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Abstract.  The average strength of the spatially unresolved turbutergnetic field
in the Sun’s photosphere can be measured with the H#ligleteThe possible variations
of this average value over time scales of a solar cycle isie bf an ongoing synoptic
program at IRSOL that was started in 2008. The scatterir@rizaltion of G molecular
lines around 5140 A is regularly measured, typically onaenpenth. These lines allow
the application of the dlierential Hanle fect to determine the turbulent field strength.
Here we report about the behavior of the determined fielahgtheduring the beginning
active phase of the solar cycle and about our intention 1 @taew synoptic program
based on the Hanlgfect in the Sr 14607 A line, with which turbulent field strengtire
found that are an order of magnitude larger than those datedhwith the molecular
C; lines. These synoptic programs allow us to explore the patfithe magnetic fields
at the small-scale end of the magnetic scale spectrum aretdondine the possible role
of a local dynamo for the generation of these fields.

1. Introduction

The scale spectrum of solar magnetic field extends over madsr of magnitude (cf.
Stenflo 2012b). Only the large-scale portion of this spectisi accessible to direct
observations, depending on the current spatial resolatidhe telescopes. Even next
generation solar instruments like ATST or Solar Orbiter fasion bringing the tele-
scope close to the Sun) will be unable to resolve the smaltedes where we expect a
significant fraction of the total magnetic flux to exist. Amlirect method to investigate
the spatially unresolved magnetic fields is provided by thalkl ¢fect, which in con-
trast to the Zeemartiect is sensitive to a turbulent fields with mixed polarities! o
net flux across the spatial resolution element (Stenflo 19B23ause of the instrumen-
tal difficulties in measuring the small Hanle polarization sigregurith an accuracy
of about 10* or better, it has only recently been possible to more sydiealy ex-
ploit the Hanle &ect as diagnostic tool for spatially unresolved fields.rimsients like
ZIMPOL, TIP, and dual beam exchange polarimeters now givbeiseeded access to
these fields.

The solar-cycle variations of large scale magnetic fieldeHang been explored
with the help of the Zeemarftect. In contrast the behavior of the spatially unresolved
magnetic fields on solar-cycle time scales remains unknawimaeds to be addressed
with a synoptic program for the Hanle depolarizatidteet.
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In December 2007 we started such a synoptic program in the déregular mea-
surements (about once per month) of the scattering polamizaf C, molecular lines
around 5140 A (Kleint et al. 2010a). Five measurements foh edserving run are
performed near the solar limb at N, NW, W, SW, and S, about &egrinside the limb
(wherey, the cosine of the heliocentric angle, is 0.1). The dataedaaed in terms of
the diferential Hanle ect (Stenflo et al. 1998; Berdyugina & Fluri 2004). The result
of the observations carried out during the years 2008-2044, the minimum phase of
the solar cycle, did not reveal any significant variationshefstrength of the turbulent
magnetic field (Kleint et al. 2010b, 2011).

Here we report about preliminary results from observatiarsied out after 2011,
when the solar cycle was in its increasing phase. We alsmeuytlans to start a new
synoptic program for the Hanle depolarizatidieet in the Sr 4607 A line.

We also report on some technical and instrumental upgradésave been carried
out to improve the accuracy of the observations needed fomtantioned synoptic
programs.

2. Instrumental improvements

The observations have been carried out at IRSOL in Locamaitz&land, with the
45 cm aperture Gregory Coudé telescope and the 10 m fogahl€zerny-Turner spec-
trograph, which is equipped with a grating of size 360 80 mm, 316 grovesim,
and 63blaze angle. The polarimetric observations are done wihatMPOL po-
larimeter that was developed at ETH Zurich and is currentind upgraded in collab-
oration with SUPSI (University of Applied Science of South&witzerland).

The new ZIMPOL-3 version has been used since 2010 for sgedtometric ob-
servations at IRSOL (Ramelli et al. 2010). The improvemaeuitis respect to ZIMPOL-
2 include better detectoffeciency, larger size of the CCD sensor (in the spectral direc-
tion), and state of the art electronics. Technical improsets of the instrumentation at
IRSOL allow the application of new observing modes and aebegitecision.

To select the wavelength range that enters the spectrogvapiow use interfer-
ence filters in a filter wheel instead of the previously usedocbromator predisperser.
The filters have high rectangular transmission band pasgkallbw us to gain up to
50 % in total transmission as compared with our previousesyst

We also have found a way to greatly reduce the uncertaintyerobservationally
determined true zero level of the polarization scale, tghothe following set of im-
provements: The orientation of the optical componentsijaion optics, polarization
analyzer, and image derotator) can now be set more acguritigl strategies and cal-
culations that make use of precise ephemeris codes nowddhe tlimination of the
faint drifts in the background polarization zero level that had before. This allows
us to use observations carried out at the center of the sislafwhere the polarization
in the continuum is expected to be zero) to determine theimsieumental polarization
and then use it to be subtracted from the observations teanhade at other positions
of the solar disk.

Due to seeing-induced image motions, residual mechamgakicision in the tele-
scope tracking, and to image wobbling caused by imperfgusadents of the mirrors
inside the telescope, the position of the limb with resped¢hé slit in the spectrograph
slit plane (focus F2) can vary with time. With the help of thilptive optics system this
positional error gets drastically reduced, but at the egpeai considerable light loss.
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An alternative that we have now implemented makes use dfplate that is adjusted
a few times per second, based on the real-time reductioreddlitjaw camera images.
This allows us to eliminate slow drifts of the limb distance.

The guiding system (Kiveler et al. 2011) is connected tddbal computer net-
work and can be controlled by the ZIMPOL software.

These improvements now allow entirely automatized obsiens In particular
the synoptic programs can now be carried out in this way.

3. The G, synoptic program

The program has been described in detail in Kleint et al. @@)1where first results
until 2010 are reported, and in Kleint et al. (2011), wherttieoretical approach for
the interpretation is described. The goal of this prograno imeasure the turbulent
magnetic field strength and its variation with time. In theige 2008-2010, during the
solar minimum phase, it was not possible to notice any siganifi variations, neither
with respect to time nor with respect to heliographic lat@u This program is still
continued: about once per month measurements are madkeatli position angles, at
heliographic N, NW, W, SW, and S, at= 0.1, i.e. about 5 arcsec inside the solar disk,
with 1000 s &ective exposure time per position. Since mid 2012 theseradisens
can be done in a fully automatic way.

In Fig. 1 we give an example of data recorded on 1 March 2018eaSW limb.
The intensity spectrum and the correspond@®{ of the Second Solar Spectrum are
shown. The @ molecular R and P triplets are used with th&eatiential Hanle fiect
to derive the strength of the turbulent magnetic field. Thedtpeaks of the R triplet
should have the same amplitudes if no magnetic fields wesepte The amplitudes
are unequal because of théfdrent Hanle response of the three lines as a consequence
of their different Landé factors. This allows us to apply thiedential Hanle fect as
explained in Kleint et al. (2011).

The publication of the results collected since 2011 is iparation. Here we just
want to report the very preliminary results that we cannaécteany clear dference
of the turbulent magnetic field strength between the quidtearly active phase of the
solar cycle. The strength seems to remain constant, butudatitative constraints on
the possible variations need to be accurately determinkis. Will be dealt with in the
dedicated publication that is in preparation.

It should however be stressed that these observations s#tees do not allow
us to determine whether or not the turbulent magnetic fietiesawith the solar cy-
cle. The reason is that the@olecular lines are formed almost exclusively inside the
granular cells, while the Hanldfect in atomic lines like Sr4607 A, which also gets
its contributions from the intergranular lanes, reveatbulent field strengths that are
an order of magnitude larger than those found with thdit@s (Trujillo Bueno et al.
2004). The only known consistent explanation for this erarsndiscrepancy in the
derived field strengths is that the bulk of the spatially soteed turbulent magnetic
fields are located in the intergranular lanes. This impled the G measurements do
not give field strengths that are representative of the gegpeoperties of the turbulent
fields, they selectively reflect what goes on in the granwddlriteriors. To resolve this
issue and get a full assessment of the turbulent magnetiifi¢he solar photosphere
and the extent of its solar-cycle variation, thesgnoptic program urgently needs to be
complemented with a corresponding program for an atomélike Sn 4607 A.
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Figure 1.  Stokes profiles and Q/1 of the 5140 A spectral region recorded at
p = 0.1 near the SW limb and averaged over 140arcsec. This spegtrdbw
contains several peaks due to scattering polarization Bgautar G lines. The two

R and P triplets of gthat are used by the synoptic program for thiegtential Hanle
effect are marked in the lower panel.

4. The Sr14607 A synoptic program

The most suitable atomic line for Hanle diagnostics of thdulent magnetic field
is the Sn 4607 A line, which in the past has indicated turbulent fielersgths of at
least 60 G (Trujillo Bueno et al. 2004), approximately anevrdf magnitude stronger
than derived from the £lines. The technical advantage of using this strontium line
is its exceptionally high scattering polarization ampligy one of the highest in the
visible part of the Second Solar Spectrum. Its disadvankegebeen the absence of
any useful scattering polarization lines nearby, whichdaerve as reference lines for
normalization purposes or for applications of thfatiential Hanle ffect.

Since it is not technically possible to ensure that we carp kbe instrumental
polarization scale and the limb distance constant over sgiee time scales with the
precision needed to determine subtle cycle variationseoHdinle depolarizationfiect,

a synoptic program is only feasible in termslioke ratios Since we cannot apply the
differential Hanle ffect for a St synoptic program, which would require a suitable
partner line from the same atomic multiplet, which we do rmtd) we need to use a
scattering polarization reference signature, for whichocar safely assume that it is
suficiently invariant with the solar cycle. This invariance aamly be assured if the
scattering polarization signature is immune to the Hafilece The most ideal such
signature is that of the blue wing of the C4227 A line, for two reasons: (1) The
Hanle dfect can only operate in the Doppler cores of spectral linesStenflo 1998),
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Figure 2. lllustration of the optical setup in the spectagir focal plane that al-

lows us to simultaneously record the two spectral regioosraat the Sr4607 A and
the Ca 4227 A lines. They belong to two fiierent grating orders that get separated
with the help of two adjacent interference filters.

and is therefore absent in the Ca blue wing, which has beeéfiedeby observations.
(2) The polarization amplitude of the 4227 A line is the laef all lines in the visible
Second Solar Spectrum, which optimizes thi &tio of the observations.

If we could form a ratio between the simultaneously obsemeldrization am-
plitudes of the Sr4607 A line and the blue wing of the €4227 A line, then we get
a dimensionless measure that can be converted to turbuddhtstrengths due to the
Hanle dfect in the Sr line alone. This dimensionless measure is gitdgnto errors in
the limb distance of a given observation, because the velagnter-to-limb variation
of both lines is nearly identical, with the consequence thaterrors in the limb dis-
tance will ratio out. Since the Ca blue wing is invariant wtitle cycle, any determined
cycle variation of the dimensionless ratio can be safelyilasd to cycle variations of
the Hanle &ect in the Sr line.

Although the Sr4607 A line and the Ca4227 A line are so far apart in the spec-
trum, the ratio between their wavelengths close to the rational number /2, which
makes it possible to use overlapping grating ordeis bring them side by side on the
same detector area. For a given position of the grating, théugtki remains invari-
ant. From this we see that thei607 A line in the 11th order and the €4227 A line
in the 12th order are very close to each other.

The modified instrumental setup in the spectrograph focahgyl which allows
simultaneous recording of the two lines, is illustrated ig. 2. Two square-shaped
interference filters, one for each grating order, are plde=ide each other in the focal
plane, such that one part of the spectral field of view costéie 11th order with the
Sr line, the other part the 12th order with the Ca line. Thelteg) image, which now
contains the two lines side by side, is reimaged by a teléceleinse system on the
ZIMPOL CCD camera.

Figure 3 shows the result of a test recording. ThHeative exposure time was
20 min, with the spectrograph slit parallel to the limb néwr N pole aju = 0.15. On
the left side of Fig. 3 we recognize the intensi®y,l, andV/| Stokes images of a 1.9A
wide spectral band around thei@i607 A line. The spatial field of view (length of the
vertical axis) is 180 arcsec. On the right side we see the stiees images for the
spectral region around the €4227 A line. Note that the two lines are recorded with



6 Bianda et al.

L 11

v/

Figure 3.  Simultaneously recorded Stokes images of thasitieQ/I, andV/I in
two different grating orders. The spectral band to the left showSth4607 A line

with its strongQ/I peak, while the spectral band to the right with ther@a27 A
line shows to the left of the line core the prominent br@yd polarization band in
the blue wing, which is immune to the Hanlfect and therefore will serve as an
ideal reference, with which the measured strontium padéion will be normalized.
The spatial field of view along the slit is 180 arcsec.

the same exposures, as explained before. They shoulddrerepresent the identical
regions on the Sun, with identical limb distance and atmesptseeing.

The Zeemanféect only shows up in th¥/l images, but is too weak to be visible
in the linear polarization (transverse Zeeméieet). Therefore everything that we see
in the Q// images is due to scattering polarization. The spatial tiaria in the Ca
line core are exclusively due to the Hanleet.

The profiles that are shown in Fig. 4 represent an averageadM@arcsec segment
of the upper portion of the Stokes images (from 108 arcset 7@icsec along the scale
that goes from 0 to 180 arcsec). While the core peak of the@ & profiles is sensitive
to the Hanle #&ect, the dominating broad peak in the blue wing is not. Sih¢enot
affected by the presence of magnetic fields, it should not vatly thie phase of the
solar cycle or with heliographic latitude. Therefore thaeblving peak is ideal as a
reference for the Stmeasurements. The dimensionless measure that is formed whe
normalizing the Srpolarization amplitude with the Gdlue wing amplitude is insen-
sitive both to errors in the exact limb distance of the obstions and to subtle drifts in
the instrumental polarization scale over solar cycle ticaes. Any variations seen in
this dimensionless measure can therefore safely be ietegbin terms of variations in
the magnitude of the Hanle depolarizatidieet, i.e., to variations of the turbulent field
strength.

Some instrumental improvements are still needed to optirthiz setup. As the
solar image on the slit jaw plane of the Gregory Coudé telescotates, we need an
image derotator to keep the desired solar limb parallel ¢osihectrograph slit. The
presently used derotator is a Dove prism, which therefose dmomatic properties.
For certain orientations of the prism the two images of tHarsmage in the Sr and
Ca colors are shifted along the slit relative to each othdtholgh this shift is quite
small (typically less than 1.5 arcsec), itfaet needs to be monitored. As alternative we
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Figure 4.  Stokes line profiles obtained by averaging over ard€ec section of
the spectrograph slit in the images of Fig. 3. The observablee used for the
synoptic program is the ratio between the amplitude ofQlepeak of the strontium
line (left panel) and the amplitude of the blue wing of thecaah line (right panel).

This dimensionless observable is insensitive to errorgerimb position and subtle
drifts of the polarization scale and will only exhibit vai@ns if the strength of the
turbulent field really varies.

are preparing a derotator based on three mirrors, whichdaglirhinate the chromatic
problems.

5. Conclusions

We are continuing the ongoing synoptic program to searctpéssible variations of
the turbulent magnetic field based on thg iBolecular lines around 5140 A. The al-
ready published results from the observations done in tassy#008-2010 (Kleint et al.
2010b, 2011) lead to a turbulent field strength @f ¥ 0.8 G only, and they reveal no
significant variations of the turbulent magnetic field dgrthe minimum phase of the
solar cycle. Observations done during the previous solairman for the Atlas of
the Second Solar Spectrum (Gandorfer 2000) indicate tleautoulent magnetic field
during the maximum cycle phase could béelient from the field during the minimum
phase. Our preliminary results for the time interval 20002, still close to the mini-
mum but with increasing solar activity, fail to reveal a e¢lehanging trend. The definite
analysis of the data will be published in the near future.
The above results are based on analysis of tfierdintial Hanle fect in optically

thin G, lines, which are formed almost exclusively in the interibthe granulation cells
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(Trujillo Bueno et al. 2004) and therefore do not accounttfar field concentrations
in the intergranular lanes. In addition, the turbulent fistcengths that are derived
from the G measurements are smaller by approximately an order of magnthan
those derived from Hanle depolarization measurementsamiatlines like the Sr
4607 A line, which get their contributions from both the larand the cell interiors.
This indicates that the bulk of the turbulent magnetic flulocated in the intergranular
lanes (Trujillo Bueno et al. 2004), and therefore that thibulent field that is sampled
by the optically thin G lines is not representative of the spatially averaged ptigse
of the field. The key to the question about the cycle varigbié therefore expected to
be found with the atomic lines and not with the optically thinlecular lines.

The ideal atomic line for this purpose is ther8607 A line, but the dficulty has
been that it is spectrally isolated without good polariziefgrence lines in its spectral
neighborhood. Since it is technically not feasible to perf@bservations with a well-
defined limb distance and polarization scale that can bedapstant over solar cycle
time scales with the needed precision, a Hanle synopticraneds only feasible by
the application ofdifferential techniques. We need a reference polarization signature
that can be assumed to be invariant with the cycle phase, hiothWwas nearly the same
center-to-limb variation as the strontium line that is usediagnose the turbulent field.

By a fortunate circumstance the ideal reference signatiueehlue wing of the Ca
4227 A line, has a wavelength ratio relative to the 07 A line that is very near the
rational number 1/12. The blue wing of the calcium line is ideal because it has th
largest scattering polarization amplitude in the wholéblésspectrum, and it is not af-
fected by the Hanleftect and therefore immune to cycle-varying magnetic fields. W
can record the 4227 A line in the 12th grating order simulbaisey with the 4607 A
line in the 11th order with the help of two square-shaped resdparating interference
filters placed side by side in the spectrograph focal plasiaguhe ZIMPOL-3 camera.
By forming the ratio between the amplitudes of the strontiuma and the blue wing of
the calcium line, we get a dimensionless measure of thelembfield that is insensitive
both to errors in the limb distance and in the polarizatioalesc Any cycle variations
of the turbulent magnetic field will be reflected in variasoof this dimensionless mea-
sure. We therefore intend to start such a synoptic Hanleranodor the Sr 4607 A
line to be carried out in parallel with the ongoing programtf@e G molecular lines.

One of the main scientific questions that the described simppograms will an-
swer concerns the existence and role of a local solar dynaimioh does not contribute
to the solar-cycle variations of the magnetic field but isjectured to be responsible
for ubiquitous small-scale structuring of the field. Altlybuit has been shown that the
bulk of the magnetic flux at all resolved scales, down to theode 200 km scale, is
supplied by the global dynamo, a local dynamo is needed ttaiexghe vast amounts
of “hidden” turbulent magnetic flux with strengths in exce$$0 G that has been re-
vealed by observations of the Hanle depolarizatifieat in the Sr 4607 A line (cf.
Stenflo 2012a, and the contribution by Stenflo to the preselYBproceedings). The
temporal variation of the turbulent field that we will find Wibur strontium Hanle pro-
gram may be decomposed into a constant part and a fluctuatimganent (with zero
minimum). While the fluctuating component cannot have alldgaamo as its source,
the constant component will most likely have such an originpresent our @ synop-
tic program indicates that a turbulent field with a strendthtdeast 7 G may be due to
a local dynamo. However, the main question concerns theenaftthe much stronger
fields that have been indicated by the previous @rservations. Any cycle variation
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of these fields must come from the global dynamo and pile upeasinallest scales
through the turbulent cascade, whereas the cycle-indepermdmponent cannot have
such an origin but needs a local dynamo. The Hanle synoptigram with the stron-
tium line is therefore expected to clarify the role that thedl dynamo may play on the
Sun.
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