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Abstract. The remarkable polarization structure of theiNlg ~ upper states get split into hyperfine states with different quan-
and D, lines that is due to coherent scattering has remainedtam numbers, which are polarizable in principle. To obtain a
enigma, since it has not yet been possible to find an explanati@t polarization for the emitted radiation it is however neces-
that is consistent with both current understanding of quantigary that the initial, lower state of the scattering transition is
mechanics and the astrophysical properties of the Sun'’s atrpolarized (aligned). This may be achieved by an optical pump-
sphere. To guide future theoretical efforts we have here exploiag process. While alignment in the excited state is induced
the detailed center-to-limb variation of the linearly polarizeldy the anisotropic excitation, the spontaneous emission process
profiles in non-magnetic regions. In particular we find that titeansfers some of that alignment to the lower state. With many
unexplained narrow polarization peaks in the Doppler coressafch transitions a statistical equilibrium becomes established
the two lines become even more pronounced with respect to that leaves the lower level in a polarized state. This ground-state
relative profile shape as we move away from the limb towargslarization can be imprinted on the polarization of the scattered
the center of the solar disk. light, making the D line emission polarized. With this theoret-
ical framework Landi Degl’'Innocenti (1999) could model the
Key words: polarization — scattering — Sun: magnetic fields polarized line profiles for different center-to-limb distances.
atomic processes — techniques: polarimetric This explanation however requires that the alignment of the
lower state survives destruction by magnetic fields (Hanle de-
polarization) and collisions during its life time, until the next ra-
) diative excitation. Since the life time of the lower state is longer
1. Introduction by approximately two orders of magnitudes as compared with

One of the most enigmatic features of the “second solar spé€ excited state, it is correspondingly more vulnerable to such
trum” (the linearly polarized spectrum that is due to coherefigstruction. Landi Degl'innocenti (1998) therefore concluded
scattering processes on the Sun) has been the spectral strud@leither the field strength (of a small-scale field with random
across the NaD; 5895.94 and @5889.97A lines. Although orientations of the field vectors) would need to be smaller than
the general shape of the polarized profile with its remarkap@out 10 mG, or the field orientation would have to be very close
signature of quantum-mechanical interference between the #Rdertical, to make the Hanle depolarization effects sufficiently
scattering transitions was uncovered already in 1978 in obserg&iall. However, Zeeman-effect observations have shown that
tions at the National Solar Observatory (NSO), both at NSO/S€ magnetic field in the lower chromosphere (where the cores
Peak and NSO/Kitt Peak (Stenflo et al. 1980, 1983), it was orffjythe Nar D, and D lines are formed) is highly inclined with
with the much higher sensitivity of the ZIMPOL systeAugich canopy-like structure (Giovanelli 1980; Jones & Giovanelli
ImagingPolarimeter, cf. Povel 1995) that the polarization peaks?83). Hanle effect observations (Bianda et al. 1998a,b, 1999)
in the Doppler cores of the two lines could be recorded wifso rule out that the magnetic field is everywhere vertical, and
convincing precision (Stenflo & Keller 1996, 1997). The corghow that fields as weak as 10 mG do not exist (at least not with
peak in the B line has been the main mystery, since accorgufficient filling factor), but that the solar atmosphere is instead
ing to standard quantum mechanics such a line that repres@@gneated by fields with a strength on the order of 10 G, which
aJ =1 1 - 1 scattering transition should be intrinsicallymay be turbulent lower down and canopy-like higher up.
unpolarizable. We are therefore stuck in a paradoxical situation. There is not
An elegant explanation of the core peaks was recently p@)€n & consensus on whether its resolution is to be found within
posed by Landi Degl'lnnocenti (1998, 1999) in terms of a conddomic physics or within astrophysics, although we are con-
bination of hyperfine structure splitting and optical pumping'_inced (because of the mentioned Hanle-effect evidence from

Due to the nuclear spin df for sodium the/ = 1 lower and other spectral lines) that the problem is basically one of atomic
2 or quantum physics. Further theoretical progress and modelling

Send offprint requests 1d.0. Stenflo need to be guided by qualitatively new observations that can
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better constrain the possible physics involved. The objectiveeifect, is fairly large. Since the longitudinal Zeeman effect gen-

the present paper is to provide such new constraints. erates characteristic and nearly anti-symmaéiriprofiles and
is spatially very structured (along the slit), one can rather eas-
2. Observed set of polarized line profiles ily identify the slit portions where such signatures are present

and remove them from the analysis. In practice, if one avoids
placing the slit over a limb facula, such contamination from the

The polarization features of the second solar spectrum are @agitudinal Zeeman effect only becomes a problem rather far
pected to have their largest amplitudes in the absence of méigm the limb, fory (the cosine of the heliocentric angle)0.4.
netic fields, since the modification by magnetic fields, via the To determine the center-to-limb variation of the N&, and
Hanle effect, manifests itself primarily as depolarization arfd: Q/1 profiles thatare due to coherent scattering on the Sun we
rotation of the plane of linear polarization. For a spherical§elected the part of the solar disk that appeared to have the small-
symmetric sun and in the absence of magnetic fields the lin€&f facular activity and visible magnetic flux, so that the obtained
polarization increases steeply in amplitude as we approach Béarized spectra would as closely as possible be representative
solar limb, and the orientation of the electric vector of the sc&f non-magnetic scattering. Since more or less *hidden” mag-
tered radiation is parallel (and in rare cases perpendicular)fic flux exists everywhere on the Sun, our results may well
the nearest limb. The orientation of the “nearest solar limb” B¢ affected by such magnetic fields via the Hanle effect. Since
always perpendicular to the radius vector that connects the disivever the Hanle effect only operates in the Doppler cores of
center with the point of observation, so we could also say tH#ectral lines but not in their wings, it is only the core peaks in
the electric vector is perpendicular (and in rare cases parall&§ D: and D lines that would be affected. For randomly ori-
to the radius vector. To minimize at the present stage the ex@fed and spatially unresolved magnetic fields the Hanle effect
complication of magnetic effects we have carried out all our oBhould always depolarize the linear polarization, which means
servations far from active regions, always with the slit orientdfat the@/I amplitudes that we determine in the line cores
perpendicu|ar to the radius vector. should represem)werlimits to the amplitudes that they would
Since the non-magnetic scattering polarization should orfigve in the ideal, non-magnetic case.
vary with center-to-limb distance (for a spherically symmetric We did careful recordings with ZIMPOLof the Nai D
sun), we usually average the spectra along the slit directiond@d Di polarization at 11 different positions on the disk, from
enhance the polarimetric accuracy, after first having inspected= 0.05 to 1 = 0.7. In addition we did recordings at the
the 2-D spectral images to make sure that significant magnegitreme limb (. = 0) and a few arcsec outside the limb, but
field effects are absent. When we move away from the limhiese recordings are not reliable because of the influence of
however, it gets increasingly difficult to avoid magnetic regionide-angle scattered light when we are outside the limb, so they
with significant Zeeman effect signals, due to the ubiquitoligve beendiscarded. The origin of these polarized scattered light
character of solar magnetic fields. Still it is possible to identif§ffects has been identified, explained, and modeled by Keller &
the slit portions that are most affected by the Zeeman effézfieeley (1999). Quantitative analysis shows that they become
and exclude these portions when determining the polarized lingignificant as soon as one is inside the extreme limb, because
profiles. of the drastically reduced relative contribution of the wide-angle
The present analysis is based on observations with ZIgtray light to the observed intensity.
POL1atthe McMath-Pierce facility of the National Solar Obser-
vatory (Kitt Peak) on March 11and 12, 1998. ZIMPQtecords 2 2 zero point of the polarization scale
two Stokes parameters, hdrand@, simultaneously with great
precision (0~ in the degree of polarization). The spectrographig.ll shows the set of recordeg/ spectra at the 11 used
slit is always placed parallel to the nearest solar limb (perpeinter-to-limb positions as well as a representative Stdkes
dicular to the radius vector from disk center), and Stoeis SPectrum (panel to the upper left), obtainegiat 0.1. Since
defined as linear polarization with the electric vector orientd@e relative Stokeg spectrum varies only slowly with center-
parallel to the slit. The McMath-Pierce telescope has large al@dlimb distance, we do not display all tiespectra here. As the
varying instrumental polarization. Before each spectral recogiRectral field of view was not sufficiently large to cover both the
ing the linear polarization of the telescope is compensated By and Di lines at the same time, each spectral panel contains
a tilting glass plate down to a level of about 0.1 %, which f&vo partially overlapping recordings. Since tg¥'I zero-line
necessary to avoid effects due to the coupling of detector n@#fset due to varying instrumental polarization may be different
linearities with instrumental polarization (Keller 1996). The reD the two recordings, we have first shifted the zero point of the
maining instrumental polarization is dominatediby: @ cross D1 recording such that it fits the overlapping portion of the D
talk sincel is always large, whilé/ — Q cross talk is practi- recording. The overlapping portions are not averaged but plotted
cally non-existentin quiet regions, singas always small there. Separately on top of each other, but since the relative spectral
Thel — Q cross talk divides out to become spectrally flat in thétructures reproduce in minute detail, they differ by less than
fractional po|ar|zat|or@/[ It therefore S|mp|y masquerades aHTe width of the solid curves in F@ 1 and are therefore indistin-
a zero-line offset of the polarization scalé.— @ cross talk is 9guishable in the figure. The small, odd-looking spectral feature
On|y S|gn|f|cant Whery produced by the |Ong|tud|na| Zeemarﬂear 5893\ is forinstance no artifact but real |ntr|nS|Ca”y Solar

2.1. Effects from magnetic fields and scattered light
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5888 5893 . 5898 5888 5893 . 5898  The horizontal dashed lines represent the
Wavelength (A) Wavelength (A) level of the continuum polarization

since it reproduces perfectly in the two overlapping recordings PhetP w709
and is seen in all other ZIMPOL recordings that we have mage
of this spectral region. This spectral feature appears to be éjné()’;
combined effect of a depolarizing component, located at the po=°
sition of an Nir line, and a polarizing component, located at thg 2o 1
position of an Fe line. 2 ]
As the next step in the reduction the joint zero point gf |
both recordings has been shifted until the behavior ofQii& [ R
spectrum at the low and high wavelength portions as well @s
in the zero-crossing portion between the two lines is consi:éfm
tent with the predicted level of the continuum polarization ang 3°
with previous observational (Stenflo & Keller 1997) and thes 2
oretical (Stenflo 1997) studies. In the April 1995 ZIMPOL = o
recordings by Stenflo & Keller (1997) for = 0.1 the spectral &

. 0
coverage was much larger than here and included wavelengths = ™~~~ — T

BN
_ . . 5893 5894 5895 5896 5897

sufficiently far from the @ and D, lines, where the line polar- Wavelength (4)

ization has asymptotically reached the continuum polarization

level. Since no useful empirical determinations of the contif9- 2'2'DSpeCtraOfSt()ke;Ban.dQ/.IforNaI D, aty = 0.05. parker
. . . . areas mean stronger polarization (in the positive direction), lighter areas
uum polarization are available, we use the theoretical continu

. . . Wgaker or negative polarization. The slit is parallel to the limb. While
polarization values determined from the theory of Fluri & Steffiere is some spatial variation of the polarized core peak maximum, the

flo (1999) and a model for_the average quiet Sun by Fonten!amﬁg polarization remains spatially invariant. When averagingfié
al. (1993). From our previous work we know how the contirtiagram along the spatial direction, one obtains the@- profile in
uum level is approached in the far line wings at the wavelengting second left panel of Figl 1




784 J.O. Stenflo et al.: Center-to-limb variation of Na polarization profiles

covered by the present recordings. We also know rather wstibod in terms of spatially varying Hanle depolarization due to
how the Nit feature near 5898 is positioned with respect to fluctuating magnetic fields. Similar and more pronounced spa-
the zero-crossing wavelength. This zero crossing is the redidtly varying Hanle depolarization has previously been noted
of quantum interference between tlie- % and% upper states and displayed for the Pline (Stenflo et al. 1998).
of the D, and D, transitions and has been studied theoretically Such subtle spatial variations of the core peak polarization
rather extensively in the past (Stenflo 1980, 1994, 1997; Larade sufficiently small here to be ignored when averaging along
Degl'lnnocenti 1998). Based on all this previous knowledge,tite slit to compress the 2-D spectra into the 1-D spectra of
is possible to make a reliable estimate of the true position of they.[1. Toillustrate the spatially averaged profile shapes in better
zero point of the polarization scale. This is the way in whichuantitative detail we show in the upper panel of Eig. 3 the 1-
the zero points of the various diagrams in [Eig. 1 have been d@espectrum that results from compressing the 2-D spectrum of
termined. The dashed horizontal lines in the diagrams repres€igt[2. It is identical to the) /I spectrum in the second panel to
the level of the theoretical continuum polarization. the upper left of Fid.11, but we are now able to better appreciate
the details of the profile structure. For comparison we show in
2.3. Examples af)/T profiles the lower panel the corresponding profile foe= 0.10.
Inspgctipn of the 2-M) /I spectra showed t'hat infiltration of thes  ~anter-to-limb variation of profile parameters
longitudinal Zeeman effect due 16 — @ instrumental cross
talk was significant only for the recordings with the four largest. 1. Extracted parameter relations
1 values. These recordings could still be used for our analy
after the “contaminated” portions of the slit were excluded
clipped in the data reduction process. o 0.4 we could use
63 % of the slit, foru = 0.5 we used 70 %, fop, = 0.6 only
25 %, while fory = 0.7 we could use 83 %. Due to the smal
useful slit portion fory = 0.6, the low level of the measured
polarization, and remnant magnetic-field effects that could
be cleanly excluded completely, the I spectrum fop, = 0.6
is of lesser quality than the others but still good enough to be i Gt
cluded here. Conservative wavelet smoothing has been app
to the spectra to suppress noise fluctuations while preservingpgg
spectral structures.

ﬁ’]%pection of the 1X)/I diagrams in Fid.Jl immediately re-
eals several qualitative center-to-limb properties of the profiles.
The relative importance of the core polarization paakeases
while the surrounding minima decrease and turn negative as we
ove away from the limb. The ratio between the &nd D,
core amplitudes remains approximately constant, and the width
n(91the D, core peak tends to get narrower further from the limb.
To bring out these properties in quantitative detail we have
acted a number of key profile parameters from ¢he
ctra in Fid.]1 and plotted them ysin Fig[4. The strongest
arization maximum that is not affected by the Hanle effect is

. . the maxim , blue wing IN the blue wing of the B line. Its
The compressed scale of the plots in Elg. 1, needed to f|tﬁqg XIMUP D, bl g ue wing Bl

the 110 /1 traint . kes it difficult asured center-to-limb variation is represented by the filled
€ 11Q/1 spectra into one figure, makes it difficult to apPPreClsicles in the upper left panel of F[d. 4. While the solid curve

ate the remark_able profile structure that is really there. To bri a fit to these data points, the almost indistinguishable dashed
_oult:_som?hof ;hls st;u_cture rrflorfhclearly, w(ej_plot asiir:) eoéam rve represents 12 times the theoretical continuum polarization
in Fig.[4 the 2-DQ)/ image for the R recording _ap R at the wavelength of the Jine, computed from the theory
We can here see the main proﬁle_features_of t.h's Img. the I"’“@‘%'Fluri & Stenflo (1999) with a model for the average quiet
scale asymmetry between the wing polarizations (light on t n due to Fontenla et al. (1993). The solid curve has been

!eft, da_rk on the right side), and the narrow polarization PE¥htained by forming the ratio between the data points and
in the line core, surrounded by very narrow and well defin d then fitting a straight line to these ratio points, since they

polarization minima. _are found to have a linear dependenceuoflhe fit then gives

Ano.ther .phenom.enon Fh&.lt IS Ies; pronqunced b.Ut still V'i]'s the following expression for the blue wing polarization,
ble in Fig[2 is a spatial variation that is consistent with a Hanle

effectinterpretation. In a first approximation there are no spatiab, biue wing = (12.3 — 2.01) pc . @)
variations along the 50 arcsec long spectrograph slit. However, . . .

if we look carefully, we find that there are spatial variations (ﬁﬁ'se'ls the formula used to plot the solid curve in the upper left
the core polarization peak, because the lower spatial portio ' . .
the core peak in Fi§]2 is darker than the upper portion, Whg’% twe;hnetk?:ng Ic;[)orethe;)Il;?irz)z:icrylr?r:mwelitzgwe plotted th:n:jatlos
the wing polarization and the minima surrounding the core do e (filled cirF():Ies) aswell asit)he ra?igzs Cboerfzv:/nea;nthe av-
not show any such variation. This is consistent with the expep D2 blue wing ’

tations from Hanle-effect theory (cf. Omont et al. 1973, Stenf%rage ofthe two surrounding polarization minima, core min,

1994, 1998), according to which the Hanle effect only operat%gdp D, blue wing (OPEN circles). The dashed and dotted curves

in the Doppler core of spectral lines but not in their wings (bea_re second-order polynomial fits to all the points, given by
yond a few Doppler widths). This expectation has been empifin,, ore max/P Dy blue wing = 1.1+ 3.51 — 0.5 (2)
cally confirmed by Hanle observations in thast078 and Ca

4227A lines (Bianda et al. 1998b, 1999). The subtle variatio®nd

along the slit of the core peak amplitude can therefore be undgpy . . /b5 bive wing = 0.5 — 0.7p — 2.80% . (3)
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0.10 : : : : Fig. 3. Upper panel: 1-D spectrum of Stokes
Q/I for Na1 D; atp = 0.05, obtained from
the corresponding 2-D spectrum in HiYy. 2 by av-
eraging along the slit. It is identical to tig/I
spectrum in the second left panel of fij. 1, but it
brings out in greater detail the remarkably com-
plex polarization structure of the Dine. The
horizontal dashed line represents the level of the
continuum polarization. Lower panel: The cor-

: : : : responding profile fop, = 0.10. It is identical

5894 5895 5896 5897 to the@/I spectrum in the fourth left panel of
Wavelength (A) Fig.d

0.05

0.00 w
|

—0.05

Stokes Q/I (%)

For comparison we have in addition plotted with asterisks tienot significantly affected by blends. The fit in the form of a
similarly determined normalized average of the polarizatiatashed-dotted line is given by

minima that surround the core peak in the Ihe. We have o
here limited ourselves to the regign < 0.3, since only for AAD; 1 profile = 306 + 110 mA . (6)

thesey values the structure of the,[polarization peak is suf- The polarization peaks are thus narrower by a factor of two
ficiently undisturbed by cross-talk effects. In this range we fing} more as compared with the intensity profile. This factor in-
thatle core min/p D blue wing does not vary with limb dis- creases towards disk center.
tance and has an average value of about -0.11.
In the panel to the lower left we have plotted the ratio be- o )
tween the polarization amplitudes in the cores of thebd the 3-2- Influence of the finite spectral resolution
Dy lines. This ratio is found to be apprOXimately independeg.ince the core p0|arizati0n peaks in th@ &nd D, lines are
of x, with a value of about 0.27. The dashed horizontal lings narrow, they can only be revealed in observations with suf-
represents the average of the points with< 0.5. The ratio ficient spectral resolution. In our observations the dominating
between the polarization maximum in the Ed wing and the factor that determines the spectral resolution is the geometrical
corresponding maximum in the,(lue wing (not plotted here) width of the entrance slit, which when optically mapped onto the
is about the samex{( 0.3). spectral focus is close to 40&nThe effective smearing width is
Finally the panel to the lower right provides line width inexpected to be somewhat larger than this, since there are other
formation. The filled circles give the total width)\ at half level factors (inc|uding pixe| width and data reduction procedures)
of the core polarization peak in the,line. The dashed line is that also contribute to the spectral resolution.
a linear fit to the points withy < 0.5. It is given by To get a better feeling for the amount of spectral smearing
AAD, core peak = 162 — 45 mA. . (4) @n our data we have dgtermined the t'otal width at half the min-
imum level of a telluric water (KO) line at 5891.66@ and
The halflevel used for the width determination is the level thatjgotted the results as the crosses and the horizontal solid line
halfways betweep p, core min @NAP D, core max- SiMilarly the in the lower right panel of Figl4. The half width is found to be
asterisks give the corresponding total width for thdibe atthe 85 mA, independent of.. We have then similarly determined
half level betweem p, core min @NAP D, core max, DUtlimited to  the half width from an FTS spectrum at disk center. The FTS
the regionu < 0.3 to avoid the influence of cross-talk effectsspectrum, which may be regarded as fully spectrally resolved,
The dotted line is a fit given by gives a half width of 55 r for the same HO line (which in the
. 2 FTS spectrum had about the same strength as in our ZIMPOL
AAD; core peak = 134 = 9511 mA . ®) spectra and therefore had about the same saturation effects).
The D, and D, polarization peaks are much narrower than The amount of smearing due to the convolution of the in-
the corresponding intensity profiles. For comparison we give stsumental profile with the line profile depends critically on the
open triangles the total width at half the minimum level of thehapes of these profiles. For dispersion profiles the widths add
D; intensity profile, which in contrast to the,lintensity profile linearly, for Gaussian profiles they add quadratically. The shape
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Fig. 4. Center-to-limb variations of th€@/I line parameters that have been extracted from the set of spectralih Fig. 1. In the panel to the upper
left for the blue wing maximum in the Diine the solid curve represents a fit to the points, while the almost identical dashed curve is 12 times the
theoretical continuum polarization at this wavelength. In the panel to the upper right the filled circles represent the ratio between themolarizatio
amplitudes in the B core peak and blue wing, while the open circles represent the ratio between the average value of the polarization minima
surrounding the core peak and the amplitude of the blue wing. The dashed and dotted curves are second-order polynomial fits. The asterisks
similarly represent the average value of the polarization minima surrounding the core peak pfittee Bormalized to the amplitude of the,.D

blue wing. The panel to the lower left gives the ratio between the polarization amplitudes in #rel), core peaks. The horizontal dashed

line is the average of the points with < 0.5. The panel to the lower right shows the total width (as defined in text) of the core polarization
peak in the B (filled circles and dashed line) and the [ne (asterisks and dotted line). The open triangles and dashed-dotted line represent
the total width (at half the minimum level) of the;Intensity line profile, while the crosses and the horizontal solid line givetimelependent

line width of the HO telluric line at 5891.668

of the telluric line is in the FTS spectrum more dispersion-likéhe true values for the widths of the [Bore peaks are smaller
than Gaussian. With the measured total half widths of 85 ahygl about 25 r than the values given by EQJ(5), while for the
55mA in the two cases, it would follow that the half width ofbroader B core peak the reduction may be expected to be some-
the instrumental profile is 30 Anif the profiles were dispersion- what smaller. As we expect the peak area to be conserved, a
like, 65 mA if they were Gaussian. In practice neither of theseeduced width implies a correspondingly increased peak am-
extreme cases apply but we have something in between. plitude. Since the narrower,Dpeak is more affected than the
For a better quantitative estimate of the smearing functi@ peak, the ratio between the @nd D, amplitudes that was
we assume that its shape is rectangular, and then vary its widigplayed in the lower left panel of FI[g. 4 is expected to in-
as the single free parameter. A rectangular profile is chosgease somewhat, in favor of thg Rmplitude. This accentu-
both for simplicity, and because the main smearing contributiates the enigma that accompanies thdile, which in standard
comes from the projected slit width. Comparing the telluric linguantum-mechanical scattering theory has been considered to
profile of the smoothed FTS spectrum with the same profite unpolarizable.
of our present data set, we find a good agreement when theFrom the detailed profile shapes of the polarizedlibe
width of the rectangular smoothing window is about 58.m displayed in FigiB we notice that the dips forming the minima
This value is consistent with our previous estimate based on that surround the core peak are narrower than the core peak
slit width and considering secondary effects that may includself. We may therefore expect that the depths of these minima
contributions from pixel size and data reduction procedures.would increase more than the corresponding increase of the
From these considerations and our comparison betweenthbee maximum when the spectral resolution is increased. This
smeared and unsmeared telluric line widths we estimate thaplies to the B line as well.
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Given the uncertainty in the shape and width of the instrmaagnetic flux elements everywhere, regardless of how far from
mental smearing profile we will not here try to make a decothe solar limb we are.
volution of the spectra, since such deconvolutions tend to be In his theory that seeks to explain the core peaks in the D
numerically unstable (e.g. due to division by numbers that aaad D; lines Landi Degl'Innocenti (1998) concludes that the
nearly zero in the Fourier domain). Instead we recommend tipataks can sufficiently survive magnetic depolarization effects
when trying to model the present observational data, the themd have as large relative amplitudes as the observed ones only
retical profiles should first be smoothed with a rectangular wiii-the magnetic field strengths do not exceed 0.01 G, or if the
dow of width 50 nA. The so smoothed model profiles can thefield orientation is very nearly vertical. The observations show
be used to extract the various profile parameters that may betigh and apparently undisturbed core polarization peaks in en-
rectly compared with the empirically determined center-to-limironments on the solar disk, where all over the adjacent sur-
variations that we have presented here. roundings we have signals from the longitudinal Zeeman effect
that are signatures of strong magnetic fields (with field strengths
on the order of 1 kG, as we know from other Zeeman-effect di-
agnostics of photospheric flux elements, cf. Stenflo 1994). It

Our analysis of the center-to-limb behavior of the scatterifigems highly unlikely from the point of view of plasma physics
polarization in the Na D; and D, lines shows that the enig-thatadjacentto these kG flux tubes, side by side, we would have

matic and narrow polarization peaks in the line cores are nof@gnetic fields that are weaker by more than 5 orders of mag-
property that is restricted to the limb region' but it is a prorjlitUde, or that the field lines that fill the volume between the kG
erty that dominates the relative profile shape even more as il tubes can avoid being tilted by the dynamic forces of the
move away from the limb towards disk center. The relative coférbulent motions. Although the theory of magnetoturbulence is
to wing amplitude ratio increases substantially with limb digiot developed well enough to have much predictive power con-
tance. However, the ratio between the polarization amplitude&ning the degree of intermittency, we feel that it is physically
in the D, and D, line cores remains approximate|y independeﬁpt credible that the turbulent amplification ofthe magnetic field
of limb distance, which is more likely to happen if these twgould be so supressed that the field would not exceed 0.01G,
peaks have the same physical origin. which is several orders of magnitude below the value that the
Such a common origin is not obvious, since it is genefield would have in the case of equipartition between the kinetic
ally believed that for the Ce4227 and Sn 4078A lines, the and magnetic energies, or that field line tilts could be prevented.
core polarization peaks with their surrounding minima and wirfy? untilted or a superweak magnetic field with a large filling
maxima are due to partial redistribution effects in the formatidactor also appears to be ruled out by observations of Hanle
of these lines (Rees & Saliba 1982; Saliba 1985). Such redi#gpolarization in different spectral lines (Bianda et al. 1998a,b,
tribution effects are however incapable of generating the pol&299).
ization seen at the core of the NB; line, but a more “exotic” For these reasons we must conclude that we still do not have
mechanism like that of Landi Degl'Innocenti (1998) involvingany acceptable theoretical explanation for the core polarization
optical pumping in combination with hyperfine structure spliP€aks in the NaD, and D, lines. With our present work we
ting seems to be required. Such a mechanism however carlt@te explored the center-to-limb variation of these polarized
work for the Ca 4227A line, since its ground state is not poJrofiles in considerable quantitative detail. The established em-
larizable (its quantum numbel = 0), and it has no hyperfine pirical relations may guide future theoretical efforts and provide
structure splitting (since calcium has zero nuclear spin). THetailed quantitative constraints on modelling attempts.
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