattering angles
on the local magnetic field present, not directly,an (corresponding to observations at largerlues) give different
To explore the relation between Hanle rotation and depolalistributions of theQ) and U values, something that will be
ization we have in Fig. 8aand b plottd| /I (which is a mea- discussed more in connection with the histograms in[Eig. 11
sure of the Hanle rotation) normalized to th¢I disk-center below.
envelope (i.e., the ratio between the points and the curves in Maximum Hanle rotation occurs when the magnetic field is
Fig. 7a) vs. the amount of Hanle depolarization, representeddisected along the line of sight, which is horizontal to the solar
1 — (Q/I)/env. (i.e., one minus the values in Flg._6a and blurface at the extreme limb. Since the for us relevant canopy
with one diagram for each envelope choice. The error bars anagnetic fields are nearly horizontal, we will restrict our con-
based on an error of 0.075% A/I (cf. Sect[4.2). To get a siderations here to the case of horizontal fields at the extreme
better feeling for the expected appearance of such a diagramliweb. Then the field direction is characterized by the single pa-
can be guided by the following theoretical considerations: rametery g, the azimuth angle counted counter-clockwise from
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o6 "~ T T T "7 7 7] unpolarized radiation gives
Q = %V[fg[sin2 xB + (1+cos® xp)cos® as ],

B 0.4; U = %Wgcosxgsin%yg, 3)

>’ -

5 where we have rotated the Stokes coordinate syste$0by
E | with respect to that used in Stenflo (1994, p. 92), so that Stokes
% 02 @ is defined to be positive in the direction parallel to the solar
~ - limb. In contrast ta) andU, Stoked is largely formed by non-

scattering processes which do not need to be specified here.
| We get maximund) polarization in the absence of magnetic
0.0 fields, i.e., foray = 0. Thus
0.6[
Qmax = %WQ . (4)
i On the other hand, what we in our figures have called env. (the

C§ 04 i Q/I envelope) is the same &% I in the absence of magnetic

£ fields:
Py
= i =
S o2} Qmax/I = env. (5)
L } Thez andy axis in Fig[8a_andlb represent
ool . x =1-(Q/I)/env.

-0.5 o 0.0 05 1.0 y = (|U|/I)/env. (6)
1 - (Q/T)/env.1,2

According to Egs. 6
Fig.8a and b. Relation between the Hanle rotation and depolar- g as [(B)H{6)

ization effects. On. the hqrizontal axis is = 1 — (Q/I)/env., ., _ %(1 + cos? XB)SiH2 oy

where (Q/I)/env. is obtained from the upper (env.1) and lower 1 )

(env.2) diagrams of Fig_Gaantl b. On the vertical axis is plottdl = 3| cos x B sin 20| . (7)

y = (|U|/I)/env., obtained from Fig. 7a as the ratio between the . . o .

points and the two envelope curvesis proportional to the amount 1he maximum value of (Hanle rotation) possible is obtained

of Hanle depolarization. The solid and dotted lines represent analyhenx s = 0. In this case we find from Eq.{(7) the following

cal curves obtained from idealized single scattering theory using tigdation betweer andy:

weak-field Hanle phase matrix. They are given by Hgs. (8)[@nd (9), re-

spectively. We expect all points to fall below the solid line, but becauge= /2 (1 — z) . (8)

of noise and inadequate choice of )¢ envelope, the data spread

outside this region, in particular in the lower diagram (based on env. Zhijs relation is plotted as the solid curves in Fig. 8a and b. For
reference, as an intermediate case, we plot the corresponding

relation obtained fox g = 45°,
the direction towards the observer. The magnetic field strength

is contained in the Hanle rotation angig, where

IS

x), (9)

Kg,w
#75/2 ) (2) asthe dotted curvesin Fig. 8a and b. When= 90° (magnetic
field perpendicular to the line of sight),= 0, i.e., the Hanle
whereK can be 1 or 2 (cf. Stenflo 1994, p. 212).isthe Lan@& rotation vanishes.
factor of the upper levely;, the Larmor precession frequency  We have plotted all the data pointsin Ffig. 8a ahd b, also those
(which is proportional to the magnetic field strengthy; the with negativer values. Ideally, without instrumental scatter, all
natural, radiative damping width, andthe damping width due points should fall inside the area bounded by the solid curve
to elastic collisions. in the case 0f0° scattering (observations at= 0), but they
The polarizability of a scattering transition is as usual regpread into the outside region, either because of noise or from
resented by the factd#’,, the fraction of scattering processesontributions from larger values (for which negative values
that occur as classical dipole scattering (while the remainiage allowed), or because the non-magn@&icl envelope in
fraction occurs like isotropic, unpolarized scattering). For thHeig. 3c was chosen too low. The large spread in Fig. 8b suggests
Srir 4078A line W, = 0.5, for Car 4227A it is unity. Then, that env. 2 (dashed curve in Fig. 3c) was chosen too low, and
according to Stenflo (1994, p. 92), the scattering of incidettitat env. 1 (dotted curve in Fig. 3c) is to be prefered.

y=1/32(1-

tanag =
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Fig. 9a—c.Histograms showing the distribu-

tions of the observational data. The solid

‘ ¥ lines ina and c are based on the use of
|0 G env. 1, the dotted lines on env.2. Parel
NI o F‘j represents the distribution of thevalues

0 S B s R =N in Fig.[Baandb, pane the distribution of

00 02 04 06 00 0.5 1.0 -05 (()-0 0.5 1.0 thex values in FigC8aand b, while partel

Number

(IUI/1)/env.1,2 lul/Q 1-(Q/1)/env.1,2 gives the distribution of the points in Fig. 7b.
4.4, Histograms of the Hanle effect darkening function, the polarization scale will be wrong, but

o o _ this scale factor divides out when we normalize the polarization
The statistical distributions of the data can be expressed in figa with the)/I envelope. In contrast to our discussion of
form of different “Hanle histograms”, which may be comparegtig [8aandb we now consider all possible azimuth angles
with theoretical histograms based on various models. Suclygy colatitudes; (angle with respect to the vertical direction)
comparison would then allow us to gain information on the agf the magnetic field vector.
tual distribution of the magnetic field. Our empirical histograms The magnetic field can thus be characterized by the three pa-
are givenin Fid. 9atc, inwhich the solid lines are based on envydmeterg Y, and the Hanle angle,, which is a measure of
the dotted lines on env. 2. Fig. 9a gives the distribution of thge field strength. It is however more convenient to parametrize

|U|/1 polarization expressed in units of th I non-magnetic the field strength in terms ofi;, which is related tav, by
envelope, which is the parameter that was used ag #&xés in

Fig.[Baandb. Fig. 9b gives the distribution of the rafig/Q, tanax = Kvp (10)
which equald tan 23|, whereg is the Hanle rotation angle (cf.
Stenflo 1994, p. 92). The maximum|&t|/Q = 0.15 thus cor-

responds to a rotation angle= 4°. Note that the values ¢f B = (Bo//f£2))73 ) (11)

do not depend on the choice @f/ I envelope. _ _ _ _
By is the field strength for which the Larmor precession rate

Fig. 9c givesthe relative amount of Hanle delpmolarizlaﬂen, equals the spontaneous radiative decay rate of the excited state
(Q/I)/env., which was used as theaxis in Fig[Ba andlb. We It is thus an atomic-physics constant determined by this decay

notlce_ th_at the “spill-over of the dlstrlbytlor) into the r.]egatlv?ate. For our S transition itis 11.8 G. The collisional factor is
domain is large for env. 2, as we saw in Fig. 8b, which again

suggeststhatenv. listobe prefered (see howevérkig. 11 belq,vyal __ N (12)

The observed Hanle histograms can be understood as com- TN+ %e/2
plex mappings of the distribution of magnetic field vectors witivherey, and~, are the radiative and collisional damping con-
respect to both direction and magnitude. It is in principle costants as in EqL{2). In the higher layers of the solar atmosphere,
ceivable to invert this problem and use the observed histograwtsere S is formed near the solar limb, the collision rate is
to derive the properties of the magnetic-field distributions. Asw, so thatt is not far from unity. According to the (rather
such an undertaking would be far beyond the scope of the presgntle) estimates in Stenflo (1982) it is about 0.75 at the height
paper, we here limit ourselves to compute theoretical histograofgormation for Sut. In this case
for a few selected special cases, which provides insight into the
problem and indicates what kind of field distributions and pﬁ ~ 15875 (G). (13)

rameter ranges that would be required to be compatible with tge rather large uncertainty in the depolarizing collision rate in-

observed histograms. troduces a corresponding uncertainty in the field-strength scale.
To compute such theoretical histograms we make u8eoo small collision rate leads to too small values for the de-

of the general, weak-field Hanle phase matrix that Landved field strengths.

Degl'Innocenti (1988) has given in analytical form for arbitrary We may now compute, for any combinationégf, x g, and

scattering geometries and magnetic field vectors. As before we, the values of and U that result from a single scatter-

consider a single scattering process and assume that the imgj-process. These values are caligd and Ug. The value

dent radiation is unpolarized and along the vertical directioof Q)5 in the absence of magnetic fields is denofad Then

Since the resulting histograms depend on the scattering andle|/Qo represents our observed quantity/|/I) /env., while

we will compute a set of histograms for two different values df — Q 5 /Q, represents our observéd- (Q/I)/env.

the scattering anglé)0° (corresponding ta: = 0.0) and 60° For the computation of theoretical histograms we divide the

(corresponding tq: = 0.5). Almost all our observations fall unit sphere into equal-area boxes, with one grid-point at the

between these two extreme values. As we do not use a lingenter of each box. The boxes have equal width in colatitude

(K =1,2).vp is proportional to the field strengtf:
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0, namelyrw/n, wheren = 160. For each value ofz we these end points no points can exist. Due to our normalization
divide the parallel circle for azimuths in 2m sin 6 intervals, all curves reach unity somewhere. In the loWét/Q panel of
rounded to the nearest integeris chosen to be 153 rather tharfig.[I0 the solid curve turns up and reaches unity only for higher
160 so thaPm sin 6 is almost exactly an integer wheim 65 x; values outside the displayed range.
is small. With this division the sphere contains 31,167 equal- Let us now compare the theoretical histograms of Figs. 10
area boxes. A set of new grid points is generated by a smatid[11 with the observed ones in [Fig. 9a—c to see if the observa-
rotation of the described grid around the polar axis. Histogranisns can be understood within the framework of our idealized
for these various grids are superposed to improve the statisttbeoretical model. The shapes of the theoretical curves look
For each grid point and each value of the field-strengtfuite different from those of the observed histograms, but we
parameteryz we compute the values of; = |Ugp|/Qo, havetorememberthatthe theoretical curves have been obtained
xo = |Up|/Qp,andxs = 1-Qp/Qo- The angular distribution for fixed, single-valued field strengths. With a more realistic
function determines how the grid points will be weighted. Weeld-strength distribution we would have to make weighted av-
make use of two different angular distributions, previously intr@rages of different shifted curves, like the solid, dashed, and
duced for Hanle diagnostics by Stenflo (1982): (a) An isotropitotted ones in Fig$. 10 ahdl11, which would result in rounded
distribution, and (b) a distribution that is confined to the hordistributions similar to the observed ones in Fig. 9a—c. A re-
zontal plane and has random azimuth anglgsin the case of fined treatment should also account for theistribution of the
the horizontal distribution the whole sphere does not need todigservations.
subdivided, only the equator. We then use 32,000 intervals in The range covered by the observational histogram for the
x . For each of the two distributions, and for each given vali¢anle depolarization — (Q/I)/env. (Fig. 9c) is best repre-
of v5, we count the number af; values { = 1,2, 3) that fallin sented by the theoretical dashed curves in [igs. 1@and 11, for
differentz; intervals. This gives us the theoretical histogramsgz = 0.5. According to Eq.[{IB) this correspondence requires
for z;. Since we are here only interested in the shapes of the i field strengths to be about 5-10G.
tograms and not in their absolute values (which depend on the Note that the distributions of the depolarizatioyspill over
choice ofz; interval widths), we have normalized all histogranmore and more into the negative regime as the value iof
curves to their maximum value. creases, as shown by the panels to the rightifEig. 11. Therefore
Let us at this point note that the computation described so fhe data points that fall into this regime need not all be due to
implicitly assumes that the magnetic field is spatially resolvetbise, since some spill-over is actually expected. Tirdepen-
for each recording. For most fields this is not the case, but sodence of the histograms needs to be accounted for in future more
fields must be at least partially resolved by the observationsdétailed quantitative interpretations. We also have to deal with
this were not the case and the field distribution were randamother quite fundamental interpretational problem, namely the
within each spatial resolution element, then there could be fiite spatial resolution of the observations.
net Hanle rotation, since the positive and negative contributions The observational histograms for the Hanle rotation
would cancel each other, so all valuedbfvould be zero. The (Figs. 9a and 9b) spread over a considerably smaller range of
distribution over a range o values (or overr; andx) is  (|U|/I)/env. and|U|/Q (z1 andxs) values than would be ex-
only possible for partially resolved or non-random magnetfected from a 5-10 G field according to the corresponding dia-
fields. For the Hanle depolarization, however, there is no suglams in Figs. 70 arid11. This inconsistency between Hanle de-
cancellation, since it occurs with only one sign. Thereforepgolarization and rotation indicates that the underlying assump-
random field distribution inside the spatial resolution elemetibn for the theoretical histograms, namely that the magnetic
will produce a net Hanle depolarization, the amount of whidields are spatially resolved (homogeneous within each solar re-
is determined by the field strength. A distribution of observegion to which an observed spectrum corresponds), is not correct.
amounts of)/I polarization may then be due to a large-scale From our previous knowledge about the structure of solar
variation of the rms field strength of a random small-scale fielthagnetic fields we know that most of the magnetic flux is indeed
rather than to a large-scale variation of a resolved field. Wgatially unresolved. On the other hand, if all the unresolved flux
will come back to this issue when comparing the theoreticahd no net orientation when averaged over the spatial resolution
histograms with the observed ones. element, then no non-zero values for the Hanle rotation could
The results of our computations (based on the assumptioroatur, alll/ values would be zero, and the histograms in Figs. 9a
spatially resolved fields) are displayed in Figs. 10fadd 11. Thad b would just have a peak at » = 0, with some spread
upper halves of the figures show the results for the isotroplae to observational noise. The circumstance that the spread
distribution, the lower halves for the horizontal distribution o much larger than the noise indicates that large-scale orien-
field vectors. The solid, dashed, and dotted curves correspaaiibns of the field which do not average out over small scales
to the values 1, 0.5, and 0.25, respectively, for the field-strengile indeed present. Such a large-scale field with a strength on
parameterys. Note that in the lower left diagram of F[g.]10 thethe order of 5-10 G can have contributions either from a global
solid and dotted curves coincide. component of the Sun’s general magnetic field, or from canopy
For each value ofig only a certain range of; values are fields, which have their sources in the supergranular network
possible. A curve can end atits maximum value unity at one edgygd spread nearly horizontally in the lower chromosphere over
of its x; range, or it can end at an intermediate value. Beyottitk supergranular cells (cf. Giovanelli 1980; Solanki & Steiner
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n=0.0

Fig. 10.Theoretical histograms for the same
parameters as determined observationally in
Fig.@a=¢t. The curves are based on an ideal-
. ized single-scattering model assuming spa-
| P tially resolved magnetic fields and two dif-
1F i 1 ferent angular distributions of field vectors,

I an isotropic (upper panels) and a random
1T S 1 horizontal (lower panels) distributio0°

: [ scattering is assumed, corresponding to ob-
: servations at the extreme limp & 0). The

| | solid, dashed and dotted curves correspond
|

|

l

Relative number

Relative number

to the values 1.0, 0.5, and 0.25 for the field-

‘ ‘ ‘ i 1 J strength parameters that is related to the

00 02 04 06 0.0 0.5 1.0 -0.5 0.0 0.5 1.0 field strengthB via Eq[TIB). For details, see
(IU1/1)/env.1,2 1ul/Q 1-(Q/1)/env.1,2 the text.

Horizontal |
‘ ‘

Relative number

0.8r

0.6r

0.4

0.2r

Relative number

: .
Horizontal
0.0 ‘ Ll L ‘ ‘ Fig. 11.Same as Fif. 10, except that the scat-

0.0 02 04 06 0.0 0.5 1.0 -0.5 ?.O 0.5 1.0 tering angle is assumed to I68°, corre-

(IU1/1)/env.1,2 lul/qQ 1-(Q/1)/env.1,2 sponding to observations at= 0.5.

1990). The canopy fields can be expected to statistically odesld-strength ang distribution would widen the peak, to make
a nearly horizontal, random distribution of field vectors with & look more like the observed distribution in Fig. 9c. Again,
spatial coherence over scales comparable to the supergranigiathe depolarization peak to be located at the observed place
tion (30 Mm), while the global field component can be coheretite field strengths would need to be around 5-10 G, as we will
over larger scales. derive more directly in the next subsection. However, regardless
On a much smaller, even subtelescopic or optically thipf field strength, the turbulent field would try to make the Hanle
scale, we can expect the presence of an isotropically distributethtion histograms in Figs. 9a and b peak around zerand
turbulent field, which reveals itself through Hanle depolar:. If we now to this small-scale turbulent field add a large-scale
ization but not through Hanle rotation (Stenflo 1982, 1994igld (like a canopy field or a global field) with net large-scale
Faurobert-Scholl 1993; Faurobert-Scholl et al. 1995). If sucHigld orientations, then we see that with a proper combination of
field had a single-valued field strength, it would in the Hanle déiese two kinds of fields (small and large scale), we may build
polarization diagram (Fig. 9c) for each givewalue contribute Hanle rotation histograms that look like those of Figs. 9a and
to a peak located at a non-zero value of the depolarizatjoA b. The apparent inconsistency between the histograms for the
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oL T 0k " ‘ ] Q/1 with the assumption that the fields are
o5 1 255 1 spatially unresolved, and that we average
; 3 S ; d ] over a complete angular distribution of field
TR0 Turbulent, env.i | 2°F ’ Turbulent, env.2 | vectors W|th|n each spatial resglutlon ele-
< F. ] P 1 ment. The figure has been obtained by con-
e T EEE U 1 verting the data in Fig—6aand b, which are
£ X H%. . .#0 : ] FL ’ .. ] supposed to represent the Hanle depolar-
> 107 ¢ % RN I T N 1 ization factorky, into field strengths via
g b - % ' E %‘% et % Eq. [13) for isotropic (lower panels) and ran-
F . . ] K e e, . 7] . . . .
[ St 1 r 4’ i <M> %0 1 dom horizontal (upper panels) field distribu-
ot e ‘ ‘ i ok T ‘ ‘ ‘ ] tions. The diamonds with error bars repre-
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0 sentaverages and standard deviations of the

p = cos @ M = cos © data points within intervals of width 0.05.

Hanle rotation and depolarization can indeed be resolved if Whe Hanle mixing anglesy; and o, have been given by
have a mixture of contributions from resolved and unresolvéds. [2) and[{T0)E(13), which allow us to translate the quan-
fields. tity (Q/I)/env. into field strength.

This rather involved discussion shows that with the present We have thus taken all the values in fig. 6a ahd b (after the

data no unique interpretation is possible, but that the obsery@ €S> 1 have been set 1, since to be compatible with
histograms can be understood in terms of plausible magneff@: (14) such values are unphysical and must be due to noise)
field scenarios. These scenarios would be differently cofind converted them with the above equations, to obtain the four

strained by other lines with different sensitivities to the Hanféagrams in Figl T2atd. In these diagrams we have also de-

effect. It should therefore be possible to greatly reduce the affifmineéd the mean value and standard deviation of the points
biguity in the interpretations by making use of the differentid)ithin x intervals of width 0.05 and plotfed them as:,dlamonds
Hanle effect for combinations of spectral lines, and of cour¥dth error bars. Note that the converted *unphysical” values en-

also by combining Hanle diagnostics with high spatial resolff" Into the diagrams witl = 0 and also contribute to the
tion. derived means and error bars.

We notice in Fig[(12atd that the diagrams based on env. 1

(the prefered envelope) gives field strengths that are systemat-
4.5. Field strengths from the observed Hanle depolarization ically somewhat larger than those based on env. 2, which pro-

duces many more “unphysical” points. The field strengths ob-
We will now adopt the assumption (contrary to the assumptitained with env. 2 can be regarded as a lower limit to the field
on which the theoretical histograms in Figs] 10 11 westrengths that would be obtained if a “true” non-magnéxjd
based) that the fundamental magnetic structures are spatiatlyelope could be used. The assumption of an isotropic, turbu-
unresolved, and that we average over a complete angular ¢kst field distribution results in somewhat larger field strengths
tribution of field vectors within each spatial resolution elemerthan when a horizontal, canopy-type angular distribution is used,
The Hanle depolarization factéry that results from this aver- but these differences are smaller than the scatter of the points.
aging is then identified with our observed depolarization factoféie typical mean field strengths are 5-10 G, the same as we
(Q/I)/env. The factorky can be obtained in analytical formestimated from the Hanle histograms in Secil 4.4. These results
for various angular distributions, as has been shown by Stane consistent with and similar to those of Paper | for the Ca
flo (1982) for a horizontal (canopy-type) random distributiom{227A line. The Sni line gives on average 30 % lower values,
and for an isotropic (turbulent-type) distribution. The resultinigut due to the uncertainties in the rate of depolarizing collisions,
expressions obtained by averaging the weak-field Hanle phé#ss difference cannot be regarded as very significant.
matrix over these two types of angular distributions are

4.6. Profile shape of the Hanle effect

urbulen i 2 2 ..
kg™t = 1—04(sin” ay +sin® az), One fundamental and non-trivial property of the Hanle effect

= —U.7osIn” oy . Is that it Is present in the Do er core but absent in the line
ESROPY = 1 — (.75 sin? 14) s that it is p in the Doppl but absent in the li
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The general profile behavior (the requirement thathould

a be zero in the far wings) has however been assumed by us in the

procedure for the elimination of the instrumental— U cross

talk. It would therefore be good to have a confirmation of this

profile shape independent of this assumption.
Suchanindependent determination can be made by using the

statistical Hanle depolarization information in ¢ I profiles

alone, without reference . The procedure is the following:

Using the value of)/I at a fixed wavelength, in the far line

wings as a reference, we form the ratio

u(y) /e

0.0

QN/I()
Q(Aref)/I(Aref)

r(A) = (15)

0.8 "7

as a function of wavelength. The choice of\,¢ is not critical
(although it should be chosen in an unblended portion of the
line wing), it mainly determines the unit or scale fgrbut this
scale factor is immaterial anyway, since we are only interested
in the profile shape.

For each given value of the different recordings will give

] different values of-. We interpret this variation in thevalue as

] being due to the varying Hanle depolarizatiodjpl. The vari-

] ation will be larger when the Hanle depolarization efficiency is

, larger. We therefore determine, for each giverthe standard

TN deviationo,.() in the values of()) for all ourQ/I recordings.
0.0 0.2 0.4 o,(x) Should be proportional to the amount of Hanle depolar-

AN(A) ization.

This kind of analysis is also possible for our previousiCa

Fig. 13a and b.Empirical profiles for the Hanle efficiency, showing 2 . : . .
how the Hanle effect is active in the line core but vanishes in the Ii#(aZ27A Q/I line profiles that were used in Paper |. In Fig. 13b

wings.a Profile of the Hanle rotation efficiency, obtained as the rati\féle plot the resuits fom,(k) f.or both lines: The S.'Ohd curve
between the dotted{/T) and solid (/T) curves in Fig. 1cb Pro- 107 Sri1, the dotted for Ca Since the normalization of(\)

file of the Hanle depolarization efficiency, represented by the stand&farough the choice oh..) is different for Sm and Ca, we
deviation or scattes,., of the observed values of ), wherer is have multiplied ther,(,) values for Ca by the constant factor
defined by Eq.{d5). The solid curve has been derived from the pres2rd to make the profile scales comparable for the two spectral
Sr11 data, the dotted curve from the €data of Paper I. To facilitate lines.
the comparison between the different profiles, the @ave has been SinceUT(,\) is a standard deviation, it can never be negative,
rescaled, and the zero points for the two curves have been slighilyy jt reaches zero by definintion at the chosen reference wave-
shifted, as described in the text. length . (in the right portion of Fig. 13b). Noise contributes
to o with only one sign (positive) and causes the far wings to
be elevated above the zero level (excepkat). To bring this

wings. There must therefore be a wavelength variation of tRéevated noise level down we have subtracted a constant from
Hanle efficiency with a transition from core to wings, i.e., th€o.(y) values. We have chosen this constant to be 0.065 for
Hanle efficiency has a certain profile shape. With our exteR!1l and somewhat less, 0.046, for the scaled Gdues, since
sive statistical material of polarized line profiles with variouthe noise level was smaller for the Cadata.
amounts of Hanle rotation and depolarization, we are now for A comparison between the profile shapes and widths of the
the first time in a position to determine empirically the profildifferent curves shows that there is general agreement, both be-
shape of the Hanle effect. tween Sit and Ca, and betweew,.(,) andU (\)/Q(A). This

One very direct way to do this is to simply form the ra2greement further confirms the Hanle interpretation of our data,
tio between the meat//I and Q/I profiles (the dotted and and we now have the first empirical Hanle efficiency profiles,
solid curves in Fig. 1c). A§/Q equalstan 23, whereg is the which later may be compared with corresponding theoretical
Hanle rotation angle, the resulting ratio profile, which is plottgefofiles. We note in particular the good agreement between
in Fig. 13a, represents the profile of the Hanle rotation effe€ independently determined Hanle rotation and depolariza-
Its width and shape are in full accord with theoretical expectdon profiles.
tions, although a detailed quantitative comparison with theory
is outside the scope of the present paper.
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5. Conclusions Hanle effect and access a broader parameter domain of solar
magnetism.

In the present paper we have for theriS#078A line applied B _ o
the same observational and analysis techniques that we usetfffiowledgementsThe systemto stabilize the solar limb with a tilting
Paper | for the Ca4227A line, but we have also significantlyglass plate was proposec_i by E. Wlehro((mge_n) and constructed .

. . . as part of a Masters thesis by D. Thomas (Wiesbaden). V. Bommier
extended and refined the Hanle diagnostics. From the obserya: s
. | Do fvi h . f h di eudon) made us aware of the significardependence of the Hanle
tional point of view the main new features are t ? recording stograms and led us to discover mistakes in the computer program
not only Stokes/ and @, but also of Stoke#/, which allows ,geq 1o calculate them. We are grateful for the financial support that

us to detect the Hanle rotation of the plane of polarization, angs been provided by the canton of Ticino, the city of Locarno, and the
the use of a rapidly tilting servo glass plate to stabilize the solerH zurich.

limb with respect to image motions. From the analysis point

of view the main new highlights are the introduction of Hanlﬁeferences

histograms for the diagnostics of magnetic field distributions,

and the first empirical determination of the profile shape of tl&anda, M., Solanki, S.K., Stenflo, J.0., 1998, A&A 331, 760 (Paper I)
Hanle efficiency, showing the way in which the Hanle rotatioRaurobert-Scholl, M., 1993, A&A 268, 765

and depolarization effects vary when we go from the line cof@urobert-Scholl, M., Feautrier, N., Machefert, F., Petrovay, K.,
to the wings. Spielfiedel, A., 1995, A&A 298, 289

Giovanelli, R.G., 1980, Solar Phys. 68, 49

In the areas where our analysis methods have been the saameli Degl'Innocenti, E., 1988, A&A 192, 374
as those of Paper I, we find that the scattering polarizationLiandi Degl'Innocenti, E., 1998, Nature 392, 256
the Sn1 and Ca lines behave very much the same with rePierce, AK., Slaughter, C.D., 1977, Solar Phys. 51, 25
spect to the Hanle effect, although these lines have differdiftvel, H.P., 1995, Optical Engineering 34, 1870
atomic structures (and intrinsic polarizabilities) and poIarize?PmGeL méézﬁg' :\’A‘: ?;i‘;ez‘g%sé%ﬂ? '\Sﬂgth%ﬁ '; fstr%rll%my, Comte,
Ilne_ shapes. As_summg spatially unre_solve_d angular field dIStgémel,, M., Donéti, JoF, R,ees, DE. 1993,’A&A 27’8F,) 231
butions we derive from the $ranalysis typical field strengths

.. . Solanki, S.K., Steiner, O., 1990, A&A 234,519
of 5-10G, similar to those derived from the Cdata. These Stenflo, J.0., 1982, Solar Phys. 80, 209

field strengths are confirmed by the shapes and widths of @fnfio, J.0., 1994, Solar Magnetic Fields — Polarized Radiation Di-
Hanle histograms, which in addition provide information onthe agnostics. Kluwer, Dordrecht

strengths and angular distributions of spatially resolved fieldsenflo, J.0., Baur, T.G., EImore, D.F., 1980, A&A 84, 60

Such fields reveal themselves by producing a non-zero StokeStenflo, J.0., Twerenbold, D., Harvey, J.W., 1983a, A&AS 52, 161
signature, which can only occur if there are resolved, net lardggienflo, J.0., Twerenbold, D., Harvey, J.W., Brault, J.W., 1983b, A&AS
scale orientations of the field, e.g. from a global component 54, 505

of the Sun’s magnetic field, or from magnetic canopies acro3$§nflo, J.O., Bianda, M., Keller, C.U., Solanki, S.K., 1997, A&A 322,
the supergranulation cells. The consistency between the variousgf?o5 1.0. Keller. C.U.. Gandorfer. A 1998. AgA 329. 319
analysis methods and results, and the derived Hanle eﬁ'c'ei‘ggflterliﬁ, P., Wiehr, E., Bianda, M., ieler, G., 1997, A&A 321, 921
profile shapes, confirm the Hanle interpretations of the data an

put the astrophysical use of the Hanle effect on firmer ground.

Hanle histograms offer us a new potentially powerful tool to
derive detailed information on the distributions of magnetic field
strengths and orientations. We have to be aware, however, that
both spatially resolved and unresolved fields (with field distribu-
tions within the resolution element) contribute to these observed
histograms. With our present data set it is not possible to unam-
biguously separate all the different kinds of contributions from
each other. Such ambiguities can be greatly reduced and hope-
fully eliminated by using differential Hanle diagnostics, i.e., by
comparing the scattering polarization in certain combinations
of spectral lines with different sensitivities to the Hanle effect,

a new technique that has been explored by Stenflo et al. (1998).
This will allow additional observational constraints to be added,
such that a unique inversion of the Hanle problem may become
possible. Observationally we need to develop better methods to
eliminate the instrumental polarization cross talk, which in our
case has its probably main source in the entrance window of the
telescope. We also need to include Stokefor full vector po-
larimetry to combine the diagnostic powers of the Zeeman and
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