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Abstract. The Hanle effectin the Ca4227A line has been ex- promising spectral region for Hanle diagnostics is in the blue
plored through the analysis of a large number of Stokes profilad ultraviolet below the sensitivity limit of about 458Cfor
recordings obtained on the quiet Sun with the beam-splitter giMPOL.
larimeter system at IRSOL (Istituto Ricerche Solari Locarno). As the only sufficiently sensitive imaging Stokes polarime-
In contrast to previous Hanle observations with this line, whidbr for this spectral region is the beam-splitter system at IR-
were limited to the StokeBand( parameters, we are now in aSOL (Istituto Ricerche Solari Locarno), we have embarked on
position to study the combined effects of Hanle depolarizati@program to use the versatile IRSOL facility for systematic ex-
(via StokesR) and rotation of the plane of linear polarizatiorplorations of scattering polarization physics, the Hanle effect,
(via Stoked)) with the same methods that we recently applied #nd associated magnetic-field diagnostics. The general observ-
the Sn14078A line. The Hanle histograms for the distributionsng and reduction technique was described in detail in Bianda et
ofthe depolarization and rotation parameters are very similar fdr (1998a), here refered to as Paper I, in which we also studied
the two lines and show that there must be mixed contributiotiee behavior of the Stokesand( profiles for the Ca4227A
to the Hanle signals from spatially unresolved magnetic fielise and developed a method to determine the Hanle depolar-
with random orientations (which do not contribute to Stol@s ization and corresponding field-strength values. In a subsequent
and partially resolved magnetic fields with a net orientation efork (Bianda et al. 1998b, here refered to as Paper Il) we did
the field vectors. Field strengths in the range 5-10 G are peesimilar study for the Si 4078A line, but extended the ob-
ferred. We also determine the “Hanle efficiency profile”, whickervations and analysis to also include Stokiego allow us
shows how the Hanle effect is confined to the Doppler core totdetermine the combined effects of Hanle depolarization and
vanishes in the line wings. It is wider than the correspondimgtation of the plane of linear polarization. Histograms of dif-
profile for the Srline, as expected from the difference in atomierent Hanle parameters were introduced as a new diagnostic
weight and wavelength between the two lines. Thd profiles tool for magnetic-field distributions in a regime inaccessible to
of the Ca 4227A line have minima around the Doppler corghe Zeeman effect. While Papers | and 1l exclusively dealt with
which turn negative (polarization perpendicular to the limb) fadhe quiet Sun, observations of the full Stokes vector in active
limb distances: = cosf 2 0.2, a likely signature of partial regions were presented in Bianda et al. (1999), here refered to as
redistribution effects. Paper IlI, which illustrated how the Hanle and Zeeman effects
mix in the intermediate field regime, and how these polarization

Key words: atomic processes — polarization — scattering — teciffects exhibit large spatial fluctuations on scales of a few arcsec
niques: polarimetric — Sun: magnetic fields or less.

Inthe present paper we return to the exploration of the Hanle
effect in quiet regions in the Qai227A line that was initiated
in Paper I, but our new data set is richer and includes recordings
of the Stoked/ parameter, which allows us to explore for the
With the availability of high-precision imaging Stokes po€ar line the combined effects of Hanle depolarization and ro-
larimeters it has become possible to make use of the Hatd&on as was done for Srin Paper Il. We also here introduce
effect as a new tool for magnetic-field diagnostics across thenethod to determine the absolute zero point of the polariza-
solar disk. The Hanle effect is sensitive to magnetic fields intian scale and substantially improve the technique of accurately
different parameter regime as compared with the Zeeman effetdtermining the: (cosine of the heliocentric angle) value used
in particular to weak fields, turbulent fields, and chromospheias the parameter for the center-to-limb distance. We can then
fields. While the most sensitive polarimeter system ZIMPOtonstruct histograms for the Hanle depolarization and rotation
(Zurich Imaging Polarimeter, cf. Povel 1995) has been usadwell as for the field strength and also determine the efficiency
to explore differential depolarization effects in various spegrofile that describes how the Hanle effect varies from line core
tral lines due to the Hanle effect (Stenflo et al. 1998), the mdstthe wings.

1. Introduction

Send offprint requeststd.O. Stenflo
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The results presented here agree closely with the cor@=D sensor. We have checked whether the appearance of the
sponding results for the @rline in Paper Il. This consistency polarized spectra depend on grating order and have not found
between results obtained in different spectral lines places gweh a dependence.

Hanle-type interpretation of the observed polarization effects The typical exposure times were 10-20 s, and slit widths of
on firmer ground and also helps constrain the intrinsic field di50 or 20Qum (corresponding to 1.2 or 1.6 arcsec on the Sun)
tributions on the Sun. Although we have converted the obserwedre used.

Hanle depolarizations to field-strength distributions (with max- Two CCD exposures are needed for each of Stake¥,

ima typically around 5-10 G), more detailed quantitative inteor V. During the readout of a given frame the retarder is being
pretations require numerical radiative-transfer modelling liketated for the setting of the next frame. Each frame contains
that of Faurobert-Scholl (1992, 1994), but this is outside tiwo orthogonally polarized spectra, and it is through the special
scope of the present paper. combination of four such spectra (from two frames) that the

Because of our improved control of the true zero point of tHeactional polarization@/I, U/I, or V/I) can be determined.
polarization scale we are able to show how negative valuesTafenhance the polarimetric accuracy we spatially average along
theQ/I polarization appear at the wavelengths, where we hae slit, which is oriented parallel to the limb, over a length of
a transition from the Doppler core to the dispersion wings, ai&é-18 arcsec.
the center-to-limb variation of these negative values, including
theirsign_reversal near~ 0.2, are det_ermined: Sincetheselin 2. Scattered light and polarization cross talk
frequencies are sensitive to the details of partial frequency redis-
tribution of scattering polarization, these center-to-limb curvédl our data have been corrected for stray light in the spectro-
offer an interesting testing ground for radiative-transfer physigsaph. This stray light has been determined by making record-
and may contain information of significant diagnostic value. ings at disk center and comparing with corresponding FTS spec-

tra recorded at Kitt Peak. The procedure for determining and
) . ) correcting for the stray light is discussed in detail in Sect. 3.3 of
2. Observational and data reduction techniques Paper |. Inthe 1997 data we find stray light levels of 1.2—2 % (as
As in Papers I-lll all our observations were carried out witf fraction of the continuum intensity), while for the 1998 data
the Semel-type polarimeter (cf. Semel et al. 1993; Semel 1988 stray light is down at 0.5-0.7 %. This decrease is the result
and the Gregory-Coultelescope at IRSOL (lstituto Ricerchef improvements, like cleaning of mirrors and better blocking
Solari Locarno). For details concerning the observing procedifgndesired light sources.
and reduction methods we refer to these papers and limit our AS in Papers Il and Il we find that the observations contain

presentation here to the features that are new or special to$Hgstantial cross talk fro®@ — U and@ — V. Cross talk in
present investigation. the opposite direction is unimportant here, becapgenerally

dominates ovel/ and V' in our data (since for the spatially
smeared 4224 line in quiet regions it is the non-magnetic
2.1. Data set scattering polarization that dominates). The source of this cross

The present paper deals with observations of the Stokes profid (which was much larger than theoretically expected) has
of the Ca 4227A line. While the circular polarizationl(/1) been discovered and eliminated. Due to a too thin aluminum
was recorded in addition to the linear polarizati@p/{ and coating of the third, flat telescope mirror, this mirror acted as a
U/I), we will On|y discuss the linear po|arization results her@lartial retarder. The mirrors have since been recoated, so that the
since the weak-field Hanle effect only affects the linear poldlescope now behaves as it nominally should, but the data of the
ization. The Stoke¥ recordings were made for completenes§resent paper were collected before this recoating. Nevertheless
to monitor instrumental effects (like polarization cross talk), anie could remove this cross talk problem in the data reduction
to verify that the observations were made in quiet solar regiof$0cess, as described in some detail in Paper Il. The removal
To take advantage of the minimum telescope polarizati6ANsists of subtracting some fraction of ¢ spectrum from
that occurs near the equinoxes, our observations were carfR@U/I andV/I spectra, with the constraint that the intrinsic
out during 5 days around the 1997 fall equinox, during 7 day&'/ andV/I polarization should approach a constant level in
around the 1998 spring equinox, and during one day near the distant line wings (wher@ /I remains highly structured).
1998 fall equinox. The collected data set, after removal of ths asecond step the zero point of the polarization scale is shifted
most noisy spectra (about 20% of the tota|), consists of 3ggmake the constant level in the line WingS Zero (Cf Sect. 2.3
Q/I,353U/1, and 131V/I spectra. All recordings, except forbelow). This procedure leads to good and consistent results.
27 of them, were recorded in quiet regions. Examples of the 27 Since the iron lines in the wings of the C4227A line are
test recordings in active regions were presented and discusd@dow and Zeeman sensitive, their polarization signatures allow
in Paper Il and will not be used here. Like Papers | and |l tHé to make good cross talk corrections between the linear and
present paper deals exclusively with quiet regions. circular polarizations. Let us however again point out that in the
The 4227A line has been observed in the 11th, 12th, or 13fifesent paper we only analyse the linear polarization and do not
grating orders, corresponding to different spectral fields of viedgal with the circular polarization, which was always very small
(1.5A in the 13th order, 2.4 in the 11th order) covered by thein the quiet regions studied here. The circular polarization in the
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The observational zero level is nominally represented by the

© o2k . Stokes@/I andU/I recordings at disk center, which should
E be intrinsically zero for symmetry reasons. The observational
= procedure is therefore always to alternate between limb and

0.0 edfac— e disk center recordings, such that the disk center spectra of the

fractional polarization can be subtracted from the corresponding
spectra elsewhere on the disk.

Although this procedure generally works well, there is a re-
maining scatter or uncertainty in the zero-level position, since
Fig. 1a—c. Examples of Stokes, Q/1, andU/I profiles of the Ca the |imb and disk spectra are not observed simultaneously. It is
4227A line. a Stokes/ profile at disk centeb /I profiles averaged pgywever possible to improve on this “preliminary” zero level to
ggﬁr ?hseegﬁicviemqfi:l'cvitg;nmt#IUSt;ate Z‘e r]ente_r-tor;hmb VaI”a'Iocate it more precisely. We do this by first examining the ob-

: gths referred o later in the tkd/ served behavior of the values of t¢' I minimum at the wave-
profiles averaged over four of thewindows that were used in thig/ I o g A
panel. Only profiles with core amplitudes in excess of 0.05 % have béSHgth near. 42,27A marked by th? right .arrow In F@_lb' They
included in these averages. are plototed in F|g|:12 vs.th@/T maximumin the t_)lue wing (near

4226.2A), which is a well-defined function of limb distance or

1. We assume that the scatter of the points is due to random er-
Car 4227A line in active regions was discussed and comparedlrs in the zero level and have therefore made a least squares fit
with the linear scattering polarization in Paper Ill. with a second-order polynomial to represent the true behavior of

Fig.[1 gives examples of profiles of the intensity and lineahe minimum@/I polarization near 4227,51(dashed curvein
polarization. The intensity profile in the top panel was recordédig.[2). We notice that the points and the dashed curve approach
at disk center. Th&)/I profiles in the middle panel illustratezero for small values of the wing peak polarization, i.e., as we
the center-to-limb variation of the scattering polarization. Theypproach disk center.
represent averages of individu@)/I profiles, after zero-level It is now possible to find the true zero level, by subtracting
correction (see next subsection), within thewindows 0.0— from everyQ/I profile the difference between the correspond-
0.1,0.1-0.15, 0.15-0.25, 0.25-0.35, 0.35-0.45, and 0.45-0ifg,point in Fig[2 and the second-order dashed curve. The pro-
respectively. Ag. represents the cosine of the heliocentric anglfiles displayed in Fid.l1b have been corrected this way.
the profiles for the smallgs(closest to the limb) have the largest  In the case of th& /T andV//I profiles the zero-level prob-
amplitudes. The arrows mark wavelength positions that we wiim is much easier. We only have to assume that the mean value
refer to later. of the polarization far from the line center is zero and shift the

The bottom panel of Fi§l 1 shows th&'I profiles that rep- observed profiles accordingly.
resent averages of individual profiles within the first four of
the abov_e-mentionegdintervals. For these ave_rages_only thos§_4_ Determination of the limb distance
U/1I profiles that had an absolute core amplitude in excess of
0.05 % were used. Since both positive and negdfiyerofiles The slit is always oriented parallel to the nearest solar limb,
occur (determined by the sign of the Hanle rotation angle), prand the limb distance defines the valug.offo compensate for
files with a negative core amplitude were first multiplied-by image motions perpendiculartothe solarlimb a servo-controlled
before being used for the average. tilt-plate system is used forvalues smaller than 0.3. The value

42255 4226.0 4226.5 4227.0 4R2R27.5 4228.0
Wavelength A
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find that the earlier fit function is improved if we replace the old
parameter values witth = 0.33 % andb = 0.02. The new fit is
represented by the solid curve in Higj. 3a, the old fit (of Paper I)
by the dashed curve.

Very close to the limb, fopr < 0.075, we see consider-
able scatter in Fidgll3a, but we are presently unable to determine
whether this scatter is of solar or instrumental origin, although it
is most likely instrumental. Our polarimeter system is currently
being equipped with an image rotator that will compensate for
the image rotation of the Gregory telescope on the spectrograph
slit. This will allow better control of the slit position near the
extreme limb.

Magnetic fields do not contribute (via the Hanle effect) to
the scatter of the points around the solid curve in[Big. 3a, since
the Hanle effect has zero efficiency at the wavelength of the
blue wing maximum. Assuming therefore that the solid curve
represents the true center-to-limb variation of th¢l blue-
wing maximum and that the scatter of the points are due to
errors inu, we can shift the points horizontally until they all
fall on the solid curve. This method corresponds to inverting
_ _ _ ) _ _Eq.[3), using it to determing from the observed)/I. Since
Fig. 3. aQ/I amplitude in the blue line wing, observed on three difgic method is almost independent of varying sky transparency,

ferentdays in 1998 (represented by the three symbols). The solid ¢ : :
represents a fit with the function of EQl (1), with the parameter vallzigﬂfcomraSt to the other methods, and since the noisg i

Q/1 (%) blue wing

Q/1 (%) line centre

a = 0.33% andb = 0.02. The dashed curve is the corresponding 2> & much smaller influence on the center-to-limb curves than
center-to-limb variation given in Papeti Center-to-limb variation of UNCertainties in, we COﬂSIdeI" it to be the most accurate one,
the /I amplitude at line center. The three curves represent envelofé have therefore adopted it to correct all puwalues. The
based on the functional form of Ef] (1). The solid and dotted curvg§atter around the linear relation in Fig). 4a below illustrates how
are the envelopes used in the later analysis. small the noise i)/ indeed is.

of 11 is then determined from the reading of the tilt-plate sensdr Analysis and results
(read on the scale of the micr_omet_er used to adj_ust th_e sensen. Hanle depolarization
Forp > 0.3 (whenthe tilt plate is switched off) the limb distance . o
is determined from the setting of the guider telescope. Though the Hanle effect is always depolarizing for resonance
Another method to obtain information on theposition scattering ab0°, it may lead to an increase of the linear po-
would be to compare the alternating Stokgsrofiles recorded larization for certain field strengths and directions, when the
near the limb and at disk center, while accounting for possitsigattering angle is different, as in the present observations. This
changes in the sky transparency. To convert such intensity ragfict, which was mentioned and briefly discussed in Paper I,
to 12 values we need to apply a center-to-limb curve, but suiiitreases when the scattering angle decreases. However, when
curves are well known only for the continuum, not for wavethe magnetic field has an unresolved structure like magnetic
lengths inside the Qaline. Since our spectral window is notcanopies or turbulent fields, the Hanle effect leads to depolar-
wide enough to include a portion of the continuum, we are niggttion for all scattering angles, due to the angular averaging
able to use this method here to improve on purlues, only over the highly non-linear Hanle effect. As our preliminary in-
for more qualitative checks. terpretation is only concerned with such unresolved fields, it
In our previous exploratory work on th@/I polarization will be self-consistent to assume a depolarizing behavior for
in the Cat 4227A line in Paper |, an analytical expression fronthe Hanle effect in the following data analysis.

Stenflo et al. (1997), Fig[3b shows th€) /I amplitude at line center as a function

9 of the center-to-limb distance parameteHere all the: values
Q_dl-p) , (1) have been corrected with the blue-wi@g I data as described
I ptb above. They thus correspond to the case when the scatter of

was used withu = 0.4% andb = 0.05 to represent the ob- the points around the solid curve in Hifj. 3a has been removed
served® /I amplitude in the blue line wing. To reexamine thiby adjustment of the: values. The scatter of the points in the
relation with our present data set we select the three days tthiaigram for the line-center (Figl. 3b) can be understood as due to
had the best sky transparency and therefore the smallest scattarle depolarization (for the justification of this, see alsolRig. 4
in the determined: values (March 19 and 20, and Septembédrelow). Since the Hanle depolarization works in the direction
21 in 1998). The blue wing maxima for these days are plottefl reducing the polarization, the non-magnetic center-to-limb
in Fig.[3a with three different symbols for the three days. Waurve must lie above the points (if we disregard the instrumental
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Fig. 4aand b.Red-wingaand line centeb @/ I polarization amplitude Fig- 5aand b.Center-to-limb variations of th /7 minima on the blue

vs. theQ) /I amplitude in the blue line wing. The solid and dotted curvedand recb side of the core peak. The solid curves represent 4th order
are obtained from the corresponding curves in[Big. 3b, using the sdifg as described in the text. Negati¢ / represents linear polarization
curve in Fig[Ba for the relation betwegrand the blue-wing amplitude. oriented perpendicular to the solar limb.

3.2. Polarization oriented perpendicular to the limb
noise). The amount of depolarization, which is a function of,

the field strength, is given by the ratio between the observls,fﬂmfe in the presentlwork we have 'bee.n able to accurately de-
polarization and the level of the non-magnetic curve for tﬁgrmme the zero point of the polarization scale, as described
samey In Sect[ZB above, we are in a position to explore the detailed
Thé non-magnetic curve must be an envelope to the pointgﬁpter-to-limb variation of the polarization minima around the
Fig.[3b, which we may represent in terms of the functional forfP'® p’?j?jll(’ at the Wavgleng;t])th r[])osgtllons _marke.d- by the left
of Eqg. [d). The dotted and dashed curves represent the envefdpd middle jrrr?ws lc? F,'ﬁ‘]l _(F € ue—wmgzzmlrllmurrr]] hear
choices made in Paper |, and correspond to the[g. (1) para 26.64, and the red-wing minimum near 4 ,6‘35 They
ter choices: — 0.6 %, b = 0.055, anda = 0.6%, b — 0.085, SNOW the remark_able behavior of turn_mg ngg_amve as we move
respectively. Since the dashed curve intercepts the points y from the limb. For the blue-wing minimum this sign

small values ofi, we find it better to replace it with the solidC12Nge occurs ai~ 0.2, for the red-wing minimum gt ~ 0.3
curve, which has — 0.52%, b — 0.06, and better represents a(cf. Fig[8). Negative) /I means that the plane of linear polar-

lowest possible envelope (accounting for the instrumental s¢4£1ion is oriented perpendicular to the limb. From our analysis

ter). In the following we will use the solid and dotted curves %‘g; control of the zero-line problem we conclude that this be-

two possible envelope choices (to represent the non-magn g)_r canrr:ot be w;strur;:en;narl]but IS oflso_lar orngm. |
center-to-limb variation). ince the wavelengths of the two polarization minima are lo-

Figl2 shows in the upper panel a scatter plot of (el cated neqrthe profile region where we havea_transi.tion b_etwet_an
red-wing maximum vs. the corresponding blue-wing maximu equencies In the Dop.pler core and in t.he_dls_persmn wings, it
while the lower panel gives the line-center amplitude vs. tfPPears likely that partial frequency redistribution (PRD) plays
blue-wing maximum. As found for the corresponding plot iR central role in generating the sign change, and that modelling

Paper | there is an excellent one-to-one correlation between?tﬁéhe (lzer(;ter-tojmb ;l;{rl\;esfm FI@ 5 Zjequ(ljr_es_ tha_t fu"kaCCO_IL_jr?.t
red and blue wings, while the linear polarization in the ing! ang'e-depen ent of polarized radiation Is taken. This

core exhibits much scatter, as expected from the Hanle eff&g .(te)ctationzis Sléppolr_:)ed by the Prl]?DhcaIcurl]ationf] by I;’ees &
due to spatially varying magnetic fields. From the analyticg21°@ (1982) and Saliba (1985), who have shown how the PRD
sics indeed leads to a polarization maximum in the Doppler

expressions for the curvesin Fig. 3, the solid and dotted envel L ) o
curves in Fig.Bb can be translated into the solid and dottd re, which is often surrounded by negative minima. The shapes
the polarized profiles depend on the details of both the chro-

curves in the representation of Hig. 4b. The fractional distan@® heri del dthe PRD oo 4. Weth
(in the vertical direction) of the points from the envelope curv ospheric models and the app.rOX|mat|ons: used. e there-
ore expect the observed center-to-limb curves in[Big. 5 to be of

represents the magnetic-field induced Hanle depolarization. - : ) . X
considerable diagnostic use to constrain both the atmospheric
models and to explore the details of PRD physics.
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157 ‘ ‘ ‘ S ] to the horizontal plane (canopy field). (b) The field vectors have

L a an isotropic distribution (turbulent field). Fig. 7 is obtained for

] these two models if we use the average depolarization values
represented by the open circles in Fig. 6. The plus signs, which
are connected by solid lines, are based on the solid envelope (the
] data in Figl.ba), while the diamonds, which are connected by
1 dotted lines, are based on the dotted envelope (data inl Fig. 6b).
i . ] For comparison we have also plotted as the filled circles the
0.0 : : : : field strengths derived for the Chne in Paper |. The agreement

] with the present data is good for small but the difference
b becomes fairly large for intermediatein particular aroung ~

] 0.5, where the old data have a minimum, while the new data have
a maximum. We notice for instance in Higj. 6 that arounet

0.45 some points have unusually small depolarization values,
which corresponds to large values for the field strength. This can
be partly due to the varying distribution of magnetic regions on
the Sun (the observations of Paper | were made during a less
active phase of the solar cycle).

Since there is no clear center-to-limb variation of the field
strengths in Fid.]7, we may improve the statistics by using all the
Fig. 6a and b.Values of the Hanle depolarization, determined as thevalues together and construct histograms for the distribution of
ratio between the points in Figd. 4b and the two envelope curves. Tif field strengths derived from each individual depolarization
top panelis based on the solid, the bottom panel on the dotted envelggag,e in Fig[®. For points that have “unphysical” depolarization
curve. in excess of unity (due to instrumental noise and/or incorrect

choice of envelope), the field strength is set to zero (the value that

The solid curves in F|@5 have been obtained by making ARe would obtain for a depolarization of Unlty) This artIfICIaIIy
order po]ynom|a| fits to th@/[ minima vs. th@/[ blue- W|ng prOdUCES a maximum in the hiStOgram for zero field Strength
maximum, and then translating the blue-wing amplitudgto Which becomes more pronounced when the lower envelope is

using the previously found analytical relation (represented By€d. This secondary zero-field maximum is thus most likely an
the solid curve in Fig13a). artefact of the reduction procedure and not of solar significance.

SLJCh histograms were previously cglculated for tha Ca
: o 4227A data of Paper | and the 8r4078A data of Paper Il
3.3. Field strength determinations and presented together in Fig. 2 of Paper Il to compare the dis-

Fig.[B shows the extracted values for the Hanle depolarizatidiputions obtained with the two spectral lines. In Fig. 8 we now
determined from the line core data as the ratio between the pof¢f§pare the newly obtained distributions (solid curves) with the
in Fig.4b and the two envelope curves. [Elg. 6a refers to the sdfigevious ones from the Paper | data (dashed curves) and the Pa-
envelope curve, Fifl6b to the dotted envelope curve (theref@&f Il data (dotted curves). To facilitate the comparison between
the horizontal lines at depolarization unity have been drawe distributions from the three data sets we plot the histograms
solid and dotted in the two panels). As depolarization valuéssmoothed form, normalized to equal area. The panels to the
by definition should not exceed unity, the points that lie aboleft are based on the canopy field model, those to the right on
this level may be considered as falling there either becausetfeg turbulent field model. In the two top panels we have used
instrumental noise, or because the respective envelope curvéflower envelopes for the Calata, the higher envelope for
F|g@b has been chosen too low. However, some “Spi”_ovethe S data, while in the two lower panels the other envelopes
may be physically allowed (cf. Sedts.B.4 3.5). have been used to derive the values of the field strengths.

To examine if there is any dependence on limb distance Flg shows that there is excellent agreement between the
we have formed average values WiterindOWS chosen so distributions based on the Chne of the present data and those
that each window contains 36 points. These average values@r@aper I. There is also an excellent agreement with the results
represented by the open circles, which are connected by strafghtthe Snt line (Paper 11) if for Ca the lower envelopes are
lines. The standard deviation of the points around the me@ftPsen and for Srthe higher envelope, as shown by the two top
values is between 0.1 and 0.2. Neither the mean values norRa&els of Fid.B. However, all other combinations of envelopes
standard deviations vary significantly with result in smaller field strengths for 8ras compared with Ca

We may now use the depolarization values in Eig. 6 to deriVée particular choice of envelopes used in the upper panels of
field strengths, in the manner that was described in detail Fifg.[8 would imply that the noise levels are substantially larger
Sect. 4.3 of Paper I. As before, we use two models to descrfBe Cai than for Sni, which is not the case.
the distribution of spatially unresolved magnetic field vectors: An alternative interpretation could be that theiSt078A
(a) The field vectors have a random distribution that is confiné@e is formed somewhat deeper in the atmosphere, where the
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-é Canopy field i [ Turbulent field
8 L solid: new Cal 4227 E L solid: new Cal 4227 E
& o dashed: old Cal 4227 | [ dashed: old Cal 4227
3 Iy dotted:  Srll 4078 | F dotted:  Srll 4078 |
° : 1 ~
o
Q0
£ ] ]
5
Z,
n ) ] [ ) ] Fig. 8. Smoothed histogram distributions for
-~ Canopy field ] L Turbulent field ] - .
e L ] [ ] the magnetic field strengths derived from the
o solid: mnew Cal 4227 r solid: mnew Cal 4227 H H
& dashed: old Cal 4227 ] [ dashed: old Cal 4227 ] observe_d values of the Hanle depolarization.
= dotted:  Sril 4078 1 L dotted:  Sril 4078 1 The solid curves are based on the data of
. | the present paper (the points in Fi. 6), the
2 ] IR 1 dashed and dotted curves on the data of Pa-
S b C W7 -4 pers | and Il, respectively. The left (right)
zZ 1 - 7 N 1 panels are based on the canopy (turbulent)
L ‘ g TS ] field model. The top and bottom panels are
0 10 20 30 40 0 10 20 30 40 based on different choices of envelope, as
Iield strength (G) Field strength (G) described in the text.

magnetic fields are different. The smaller field strengths in Siis 3, then| tan 26| = |U|/Q. Fig[9a shows a scatter plot of all
would then seem to imply that the field strength decreases witle measured /I amplitudes in the line core. For comparison
depth, which may appear counter-intuitive. There are howevae solid and dotted)/I envelope curves from Figl 3b are also
two effects that can lead to a decrease of the Hanle depolarigiotted. In FigC®b we show the scatter plot of {ig/Q ratio.

tion with depth: (1) The fields become increasingly more vertic@ihe trend is that the relative number of points with large rota-
with depth. The Hanle effect decreases and vanishes whenttbe angles tends to increase as we move away from the limb.
field inclination goes to zero. (2) The magnetic filling factoGeometric foreshortening may produce such a trend, because
decreases with depth, if we only consider the flux tubes atitk effective spatial resolution is lower towards the limb, so that
disregard the contribution from turbulent magnetic fields. Onlye have less resolved fields and therefore smaller net rotation
the fraction of the volume occupied by fields with a significargingles there.

horizontal component can contribute to the Hanle effect. Fig[@ can be compared with the corresponding Fig.7 of
Paper Il for the St observations, which however did not extend
beyond g: value of about 0.5, while our present data set for the
Cai line extends tq: ~ 0.85 and represents a larger statistical

If the directional distribution of the field vectors is not randorsample.

within the spatial resolution element the Hanle effect may gen- As in Paper Il we next make scatter plots of the Hanle rota-
erate a StokeF signal in the line core but not in the line wingstion vs. Hanle depolarization in Fig.110 (which corresponds to
where the Hanle effect is absent. In fEiy. 1¢ we saw examplesHid. 8 of Paper Il). The Hanle rotation is representedibly I,

such observational signatures for the rotation of the plane of limsrmalized to one of th€ /I envelopes of Fidg.13b. The amount
ear polarization due to the Hanle effect. If the angle of rotatiaf Hanle depolarization on the horizontal axis is represented by

3.4. Hanle rotation
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Fig.9a and b. Scatter plot ofU/I (top panel) andU|/Q (bottom Fig.10a and b. Scatter plot of Hanle rotation (here represented
panel) vs. center-to-limb distance parameteiThe solid and dotted by |U|/I) vs. amount of Hanle depolarization (representedl by
curves in the upper panel are the same as the solid and dgjtéd (Q/I)/env.). While the upper panel is based on the lowgfI en-
envelope curves in Figl 3b. velope (env. 1, solid curve in Fig. 3b), the lower panel is based on the
higher envelope curve (env. 2, dotted curve in[Hg. 3b). The solid and

. . . dotted curves are given by Edd. (2) ahdl (3), respectively, which are
1 — (Q/I)/env. (i.e., one minus the values in Fig. 6). ENV. 1oy jained in the texgt. y Eds. ) @) P Y

used for the top panel, refers to the solid envelope curve o
Figs[3b an@i9a, while env. 2, used for the bottom panel, refers

to the dotted envelope curve in those figures. Since the top panel is based on the lower of the two envelope
To get a better feeling for these diagrams, we have ifFlg. Idhoices, we find more points that scatter outside the bounded
as we did in Paper I, plotted the functions region as compared with F[g.]10b, which may suggest that the
higher envelope choice is to be prefered. Another cause is of
y=va(l—z) (@) course instrumental noise, so we need to allow for some noise
as the solid curves, and spil_l-over into the_ “forbidden r_egime”. quever, th_e “allpwed
regime” expands into the previously “forbidden regime”, in par-
y=1/2z(1 - i), (3) ticulartowards negative values:ofas we go to larges values,

as was shown in Paper Il (e.g. in Fig.11 of Paper II). There-

as the dotted curves. These curves represent the loci whereftine we should not interpret the solid curve as a definite, sharp
points would fall in the case of scattering at the extreme limibundary (since it is based on a simplistic model witk- 0),
(approximating th@0° scattering case) when the magnetic fieldut rather as an approximate tool to guide us in our overview of
lies in the horizontal plane (canopy-type field). The solid curveise data.
correspond to the case when the magnetic field vector is directedwhen there are unresolved magnetic fields with different
towards the observer, while for the dotted curves the magnagitentations of the field vector within the spatial resolution el-
field is at an angle of5° to the line of sight (assuming thatement, there will be suppression of thig! signal due to can-
the magnetic field orientation remains unchanged over the resHation effects. This has the result that the distributio/of
olution element). The field strength increases from zero as wadues tends to cluster towards a maximum near Zeras evi-
move along the curves from left to right. denced by Fid. 10, where we find the majority of the points well

Maximum StokesU polarization (due to Hanle rotation)below the dotted boundary, clustering towards the zero line for
should occur when the magnetic field is along the line of sighhe Hanle rotation.
Therefore we would expect all points to fall below the solid
curves in Fid. 0 in the case of this model, which refeys te 0. :
The great majority of the points do indeed satisfy this expect:?;i—5 - Hanle histograms
tion. The circumstance that some points in the diagrams scag@rce there is no clear correlation betweenitlaedy values in
outside the region bounded by the solid curve may have differéig.[10, we may as in Paper || make separate histograms for the
causes. One is the choice of the non-magn@ti¢ envelope, distribution ofz andy values. Thus Fi§.11a shows the distri-
as we see by comparing the top and bottom panels of Big. bQtion ofy values (representing Hanle rotation), while Eig. 11c
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a b c Fig. 11a—c.Hanle histograms, showing the
distribution of the observed parameters rep-
resenting Hanle rotation (pana@landb) and
Hanle depolarization (pane). Panela rep-
resents the distribution gfvalues in Fig_ID,
‘ panelb they values in Fig[Bb, pand the
x values in Fig_I0. The solid histograms are
based on the lower (solid)/I envelope in
0 ‘ I I 1L JJ R Fig[3b (env. 1), the dotted histograms on
00 02 04 06 0.0 0.5 1.0 -0.5 0.0 0.5 1.0 the upper (dotted))/I envelope in Fid.3b
(Jul/1)/env.1,2 |Ul/Q 1-(Q/1)/env.1,2 (env. 2).
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shows the distribution of values (representing Hanle depolarhave random orientations such that there is no net orientation
ization). Similarly, ignoring the possible, slight center-to-limbvhen averaging over the resolution element.

variation of the points in Fi¢.]9b, we have derived the distribu- With these definitions, if all the fields were spatially unre-
tion of they values of that diagram{|/@) and plotted it in solved with no net orientation of the field, then there would still
Fig.[ddb. be Hanle depolarization, and Figl11lc could be explained with

The derived Hanle histograms in Hig] 11 are practically idethe field-strength distributions that we actually derived in[Hig. 8.
tical to those previously derived for the $iine in Paper Il. However, this component would not contribute to any non-zero
Thus the parameters representing Hanle rotation (panels a &8nealues (Hanle rotation). The existence of an extended distri-
b in Fig[I3) show a distribution that monotonically increasdsution of substantial Hanle rotation values (panels a and b in
towards smaller rotation values. The amount of Hanle depol&ig.[I1) can only be understood if there are contributions from
ization, however, has a distribution with a maximum centerégartially) resolved magnetic fields with a net orientation of the
around a non-zero value. The location of this maximum variéeld vectors after averaging the contributions over the spatial
between a depolarizatiom)value of 0.2 and 0.4, depending orresolution element. Contributions to this large-scale field com-
the choice of non-magnet@/I envelope. The lower envelopeponent may come from the general, background magnetic field
choice (solid line) gives a distribution with more “spill-over’on the Sun, or from a canopy-type field that remains coherent
towards negative depolarization values. However, this does nwéer scales comparable to the supergranulation.
necessarily imply that this envelope choice should be rejected, It is outside the scope of the present paper to try to de-
since somewhat negative depolarization values are physicailye more quantitative field-distribution models from the present
allowed for non-zerq: values (away from the extreme limb),Hanle histograms. Future observations with higher spatial res-
and instrumental noise also contributes to such spill-over. In aiution and with different spectral lines will help constrain the
dition, radiative-transfer modelling by Faurobert-Scholl (1994roblem to enhance the diagnostic possibilities that the Hanle
has shown that under certain circumstances, depending ontitstograms offer.
height of the magnetic canopy layer, the Hanle effect can en-
hance rather than diminish the polarization, which may al
contribute to the “spill-over” in our diagram.

Itis possible to calculate theoretical Hanle histograms froAccording to theory the Hanle rotation and depolarization ef-
models of magnetic-field distributions, and then constrain thefeets only occur in the Doppler core of spectral lines but not
models by comparing the theoretical and observed histograinstheir wings. In Paper Il we could for the first time (for the
Such a comparison was made in Paper Il. As the present ob&gt: line) empirically verify this property and determine the
vational histograms are very similar to those of Paper I, we refghape of the Hanle efficiency profile. Now we do this again for
to this paper for details and limit ourselves here to summarizitiye Hanle rotation effect in the G4227A line. The procedure
the conclusions that can be made. is the following: We collect all the observations within the

For the interpretation of the histograms we need to concepterval 0.10-0.25 for which we have recordings of both the
tually distinguish between two classes of magnetic fields: thoQeand U line profiles, and for which the core peak value of
that are spatially resolved, and those that are unresolved. Mgt/ I exceeds 0.12 %. For these observations we then average
observations correspond to the intermediate regime of partigie @ /I and|U|/I spectra and form the ratio between the aver-
resolved fields, but to elucidate the main features of the physiegled U |/I and the average@/ I profiles. The result is plotted
situation it is useful to assume that we can decompose the figkithe dashed curve in FigJ]12.
into two distinctly separate components. Resolved fields then To compare the Caresults with those of St we have in
refer to the component for which the field vector can be consillig.[12 plotted as the dotted curve therSefficiency profile
ered to have constant strength and direction within the spafi@m Fig. 13a of Paper Il. Since we are here only interested in
resolution element. The spatially unresolved component wiille relative profile shape, we rescale the dasheddDave to
for the present idealized discussion be represented by fields gett the solid curve that has the same amplitude as the dotted

Sri1 curve. The difference in amplitude between the dashed and

%%. Efficiency profile of the Hanle effect
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more complete comparison between the behavior of the Hanle
effect in these two lines is therefore now possible.

We have in addition developed a special technique to deter-
mine the usually so elusive true zero point of the polarization
scale, and have used this information to show how intrinsically
negative@ /I polarizations (with the plane of linear polariza-
tion perpendicular to the limb) occur at certain places within the
Cai line profile, and how this intriguing polarization varies with
center-to-limb distance (all the way (o~ 0.85). The expla-
nation of these center-to-limb curves will be a future challenge

o4 02 0.0 0.2 04 for partial redistribution physics in polarized radiative transfer.
NN The comparison between the results in thet @ad Sn1
lines shows very good qualitative agreement, but there are also
Fig. 12.Efficiency profiles .iIIustrating.how the Hanlg effectis confined yme indications of systematic, quantitative differences. As in
tothe Doppler core ofthe line butvanishesin the wings. The dashed apd. e\/ious investigations with the Hanle effect we find that
goééegoflfﬂ\fé;efzr;?%nﬁrt,ze(f?\éi:agfprfe“s?n'tn dtgg; ert]t(ajr\f/grl ?Hle?gr the field strength distributions peak approximately in the range
' &10G, but the apparent field strengths found with the [8re

4078A line (from Paper II), respectively. The solid curve represen ) .
the dashed curve scaled to have the same amplitude as the dotted clf{¥l to be somewhat smaller than those found with thelioe.

to allow better comparison between the line widths. The side lobes/$ €xplained at the end of Sect.B.3, a possible interpretation of

the solid and dashed curves are likely to be artefacts, because at thaisedifference could be in terms of the height variations of the

wavelengthg) /I is almost zero, which leads to great amplification ofield inclination and filling factor, combined with the difference

the instrumental noise &7/ Q. in height of formation of the two lines. There is also a tendency
for the rotation angles to be smaller for thei@iae as compared

un) /e

dotted curves is not of interest here, since it is only partly dyéth the St line. _ o
to a real difference in the distribution of rotation angles. Itis 1€ histograms of Hanle rotation and depolarization can

also to a significant degree due to the particular way that R8Iy be consistently explained if there is a mixture of con-

selected th&/ and() recordings to construct the correspondinHib“tiO”S from both partially resolved and unresolved fields
U/Q profile in Paper . with mixed orientations within the spatial resolution element.

Our results for Caare consistent with the theoretical exSINCe our present spatial resolution is quite low (on the order

pectation that the Hanle effect operates in the Doppler core G20 arcsec in the slit direction) because of the observational
vanishes in the wings. We also notice that ther Qeofile is trade-pff with _polarlmetrlc accuracy, it is not surprising that_
broader than that of Sr. This width difference is expected andNre is @ major component of spatially unresolved magnetic
of the correct magnitude. It has two main causes: (1) The lard&lds of mixed orientations in our data, butitis also interesting
thermal broadening for atoms with smaller atomic weight. Thigat we with the present Hanle technique can diagnose the weak,
contribution to the width ratio scales with the square root of tt{@"9e-scale component of the field as well. With increasing spa-
ratio between the atomic weights 87.6 of strontium and 40.1 ! resolution a larger proportion of the field structures can be
calcium. (2) The wavelength difference. This contribution to tH&S0lved, and this can be expected to change the character of the
width ratio scales linearly with the wavelength ratio 4227/407¢Pserved Hanle histograms. We believe that this dependence on
for the two lines. spatial resolution may have considerable diagnostic potential.
The side lobes seen in the wings of ther@eofile in Fig[12 _Ideally, itis the_refore desir_able to carry out thg Hanle qbs_er—
are most likely due to instrumental noise, since they occYftions with the hlghest_ possml(_a spatial rgsolgtlon, for similar
around the wavelengths, where Stokggs very small or even [€asons as we need high spatial re;olutlorj in Zeeman—eﬁgct
has a zero crossing, as seen from Fiys. 1band 5. InstrumeRBsiervations. Because of the weak signals mv_olved_, there will
noise inQ will greatly magnify the errors in th&/Q ratio at always have to be trade-offs between the polarimetric accuracy

places where) is small. These places, and thus the spurio@snd the spatial, spectral, and time resolutions, even with the
side lobes, should therefore be ignored in Exg. 12. largest, future solar telescopes (cf. Stenflo 1999), but with in-
creasing telescope aperture these scientific compromises will

. become less restrictive.
4. Concluding remarks
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@ andU profiles, which allows us to study the effect of Hanle
rotation, to construct Hanle histograms for rotation and depolar-
ization, and to determine the Hanle efficiency profile. A simil eferences
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1070 M. Bianda et al.: Hanle effect observations with the €227A line

Bianda M., Stenflo J.0., Solanki S.K., 1998b, A&A 337, 565 (Paper I§emel M., 1995, In: Comte G., Marcelin M. (eds.) 3D Spectroscopic
Bianda M., Stenflo J.O., Solanki S.K., 1999, In: Nagendra K.N., Stenflo Methods in Astronomy. ASP Conf. Ser. Vol. 71, p. 340
J.0. (eds.) Solar Polarization. Proc. 2nd SPW, Kluwer, Dordreci®emel M., Donati J.-F., Rees D.E., 1993, A&A 278, 231

p. 31 (Paper IlI) Stenflo J.0., 1999, In: Nagendra K.N., Stenflo J.O. (eds.) Solar Polar-
Faurobert-Scholl M., 1992, A&A 258, 521 ization. Proc. 2nd SPW, Kluwer, Dordrecht, p. 1
Faurobert-Scholl M., 1994, A&A 285, 655 Stenflo J.0O., Bianda M., Keller C.U., Solanki S.K., 1997, A&A 322,
Povel H.P., 1995, Optical Engineering 34, 1870 985
Rees D.E., Saliba G.J., 1982, A&A 115, 1 Stenflo J.O, Keller C.U., Gandorfer A., 1998, A&A 329, 319

Saliba G.J., 1985, Solar Phys. 98, 1



	Introduction
	Observational and data reduction techniques
	Data set
	Scattered light and polarization cross talk
	Polarization zero level
	Determination of the limb distance

	Analysis and results
	Hanle depolarization
	Polarization oriented perpendicular to the limb
	Field strength determinations
	Hanle rotation
	Hanle histograms
	Efficiency profile of the Hanle effect

	Concluding remarks

