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Abstract. We analyze a time sequence of Inter-Network (IN) magnetograms observed at the solar disk center. Speckle recon-
struction techniques provide a good spatial resolutidd @utdt frequency) yet maintaining a fair sensitivity (some 20 G).
Patches with signal above noise cover 60% of the observed area, most of which corresponds to intergranular lanes. The large
surface covered by signal renders a mean unsigned magnetic flux density between 17 G and 2% G (bGcm™2). The

difference depends on the spectral line used to generate the magnetogran@s(2e5 A or Fa 16301.5 A). Such systematic
difference can be understood if the magnetic structures producing the polarization have intrinsic field strengths exceeding 1 kG,
and consequently, occupying only a very small fraction of the surface (some 2%). We observe both, magnetic signals changing
in time scales smaller than 1 min, and a persistent pattern lasting longer than the duration of the sequence (17 min). The pattern
resembles a network with a spatial scale between 5 and 10 arcsec, which we identify as the mesogranulation. The strong depen-
dence of the polarization signals on spatial resolution and sensitivity suggests that much quiet Sun magnetic flux still remains
undetected.
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1. Introduction Faurobert-Scholl et al. 1995; Bianda et al. 1999; Shchukina &
Trujillo Bueno 2003).

Little is known about the physical properties of these fields
magnetic flux, distribution of field strengths, structure, degree
concentration and tangling, relationship with the fields in the
romosphere and corona, etc.). The observational studies are

Most of the solar surface appears msn-magnetidn tradi-
tional magnetic field determinations (e.qg., in the full-disk Kitz
Peak magnetograms; Jones et al. 1992). This so-celiest
Sundoes not produce enough polarization to show up in R
measurements. However, such lack of detection does not impl - ! ) .

| exploratory, aiming at setting up the scene. With this gen-

the non-existence or irrelevance of the quiet Sun magnetism. o
d 9 ral purpose, we have observed the magnetic fields of an Inter-

On the contrary, the limited sensitivity of the standard magn% K (IN : ith d | Ui t mai
tograms and the large area covered by the quiet Sun point oSEW‘“ ( .) region with good anguiar resolution, yet main-
ining a fair sensitivity. The study refers to low flux features

that traditional measurements may easily overlook a large frfg%-

tion of the solar magnetic flux. With various flavors and shadés t_he interior of a ne_twork cell, gxcludmg networ_k patches for
ch an extensive literature exists (e.g., Solanki 1993; Stenflo

this argument has been put forward many times during the p 4). IN magnetic fields were already discovered in the sev-

fifty years (e.g. Unno 1959; Stenflo 1982; Zirin 1987; Yietal. ™. . ) .
1935/3%/; Sa’nc(hegz Almeida 1998, 2003). If the conjecture werghties (Livingston & Harvey 1975; Smithson 1975). During the

correct and the quiet Sun carries a sizeable fraction of the last decade, with the new observational and diagnostic capabil-

o : o . ities, these IN fields have received increasing attention. So far
isting magnetic flux, then weak polarization signals should ap-""" . . .
g mag P 9 né ly a fraction of the IN field has been detected. This conclu-

ear upon improvement of the sensitivity of the magnetogramis. . o
P b P y 9 g slon follows from the presence of unresolved mixed polarities

Such weak signals are actually observed thanks to the last ge . . )
9 y %Hel” angular resolution observations (e.ganghez Almeida

eration of solar spectro-polarimeters. When the noise is in s : . -
few G level and the angular resolution abotit hen most of et al. 1996; &nhchez Almeida & Lites 2000; Lites 2002). The

the solar surface becomes magnetic (e.g., Grossmann-Do&Hh"Y 9f polarities reduces the pc_;lanzqﬂon, making the IN
et al. 1996; Lin & Rimmele 1999 Lites 2002). In addition,magnet'c structures fllicult to identify. It is therefore to be

Hanle depolarization measurements of chromospheric ”neg%oected that more lacations with magnetic fields will be de-

N P - tected when increasing the spatial resolution. Some of the re-
Iso indi he presen f an ubiqui magnetic field (e.d. . o , : -
also indicate the presence of an ubiquitous magnetic field (e ht observational studies find IN fields having magnetic field

Send gprint requests tol. Dominguez Cerded, strengths substantially lower than 1 kG (Keller et al. 1994;
e-mail:ita@uni-sw.gwdg.de Lin 1995; Lin & Rimmele 1999; Bianda et al. 1998, 1999;
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Khomenko et al. 2003). On the contraryffdrent observing LORET
and interpretation techniques indicate the existence of strong
kG magnetic fields (Grossmann-Doerth et al. 1996; Sigwarth
et al. 1999; @hchez Almeida & Lites 2000; Socas-Navarro 0.87
& Sanchez Almeida 2002). The inconsistency could be cured
if the IN regions present a continuous distribution of field
strengths. Depending on the specificities of the diagnostic tech- 0.6
nique, one is mostly sensitive to a particular part of such dis- v I
tribution (see Cattaneo 1999af¢hez Almeida & Lites 2000; = I L : i
Socas-Navarro & &ichez Almeida 2003). Lifetimes of IN fea- 04+ '} : : ‘f R
tures have been measured to be between 0.2 to 7.5 hours i : 1
(Zhang et al. 1998). Improving of the angular resolution and ca-
dence reduces the lifetimes, which come down to a few minutes
(Lin & Rimmele 1999). Such combination of short lifetimes
with the large flux content makes IN regions a veffaient
system to process magnetic fields, orders of magnitude more ool . .. L
effective than both active regions (upliftingx710°* Mx day* 1.0 15 50 55 30
during the maximum of the cycle, Harvey-Angle 1993) and '  A—6300 B ' ’
ephemeral regions-6 x 107 Mx day !, Hagenaar 2001).

Here we measure several basic physical properties of ffig. 1. Comparison between a Stokieprofile from our flat field data
IN fields. The novel side of the study lies in the good spaopen circles) and a reference solar spectrum before (dotted line)
tial resolution of the time series of magnetograms on whi@hd after (solid line) convolution v_vith the FPI band-pass function
the measurements are based5)0 The observations are pre{FWHM 44 mA). The wavelengtl is referred to 6300 A, and the
sented in Sect. 2. Then Sect. 3 describes how the high spa%fgf(eg profiles are normalized to the continuum intensity
resolution is obtained by speckle reconstruction, and how the
magnetograms are produced from the reconstructed spectro-
polarimetric maps. We analyze in detail the best snapshot
the sequence to characterize the properties of the IN fie
(Sect. 4). The complete series allows us to study the time e
lution of the magnetic signals (Sect. 5). In order to assess
reliability of our conclusions, we analyze in detail the consi . ) i :
tency of the results, both internally and when compared wi eas of the CCD2 (for details, see Fig. 1 in Koschinsky et al.

previous measurements (Sect. 6). Some of the results prese %l; Koschms!<y 2001). The FPI allows to scanin wavelength,
~ taking several images per wavelength position. We select a

2,?;?. \Evze(;g;;llready advanced in a letter by Dugniez Cerdea spectral region aroung6302 A, which contains the iron lines
Fer 16301.5 A (Land'factorg, = 1.67), Fer 16302.5A ¢ =
2.5), as well as the telluric line £16302.8 A. The FPI wave-

2. Observations length step was set to 31.8 mA, whichflices to sample the

) ) ) ) telluric line (5 wavelengths, with 2 images per position), and
The observations were obtained with thet@igen Fabry- he two Fa lines (14 positions each, with 5 images per posi-

Perot Interferometer (FPI), which is a post-focus instrumefidpy). The dots in Fig. 1 indicate the exact wavelengths. A full
of the German Vacuum Tower Telescope of the Observatoge, with the properties described above renders 150 images,
del Teide (Tenerife, Spain). The target was a very quiet Sun {gich is the maximum number allowed by the acquisition sys-

gion near disk center, which was selected usiagand video e Each scan lasts 35 s, plus 15 s needed for storage ontc
images to avoid contamination from network magnetic CORarq disk.

centration. The optical system derives from the early work The FPI was adjusted to yield a band-pass of 44FkAHM
by Bendlin et al. (1992), Bendlin (1993), and Bendiin &c \\viih Haif Maximum). This finite wavelength resolution
Volkmer (1995). Its present setup is described in Koschlnsr])(odiﬁes the spectrum. Figure 1 shows the mean Stbkee-

etal, (2001)'. Itincludes two (?’CD cameras, operating SIMYie in one of our flatfields, together with the spectrum of the
taneously, with an exposure time of 30 ms. Both CCDs hay, . .
isk center as published in a standard solar atlas (Brault &

384 x 286 pixels, each pixel being’0 x 0’1 on the Sun, i .

. A Neckel 1987; quoted in Neckel 1999). Note the good agree-
which corresponds to half theftfaction limit of the telescope ent between?)ur spectrum and the ailas smeareg with tr?e the-
at the working wavelength. The broad-band camera (CCDTr) .

. ) . ; - oretical band-pass of the FPI.
images the field-of-view (FOV) through an interference filter ) ) )
(band-pass-100 A, centered at6300 A). It provides the so- The data used in the work belong to a short time series

called speckle image, needed for the speckle reconstruct®§r?0 scans taken in April 29, 2002. The cadence was some
50 s, so that the series spans 17 min. The seeing conditions

! Further evidence showing that the data belong to an IN region wiere particularly good, with a Fried parameter deduced from
be presented below. the speckle reconstruction between 13 and 14 cm.

0.2r *

@lect. 3.1). The second camera (CCD2) gathers narrow-band
Images whose wavelength is selected by the FPI. This second
am includes a Stok&sanalyzer, which separates the left and

gi_g t circularly polarized components of the light intdfdrent
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3. Data analysis <01 0.5" 0.25"
1.0F

3.1. Speckle reconstruction of the narrow-band
images

0.8 a

The reconstruction of the FPI narrow-band images is a two- 0.6 a
step process, which begins by reconstructing the broad-band ¢ 4 |
images. Using the 150 broad-band images taken in CCD1, one I
is able to obtain a reconstructed image with a spatial reso- 0.2 [
lution close to 025. The Gttingen code for speckle recon- o ©
struction is used as described in de Boer et al. (1992) and de
Boer (1996). We use the spectral ratio method (von derel"

1984) to derive the seeing conditions and the amplitude cor-
rection factors. The speckle masking method (Weigelt 1977;
Weigelt & Wirnitzer 1983) then provides accurate phases at

high spatial frequencies. The narrow-band image reconstriic- -
tion was carried out using the code by Janf3en (2003), whichwe -8
employ after minor modifications. This code implements tﬁjgo i
method of Keller & von der uhe (1992). The instantaneouso
Optical Transfer Function is obtained from the instantaneous
broad-band images assuming that the broad-band speckle re-
constructed image is the true scenery. Its Fourier transform is
denoted b)éb, where the hat indicates that we deal with an es- |
timate. Under this assumption, one can writedownanequation —12 L. .. ... 0000 Y SN
that yields the Fourier transform of the reconstructed narrow- 0 1 2 3 4 5
band image), as a function of known quantities, name@, Frequency [1/arcsec]

and the Fourier transforms of the individual broad-bkyjcind
narrow-band, ; images,

10 -

Fig. 2. Filters and power spectra involved in the process of image
restoration.a) Solid line: noise filter applied to the series of indi-
2j In,]-II;j . vidual frames that give rise to each restored image. Dashed line:
= W b- (1) optical transfer function for a long exposure image with EWHM
j1ib.j seeing.b) Dotted line: power spectrum of the broad-band image.
The sums comprise all the images taken for a given wavelend?ash-dotted line: power spectrum of the narrow-band continuum
H represents a noise filter, and the superserigenotes com- 'mage processed with the noise filter. Solid line: the narrow-band

plex conjugate. All the symbols in Eq. (1) are functions of th%ontinuum image after smoothing. Dashed line: power spectrum of
the narrow-band continuum image considering long exposure seeing.

spatial frequency (not explicitly included). Equation (1) Pros quencies are given irfakcsec. The corresponding periods are also

vides the base for the reconstruction technique. It derives, aps%r n on the upper bound of the plot

from the noise filteH, from a least-squares fit that minimizes
the merit function

n

lected because it is not far from the values provided by the op-
R timum filter, and it still renders a good angular resolution. To
with respect toOn. The instantaneous Optical Transfefurther suppress the noise, the final narrow-band images were
FunctionS; has to be replaced by smoothed with a % 5 pixels boxcar. Figure 2 shows azimuthal
loj averages of various power spectra that take part in the pro-
Sj=—=; (3) cess of speckle restoration. Note, in particular, how the broad-
Op band image has power up to a spatial scale equivalents,0
see Keller & von der Lhe (1992), Krieg et al. (1999), orwhereas the corresponding power spectrum of the narrow-band
Koschinsky et al. (2001). image drops fi beyond 05.

The noise filteH is usually an optimum filter calculated ac-  Figure 3 shows a reconstruction. The axes are in arcsec so
cording to the signal (e.g., Krieg et al. 1999). However, the sitihe FOV corresponds to ¥4x 23”. Figure 3a contains the
nal depends on the wavelength within the spectral line, whibnoad-band image. The contrast of this image turns out to be
would produce a noise filter varying along the wavelength sca.5% (by definition, the contrast is the standard deviation
and, consequently, a spatial resolutioffatient for diferent of the intensity in the image normalized to the mean inten-
wavelengths. In this study we need to assure the same 1E8f). Figure 3b shows the continuum intensity of the narrow-
olution for all wavelengths since the reconstructed imageshksnd reconstruction. In this case the contrast drops to some
different wavelengths are combined to form individual spectrg. Figure 3c is the intensity at the core of IF&6302.5 A.

For this reason we use a single noise filter which equals one limsidentally, the latter image provides yet another evidence
til the spatial frequency corresponding ttB) and then it drops supporting that the observations correspond to a very quiet Sun

IE] = Z(énsj —Inj)- (OZST =15 (2) tozero from this point on (see Fig. 2). TheS0cutdt was se-
i
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0O 2 4 6 8 10 12 14

Fig. 3. Example of reconstructioa) Broad-band image (spatial resolutiefi’ 25).b) Narrow-band continuum image (spatial resolutidd?5).
c) Intensity at the core of Fe16302.5 A. The axes are in arcsec.

region. Network concentrations show up as conspicuous bright By= 756
points at line core images (e.g., Sheeley 1967). 0.01 I
: A

3.2. Stokes | and Stokes V profiles -0.01 i 8 gl
The restoration process is carried out independently for the two B e e
images corresponding to the right and left circularly polarized o1 , ]
beamsS; andS,. Once the restoration is completed, we cong o i 7 x/\ 4 |
pute the Stoke$ and Stokes/ profileg by adding and sub- >
tracting the two images at each wavelength, -0.01 I B.— 80C
V x5 -5, A B,= 67G B= 650G

| «Sy+Ss. (4) 0.01 ]
This task demands a careful superposition of the beams, which g , /\7/\ -+ ]
we carry out after sub-pixel interpolation. An example of a oot | |
Stokesl profile is included in Fig. 1. Several StoKeégrofiles ' Buy= 64G

are shown in Fig. 4.

~100 0100 100 0100  —100 0 100
A=A, [mA]

3.3. Magnetograms and their calibration
ig.4. Set of representative Stokas profiles of Fa 16302.5 A.

Magnetic flux densities are computed starting from the WeE’espite the noise, deviations from the anti-symmetric shape are ev-

k”QWV! magnetograph eq_uat'_on' which relates the circular F?Qént. (The large plus signs point out the origin of abscissae and or-
larizationV and the longitudinal component of the magnetiginates.) we do not know which fraction of these asymmetries is real
field B (e.g., Unno 1956; Landi Degl'Innocenti 1992), and which results from contamination with Stoke®Vavelengths are

in mA off line corely. The polarization signals have been normalized

V(1) = C(1) B, (5) : ; . . . ;
) to the continuum intensitlt. The flux density assigned to each profile
with d is included for reference.
(1
c() = k50D, ©)

2 The termStokes profileslenotes the variation with wavelength of The symbols4, 4o and g, stand for the WaVe|er,19th, the
the four Stokes parameters. In the present work we only deal with @@ntral wavelength of the line, and thffeztive Land' factor,
intensityl and the circular polarizatiow. respectively. When Stokeg and | have the same units, the
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constank is equal to-4.67 x 1072 A-1 G1. We apply an A second source of errorffacting B is due to the con-

independent calibration to each position of the field of vieuamination of the polarization signals with intensity. Following

First, the derivative of Stokdsrequired to evaluate the calibrathe procedure described in Sect. 3.2, spatially restored spectra

tion constan€(1) is computed numerically. Then, we select thproportional tol + V andl — V are obtained for each point on

wavelengths of the two extrema of the derivative, plus the twbe solar surface,

wavelengths immediately adjacent to each one of them. The _ f
. L o = f, (1 +V)/2,

selection renders six independent wavelength positions wﬁﬁ_ f, (1 = V)/2 (11)

C(1) # 0 where Eq. (5) could be applied to estim&eEach ~2~ 2 ( :

wavelength gives a fferent value, so we chosebast estimate The circular polarization is estimated by subtracting them out

solving Eq. (5) by lest-squares. This procedure defines dag. (4)),

estimate of the flux densitie, V=S-S5, (12)
o ZjV(/l,-)C(/l,-). @) This would yield the true sola¥ signal if f; = f, = 1.
i C3(4) However, due to the uncertainties of the reduction procedure

Th ders the si | h lection | (e.g., normalization to the continuum intensity, iffezient flat-
e sum considers the six wavelengijswhose selection Is fielding, non-linearities of the cameras, instrumental polariza-

described above (see also the square symbols in Fig. Bt n induced by the telescope. etct £, andV is contami-
Obviously, if the observed Stokes and V profiles follow é1ateld bl;/ the in}f[ensity prsofilg et # T2 'S !

Eqg. (5) thenBes = B. In practice this is not the case, an
an extensive literature discusses various bias resulting frgm. v/ . f1—fo I (13)
the break down of the magnetograph equation (refer to, e.g., 2
JeTeries & Mickey 1991; Keller et al. 1994; Graham et alSinceV < I, the crosstalk with intensity seriously threatens the
2002). Here we need to consider the main bias arising wheelarimetric accuracy of the measurements. Equation (7) was
the magnetic structure is much smaller than the resolution eflevised to automatically correct for this crosstalk, at least to
ment, mostly filled by unmagnetized plasma. In this case, first order. One can estimate the residual error due to crosstalk
with intensity as follows. Equations (7) and (13) lead to
AB fi—f
a being the fraction of resolution element occupied by the oth- 2
erwise uniform magnetic structure. According to Eq. Bk with Bego the flux density to be retrieved if there were no
turns out to estimate the magnetic flux across the resolution@lesstalk, and\ B characterizing the bias,
ement Q|V|ded by t_he area of the resolution element (i.e., the 2;1(1)C)
magnetic flux density). AB = > .

Two main sources of noise limit the precision of the flux 2 CA)
density derived from Eg. (7). The measure fieated by the Note thatAB only depends on the intensity. We have estimated
random noise of the Stok&sspectra. We estimate its influenceéts value using a mean quiet Sun profile smoothed and sam-
applying the law of propagation of errors (e.g., Martin 1971) fgled to mimic the observational proceduréa ~ 150 G

Ber = B, (8)

eff = Best — Bero = AB, (14)

(15)

Eq. (7),i.e., for Fer 16301.5 A and~120 G for Fa 16302.5 A. Keeping
) in mind that the crosstalkf{ — f;)/2 has to be smaller than
ABZ; = Z [C')Beff/C"V(/lj)] AV(1))?, a few per cent (otherwise the contamination would exceed

i the real Stoked signals), the bias induced by the crosstalk
with intensity AB (f; — f;)/2 is at most a few G. This
~ AV?/ Z C%(1)), (9) figure is negligibly small compared to the error produced by
i random noise (Eqg. (10)). Should we had usedfted@nt pro-

. . cedure to measurBgg, the bias would be unbearable. For ex-
where one assumes that the noise of thferknt wavelengths ample, using only one wing of the linkB ~ 3.5 x 10° G for

AV(/,li) is indepeqdent but h"’_‘S the same vgriamvé. We have rer 163015 A, which render&Bes ~ 70 G for a 2% crosstalk
applied the previous equation to all individual profiles. Th& f - £,]/2 = 2 x 10°2). The huge dference with respect to

mean values of the errors are our procedure is due to the cancellation of positive and negative
ABer ~ 23 G for Far 16301.5 A contributions in Eq. (15) when the two wings are considered.

ABer =~ 17 G for Far 16302.5 A (10)

TheAV required to evaluate Eq. (9) was set toB2 |, | be- 3.4. Velocities

ing the continuum intensity. This figure was estimated from thfe brief discussion on the velocities associated with the mag-
standard deviation d¥ as a function oft whenBgs becomes netic signals is included in Sect. 4.3. These velocities are com-
zero. Explicitly, the standard deviation of all observed spectpated as the wavelength of the minimum of a parabola that fits
was represented versBgy. Such scatter plot gives a non-zerahe core of the Stokdsprofiles. The zero of the velocity scale
StokesV standard deviation fdB.s = 0. This value is used for is set by the mean velocity across the full FOV, so itffeeted

AV. by the convective blueshift.
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3.5. Time series 150

We analyze the time variation of the magnetic signals (Sect. & 100

In order to produce a movie from the individual speckle r¢

constructed magnetograms, the individual snapshots of the 50

ries were co-aligned allowing for a global shift among the .

Such displacement is computed by minimizing thffestenc Z,

between the successive broad-band images of the time se 0 g

The mean broad-band image of the series constructed in £=° =

way has a contrast of the order of 7%. This figure has to —20

compared to the contrast of the best image in the series, wh

is some 12.5% (Sect. 3.1). -100

4. Results 190
Fig. 5. Magnetograms from Fe16302.5 A (left) and Fe16301.5 A

4.1. Mean flux density of the magnetograms (right). The signals below the noise level are set to zero. Dark and light

. . ._represent dferent polarities, as coded in the vertical bar. Tick marks
Figure 5 presents two simultaneous magnetograms taken in the
. . ) are’separated by 1 arcsec.
two iron lines. (They correspond to the snapshot of the time se-

ries having the best angular resolution, which is the one that we _ _ ) ) )
analyze in detail.) They exhibitsalt and peppepattern with NOt€ thaBer < |Beql, which probably constrains the physical

patches of opposite polarity in close contact. Approximatel echanisms responsible for _the observed_ magnetic stru_cture
60% of the FOV contains polarimetric signal above noise ({{1€y have to create large unsigned magnetic fluxes and, simul-
one of the spectral lines. This large area coverage, togetieously, low signed fluxes). This constraint is probably even

with the fair magnetic sensitivity of the measurements, yield&0re severe than the values inferred from combining Egs. (17)

more magnetic flux than any previous observation of the pHdd (18), since we cannot discard systematic errors of a few G
tospheric IN magnetic fields (Sect. 6.2). In order to quantiffiectingBer (see, e.g., Sect. 3.3).

the amount of flux, we have evaluated the mean unsigned flux

density in the observed regioBes, 4.2. Magnetic field strengths and filling factors

— 1 i The polarization signals obtained from the two spectral lines
[Ber! = N Z [Begt: (16) are correlated (see Fig. 5). However, the magnitude offtke-e

' tive flux density of F& 16301.5 A Be;(6301), is systematically
where the sum includes only those pixels with signal abolgfger than the féective field derived using Fe16302.5 A,
noise in one of the spectral lines, afdrepresents the total Ber(6302). The diterence is inferred from mean fluxes (e.g.,
number of pixels in the FOV|Beg| is the averagiBes| over the from Eq. (17)), since the noise prevents conclusions based on
FOV once signals below noise are set to zero.) The result of individual measuremeritsWe calculate the mean excess of

computation yields Ber(6301) with respect t8e4(6302) by means of a lest-squares
fit that accounts for the errors of bdB;(6301) anBe;(6302).
B = { 21 G for Fer46301.5 A; (17) We only consider flux densities above noise. Our best estimate
17 G for Fer 16302.5 A. is
These mean flux densities are weakfieated by the noise of Beg(6301) Be;(6302)~ 1.25+ 0.14. (29)

. - . | - T _
the |nd|V|d_ua_IB_eﬁ ' smc_e| Beg| results from the average of thou The error bar correspondsto the standard 68% confidence level,
sands of individual pixels. The fact that we average absolute; -, . . . .
values and the use of a threshold do not modify this argume"’rl{%d It s worked out in Appendix A, wher_e we al_so reject

thé hypothesiBe;(6301) = Be(6302) with high confidence.

We carried out Monte-Carlo simulations that show the rObUﬁIﬁe 25% systematic flerence can be easily interpreted if the

ness of the estimates (17). Using the full magnetograms (in-: I .
i ; o . intrinsic magnetic field strengths of the structures that give
cluding dfective flux densities below the noise), we added ran- ; .
; ) . : ; rise to the signals in the magnetograms exceeds 1 kG. Should

dom Gaussian noise according to our estimate of the noise Iet

e g S
(Eq. (10)). The application of the definition (16) tdfidrent re- e magnetic fields be intrinsically weak (say, a few hundred

Sy . . G), the magnetograph equation holds since the basic condi-
alizations of magnetograms with mock noise renders the sa S . - .
ions for the approximation to be valid are satisfied. First, the

mean flux densities within a fraction of one G.
We have also computed the mesaagnedmagnetic fluxden- 2 The error of the ratio based on the observations in a single pixel
sity for the magnetograms in Fig. 5 (with a definition similar t& A[Be;(6301) Be;(6302)] ~ 30 G/|Be;(6302), which follows from

the unsigned flux Eq. (16) but usirﬁ:'eff instead 0f||3ieff|)_ It the law of propagation of errors, Eq. (10), and the ratio fiéative

turns out to be, fluxes that we will infer (Eq. (19)). SindBe(6302) < 150 G, then
A[Ber(6301) Be(6302)] > 0.2, which does not sfice to detect the

= {+2 G, forFer16301.5A; (18) ratio (19). One needs to average over many pixels to distinguish the

B . .
o +3G, for Fer 16302.5A. ratio from unity.
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Zeeman splittings of both Ae16301.5 A and Fe 16302.5 A

are smaller than the Doppler width of the lines. Second, the
magnetic fields are dynamically weak, and they cannot mod-
ify the thermodynamic conditions with respect to those in the
un-magnetized atmosphere. Even if one does not spatially 8-
solve the magnetic structures, the calibration constants de-2
rived from the observed Stokdsare valid, Eq. (8) applies,
and Bg;(6301) Bet(6302) = 1. Consequently, the fact that the
observed ratio (19) ¢liers from one implies the existence of
strong fields. These qualitative arguments, in the spirit of the
line-ratio method of Stenflo (1973), were already put forwarg;
by Socas-Navarro & &lchez Almeida (2002). The arguments
can be made quantitative computing the ratio fééetive field
strengths in dferent model atmospheres whose intrinsic field
strengths are known. We have carried out such calibration, and-f
the details are given in Appendix B. The ratio @ifective mag-
netic field strengths versus the intrinsic field strength is com-
puted in a variety of atmospheres (Fig. B.1). Two main result$
arise from this calibration:

— the observed ratio (19) indicates the existence of magnetic
fields larger than 1 kG in the photospheric layers where the
observed polarization is formed. More precisely 906G
B <1600 G when 11 < Bes(6301)Bey (6302) < 1.4; 5

— the fact that the ratio (19) corresponds to kG fields is al-
most insensitive to the details of the model atmosphere.
This property was expected according to the qualitative
arguments given above.

Note that these conclusions do not discard the existence of
sub-kG magnetic field strengths in our data. Despite the fa6t
that thecharacteristicfield strength seems to be kG, the scatter , 5 4 6 8 10 12 14
among the individual ratios is very large. Consequently, there ) o
are many individual points whose ratio can be unity or Sma||5|g.6. Speckle reconstructed broad-band image overlaid with the

. . . . . . ~ ._magnetogram of Fe16302.5 A with contours aBes = +30, £50,
\é\{[?é(;]fgtﬁgcordlng to the calibration above, implies sub-kG flei 0, and+90 G. The solid and dotted contours indicate opposite po-

e L. larities. The distance between tick-marks is 1 arcsec, as indicated by
~ Structures with intrinsic kG magnetic field strength showpe |apels of the axes. The arrow points out an isolated bright point
ing 20 G flux density have to occupy only a small fraction ofjithout associated polarization signal.

the solar surface. The simple 2-component model allows to
estimate the area coverage or filling factor. The filling factor
is just the ratio betweenfiective and intrinsic field strengthswe ysel. = 0’5 = 363 km,B = 1 kG, andBe; = 40 G, the

(Eq. (8)). If B ~ 1 kG then latter being the typical value of the signals above noise in the

magnetograms of Fig. 5.
o ~ Byi/B ~ 20 G/1000 G~ 0.02 (20) Madnetog 9

Only 2% of the solar surface produces the observed signal. W& spatial distribution and brightness of elements
observe them to cover 60% of the FOV because of the limited ;ith magnetic signal

spatial resolution of the observations. One can also employ the
same order-of-magnitude calculation to estimate the Isefe Figure 6 shows the speckle reconstructed broad-band image
the magnetic concentrations.Nf magnetic concentrations oc-and, overlaid to it, the Fe26302.5 A magnetogram. Most of

cupy a resolution element of site then the magnetic fields are located in intergranular lanes. This ten-
dency has been observed before (Lin & Rimmele 1999; Lites
a~ (I/L)°M, (21) 2002; Socas-Navarro 2003) and is expected from numerical

simulations of magneto-convection (e.g., Weiss 1978; Cattaneo

which, together with Eq. (8), renders 1999; \Wgler & Schissler 2003). However, some magnetic

75km forM=1: field signals are also found in granules, in agreement with the
| ~L+/Bet/(MB) ~{ 25km forM =10: (22) observations of Stolpe & Kneer (2000) and Koschinsky et al.
10km forM =50. (2001). This bias of the magnetic signals towards intergran-

ules is also evident from the inspection of Fig. 7, which
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Fig. 8. Left: magnetogram of the region showing only strong signals,
explicitly, flux densities above 50 G. The rest is set to zero. Note the

ol ‘ ‘ ‘ ‘ ‘ regular pattern with a size similar to the- 50" scale of the meso-

- ‘ granulation (tick-marks correspond to 1 arcsec). Right: mean magne-
08 09 1.0 1.1 12 -2 - 1. 0 1 . R togram of the time series, which still shows a pattern similar to that
I, Velocity [km s™'] of the single snapshot. In this case we set to zero those flux densities

Fig. 7. Histograms of continuum intensitieg and velocitiesb) for below 25G.

pixels with magnetic fields above the noise level (the solid lines) and
below the noise level (the dotted lines). The intensities refer to the
mean intensity, and the average velocity over the FOV is set to zero. \We have found magnetic structures that typically harbor
We adopt the convention that redshifts are positive. The histograps magnetic fields. According to the common wisdom, they
correspond to Fe16302.5 A. should be bright in broad-band images. The presence of a kG
field reduces the density of the magnetized plasma and thus
lowers the opacity with respect to the ambient atmosphere.
One sees deeper through the magnetized plasma which (usu-
contains histograms of the distributions of continuum intensitly) means observing hotter layers that produce more light
ties and velocities. The figure displays both, pixels with signalsften called hot-wall fect; Spruit 1976). Except for a few
above noise (the solid lines), and below noise (the dotted linegases (e.g., bright points at’B, 22’1, [12”, 1”], or [8”, 10"]
Some 65% of the magnetic signals ofi86302.5 A are darker in Fig. 6), we do not see bright points associated with the mag-
than the mean intensity, which indicates association with intgjetic signals. Moreover, the intergranules having magnetic sig-
granular lanes. On the other hand, 60% of these pixels presgsis do not seem to be brighter than those without them (see
redshifts, which correspond to downflows in the solar atmghe histograms in Fig. 9). This seeming inconsistency between
sphere and therefore trace intergranules. The histograms baredxpected but unobserved brightness may not be real. There
on Fer 16301.5 A present similar trends. are several ways to reconcile the observations with the current
The strong signals in the magnetograms show a pattg@aradigm, for example,
whose characteristic size corresponds to the mesogranular con-
vective cells, i.e., with a spatial scale between 5 and 10 arcsecthe sizes of the individual kG magnetic concentrations (see
(Fig. 8). Mesogranulation has been detected in velocity (e.g., Eqg. (22)) are small compared with the sizes of intergranular
November et al. 1981) and intensity (e.g., Deubner 1989), and lanes. Even very bright but small magnetic structures may
it is also recovered from numerical simulations of magneto- lead to dark signals when observed with the kind of (good
convection (e.g., Cattaneo et al. 2001). However, to the authors’ but still insuficient) angular resolution of the broad-band
best knowledge, this is the first clear detection in polarization. image (see Title & Berger 1996);
(For another observation suggestive of mesogranulation in pe- if the temperature of the intergranules is low enough, the
larized light, see Trujillo Bueno 2003, Fig. 4.) Figure 8, left, expected reduction of opacity associated with the presence
portraits the magnetogram of the region except that only fluxes of kG magnetic fields may not produce a bright structure.
above 50 G have been represented. One can guess a cellulafhe depression of the observed layers by a few tens of km
pattern with a scale larger than the granules but still smaller may not be enough to reach temperatures larger than those
than the supergranulation (the latter with a scale larger than the of the mean un-depressed photosphere (see, e.g., Stein &
FOV). This pattern is long-lived since it shows up in the mean Nordlund 1998, Fig. 14);
magnetogram of our 17 min time sequence (Fig. 8, right; see due to a yet unknown physical process, there may be a ten-
also Sect. 5). Our finding should be regarded as an additional dency for the magnetic structures to stay in the darkest in-
observational proof for the existence of the mesogranular con- tergranular lanes (e.g., they accumulate in the strong down-
vective scale. flows that tend to be particularly dark).
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12 them from the inspection of the sequence of magnetograms re-

centered as described in Sect. 3.5.

Many individual features maintain their identity in succes-
sive time steps of the series (see Fig. 10, where time increases
from top to bottom and from left to right). In fact, some of the
signals live longer than the total time span, as it is proven by
Fig. 8 where the strongest signals in the mean magnetogram
of the series resemble those of any individual snapshot. This
mean magnetogram has been computed as a weighted average

10

co

Histogram [%]
o
A B B

4 of the individual magnetograms of the series, with the weights
given by the inverse of the squared noise of the magnetograms
2 (Eq. (20)). In order to quantify the fraction of unsigned flux
that survives more than the time-span, we have computed the
oL ‘ ‘ — unsigned flux density for signals above noise level in the mean
0.70 0.75 0.80 0.85 0.90  magnetograms. They turn out to be,

IC
B = | 138G for Fer16301.5 A, (23)
Fig. 9. Distribution of broad-band intensities in intergranules with an@eff T 019G, forFer16302.5A.

without magnetic field. Intergranules are selected as those points with o o
intensity smaller that 90% of the mean intensity. The two types €Y represent 60% of the flux density in the best individual

line distinguish the histograms obtained for points with magnetic fieagnetogram (Eq. (17)). It is tempting to interpret this fig-
above the noise (the solid line) and those with no detected signals (ttie as the fraction of IN magnetic structures that live longer
dashed line). There is no obvioudfdrence. The histograms providethan 17 min. However, the interpretation is not so straightfor-
the percentage of points in each bin. ward since we detect polarization signals rather than magnetic
structures. Seemingly long-lived signals may not necessarily
correspond to stable magnetic structures. Numerical simula-

Note, finally, that the signals in Fig. 6 cannot be misidentifidiPns of quiet Sun magneto-convection show persistent down-
network magnetic concentrations, since they occur at a chardifts that continuously gather magnetized plasma in specific
teristic scale much smaller than the supergranulation. locations (e.g. Cattaneo 1999; Emonet & Cattaneo 2001). The
plasma sinks down and disappears along the downdrafts, and it

) is continuously replaced by new plasma. The system of persis-

4.4. Stokes V asymmetries tent downdrafts outlines mesogranular cells, which live much

The StokesV profiles observed in quiet network and imerl_ongerthan the individual magnetic structures. This theoretical

network regions show large deviations from the anti-symmetfiEENario is consistent with the observed magnetograms and, in
rticular, with the existence of a long lasting polarization pat-

shape (@hchez Aimeida et al. 1996; Grossmann-Doerftf . : .
et al. 1996; Sigwarth et al. 1999a8¢hez Almeida & Lites tern that we have already associated with the mesogranulation

2000). These so-called asymmetries carry meaningful inféf€€ Sect. 4.3). Consequently, the existence of signals in the
ean magnetogram is interpreted here as a proof of the tem-

mation on the structure of the magnetic atmosphere (e.g.;
Sanchez Almeida 1998, and references therein). It would h ral coherence of the mesogranular pattern, rather than the

been desirable studying the asymmetries of our profiles in soRfg Sistence of individual magnetic concentrations.

detail. However, the Stokesto V contamination described in  ON tOP Of the rather stable pattern described above, large
Sect. 3.3, EqQ. (13), masks the real asymmetries in a significé{ﬁf'at'ons of the magqetu; S|gqals occur between spapshots
way, and we refrain from analyzing them. Once this caveat hg:ég' 10). 59me polar|za_t|o.n S|gn.als migrate following the
been explicitly pointed out, we also would like to mention thag(ranular motions to remain in the intergranular spaces. There

asymmetric Stokeg profiles are found everywhere in the FOV2'€ Places where opposite polarities approach each other and

In particular, we observe Stok®sprofiles with only one lobe SE€M 10 (partly) cancel out; the arrow in Fig. 10 indicates a
and profiles with three lobes (see Fig. 4). negative polarity patch (dotted line) that interacts, and possi-

ble eats away, neighboring positive polarity contours (compare
the snapshots at"@*® and 4" 10°). More often signals grow
and fade with no obvious interference with patches of oppo-
site polarity. As we pointed out above, these variations only
The duration (17 min) and cadence (50 s) of the series of maigice changes in the polarization signals, which do not neces-
netograms are far from optimum to allow a detailed study srily imply the evolution of the magnetized plasma. Actually,
the temporal evolution of the structures. In addition, the pane may have large variations of polarization without substan-
larization signals are close to the noise level, and the seetia changes of the underlying magnetic structure. For example,
conditions vary along the sequence. These two factors indi&mchez Almeida (2000) describes how the polarization of kG
spurious time variations which complicate the analysis. Despiteagnetic concentrations can vanish upon a small increase of
these drawbacks, several conclusions on the time evolutibe field strength. Thisfeect is mentioned here because it may
of the magnetic signals can safely be drawn. We extracted responsible for the lack of magnetic signal associated to the

5. Temporal evolution
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0 1 2 3 4 5 6

Fig. 10. Temporal evolution. Magnetograms overlapped to intensity images as in Fig. 6 but for a sub-fiéld @f.7Time increases from top

to bottom and from left to right. The fierent images are consecutive snapshots of the series separated by 50 s (see the labels on the ima
The arrow points out a specific region dominated by a magnetic concentration of negative polarity that interacts with positive polarity patc
and, possibly, eats them away.
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bright point indicated by an arrow in Fig. 6. Subsequent ma§-2. Comparison with other measurements
netograms of the series show that this bright point is co-spa
with polarization signals.

The mean unsigned flux density is only slightlyffdrent
for the diferent snapshots of the series. The standard deviat
of these changes is some 10% foriR&302.5 A, whereas it o
reaches 20% for Fe16301.5 A. There is a tendency for thethe sensitivity of the measurement.

snapshots of largest continuum contrast to have the largest flux 'he speckle reconstructed images can be regarded as the
densities. true solar image down to the cutofrequency. In the case of

our magnetograms, the cidit@orresponds to a period of ®
(see Sect. 3.1, Fig. 2). We model theet of seeing on the
6. Consistency of the results measured images by convolving the speckle reconstructed im-
The unsigned flux densities that we find are larger than the Vvapes with a Gaussian point spread funct|on. This smoothing is
cagrled out independently for each single wavelength. Then the

ues found hitherto. The purpose of this section is to spell o )
oo ifferent wavelengths are combined and processed to get mag-
arguments that support the reliability of our results. The mag- . N AN
tic flux densities in the same way as the original images. The

netograms have self-consistency since independent parts o : M of the Gaussian kernel is used to quantify the seeing.

data set provide similar results. They are also consistent W|L_l|gure 11 shows how the magnetograms (left) and broad-band

previous observations havingfidirent sensitivities and angu-intensities (right) appear under various seeing conditial@
lar resolutions, once thesefidirences are properly taken intoU ' . . .
’5, 17 and 2. The field of view of the section of the

account. Finally, the signals meet several theoretical prejudices’ . )
; . . . magnetogram that we present is onlyx77”. Even when the
which are independent of the observation. In particular, the sig- > ~."% ? .
eing is fair (1), only traces of the signals in the speckle re-

nals appear in the intergranular lanes and show a conspicuous : . .
bp 9 P constructed images are left. The unsigned flux density that sur-
and stable mesogranular pattern.

vives a given seeing is shown in Fig. 12. It contains the signals
above three dierent levels of noise (or flerent sensitivities):

6.1. Self-consistency 100G, 20 G and the actual noise in the magnetograms. The de-
. . . crease of angular resolution reduces the signals due to cancel-
We have a time sequence of magnetograms taken in tiar i lation between close opposite polarities. For an angular resolu-

ent spectral lines. Magnetogramgfdring in time or spectral tign corresponding to’1(=0.75 Mm), the mean unsigned flux

line are independent, and they can be analyzed independe Xsity become of the order of 7 G. This value agrees with pre-
to check the self-consistency of various results. We have id%n- }

o . : ious determinations based on scanning spectro-polarimeters
tified the following properties of the data set that support “fﬁat reach 1 resolution (@nhchez Almeida & Lites 2000 and
internal agreement between independent subsets,

Lites 2002 obtain some 10 G)aB8¢thez Almeida et al. (2003)

— the simultaneous magnetograms obtained from the nwellect diterent values from the literature, showing a magni-
lines are very similar (F|g 5), tude and trend that resembles the solid line in Flg 12. In par-

— many patches in the magnetograms are larger than the f&giar, Wang et al. (1995) point out a flux density of 1.65 G for
olution of the observation, implying a spatial coherence & 2’ resolution, which is not far from the value that remains
the signals dficult to ascribe to noise; in our magnetograms for this resolution (some 2.5 G; Fig. 12).

— the signals are co-spatial with the dark intergranular lan€¥ the other hand, magnetograms with an angular resolution
(Sect. 4.3). Again, this relationship isfiicult to explain as similar to those presented here exist in the the literature (Keller
due to noise. One might suspect that the misalignment¥195; Koschinsky et al. 2001; Berger & Title 2001). However,
the two circularly polarized beams subtracted to determiffée€y have a noise level between 50G and 150G, which ex-
StokesV creates false polarization signals. This contamf€€ds the limit required to detect most of the signals in our
nation would be maximum where the spatial gradients fRagnetograms. This lower sensitivity can easily explain why
intensity or velocity are maximum (e.g., Lites 1987). Ththe IN signals that we detect have been missed so far. Figure
maximum gradients occur in the transitions betweéds? shows that the mean flux density drops belev2 G when
granules and intergranules, which is not where the detecf@Hy signals above 100G are considered. In short, our mag-
signals are. We have checked that the scatter plots of p&fograms are consistent with previous observations when the
larization signals versus spatial gradients show no obvidigitations of angular resolution and sensitivity are taken into
correlation; account.

— many polarization patches maintain their |dent|ty in sev- We find imbalance between the two pOlaI’itieS so that there
eral successive magnetograms of the series. In particula@ net magnetic flux across the region (Eq. (18)). We do not
the mean magnetogram retains some 60% of the peak filgim that the &ect is real since it is at the level of systematic
density (Eq. (23)), a fact once agairffifiult to explain as

due to noise. Should the signals be noise, the mean ma n4 ‘One might regard as inconsistent modeling @ Seeing when the
’ . ' . %rllﬁdf frequency of the observation is only® Note, however, that

t‘?gram would S_hOW signals much smaller than th.aj[ of in he speckle reconstructed images contain all the power down to the

vidual frames (i.e., only-1/ V20 ~ 20% of the individual cutdf, and this power is partly reduced under any seeing condition,

signals). including seeing witiFWHM smaller than the cuft

tnglr observations dtier in angular resolution and sensitivity

from previous measurements. These factors have to be taken
igﬁ) account before they can be properly compared. We have to
cut down the resolution of the magnetogram and then change
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Fig. 12.Mean unsigned Fe16302.5 A flux density that remains in the
magnetograms when observed with the seeing given in the abscissa.
If all signals above noise are considered, one is left with the solid
line. If only signals above 20 G are considered, then the reduction is
much more severe as represented by the dashed line. Finally, when
very large flux densities are considered (signals larger than 100 G)
almost no signal remains (the dotted line).

7. Conclusions

Fig. 11.Magnetograms (left) and continuum intensities (right) for diVe have obtained a time sequence of speckle reconstructed
ferent seeing conditions as indicated by the insets. All magnetografitiet Sun magnetograms showing magnetic signals that cover
have the same scale, which saturateséft G and 60 G. The field of 60% of an Intra-Network region (Fig. 6). The signals appear as
view is only 7/ x 7. patches of opposite polarity often located close to each other.
The structures are not evenly spread out, but they tend to ac-
cumulate in the intergranular lanes. Those signals of large flux
density trace a network whose scale is larger than the gran-
ules and smaller that the supergranules. We associate this net-
work with the mesogranulation, fiiicult to observe in velocity
and intensity but very conspicuous in polarization (Fig. 8). The
effects that may be important (see Sect. 3.3). However, imbalesogranular pattern lives longer than the time span of the
ances of similar magnitude have been found in the IN by othggries (17 min).
authors (see Lites 2002), and consequently, the imbalance mayThe dfective flux density deduced from Fa6301.5 A is
be true. If so, it would be one more aspect of our observatisgstematically larger than the flux density of IF&6302.5 A
being consistent with previous measurements of IN field progeg. (19)). We interpret this fference as due to the presence of
erties. kG field strengths in the underlying magnetic structures. These
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field strengths saturate,fthrently, the polarization signals ofany efort to improve the sensitivity aridr angular resolution

the two spectral lines. The inference of kG, however, does nslikely to be rewarded with new magnetic flux.

rule out that weaker field strengths are responsible for some of

the observed signals (see Sect. 4.2). Since the flux density is

proportional to both the field strength and the filling factor, wacknowledgementsThanks are due to K. Janfen for letting us use
are forced to conclude that the true magnetic concentratidigg image reconstruction routines. She, as well as J. Hirzberger and

producing the polarization cover only a small fraction of th€- Okunev, helped us during the observations. M.uSsfer prompted
surface: some 2%. us to search for mesogranulation in the magnetograms. IDC ac-

knowledges support by the Deutsche Forschungsgemeinschaft (DFG)

The magnetic signals that we observe meet several ti@ough grant 418 SPA-112401. The Vacuum Tower Telescope is
oretical prejudices: they appear in intergranular lanes, traggerated by the Kiepenheuer-Instituir fSonnenphysik, Freiburg, at
mesogranulation, vary in short timescales, and have complex Spanish Observatorio del Teide of the Instituto de Asficd de
topology with opposite polarities in contact. These properti€anarias. The work was partly supported by the Spamisisterio de
are easy to interpret as the result of the interaction betwéganciay Tecnologiand FEDER, project AYA2001-1649.
granular convection and magnetic fields, no matter whether the
fields are produced by a local dynamo (Petrovay & Szakaly
1993; Cattaneo 1999; Emonet & Cattaneo 2001), a global dy: A ;
namo (Stein & Nordlund 2002), or they represent re—procességpendlx A: Ratio Berr(6301)/Berr (6302)

materials left by old active regions (e.g., $ebler 2003; we want to estimate the typical ratio offective magnetic
Vogler & Schissler 2003). There are other observational profgxes taking into account that a) the measured magnetic fluxes
erties which do not accommodate so eaS”y within the eXiStiI@g the two lines have errors, and b) these errors are not neg-
paradigms. The field strengths are typically kG, so a proceggible. We invoke several results from statistics, which can be
has to concentrate the fields to this level. The convective Cﬂi-und in standard textbooks (e_g_, Martin 1971) For the sake of

lapse (Parker 1978; Spruit 1979), devised for network magnegisnciseness, and only in this Appendix, the following notation
concentrations, may havefficulty to concentrate the low mag-is employed

netic flux features that we detect (seen8hez Almeida 2001).

Yet another observational constraintitiult to satisfy is the _
large diference between the signed and unsigned flux densitigg.
Whatever physical mechanism generates the observed fields?|
has to produce a distribution of magnetic field whose mean flux o

is 10 times smaller than the local fluctuations of flux. The fluxes observed in each pixel have true valBgsandBj,

Sanchez Almeida et al. (2003) compile values for the me&IUS NoiseABy andAB,

unsigned flux density of the IN fields measured byfatient

authors. They show a tendency to increase as the angular Ris= B + ABy;,

olution improves, but none of them exceeds 10 G. Our magr@z = B3 + ABa. (A.2)
tograms contain more magnetic flux than the values reported

hitherto. We detect more polarization signals probably dueyge assume the noise of the two fluxes to be independent, since

the unique combination of high spatial resolution and good sefiey come from separate data. We also assume a linear relation-
sitivity. The magnetic flux detected in the IN critically dependship between the true fluxes,

on the polarimetric sensitivity and the angular resolution. If

these factors are properly taken into account, our estimates of

unsigned flux density are compatible with the previous meﬁ% =m @i’ (A.3)
surement.

We find evidence that our angular resolution and sensitiviggingm the ratio that we want to estimate. The above expres-
do not sifice to detect all the magnetic flux existing in the quietion, combined with Eq. (A.2), renders a linear relationship be-
Sun. The flux density in the magnetograms droﬁypon arti- tween the two Observablﬁ_i and By that eXp|ICIt|y includes
ficial reduction of polarimetric sensitivity or spatial resolutiofOIS€,

(Fig. 12). The extrapolation of this trend predicts a notable in-

crease of signals upon improvement of the observational Iirrlg'ii — MBy — MABy + ABA;. (A.4)
tations. On the other hand, we have concluded that the observed

signals are tracing kG magnetic fields. There are sensible the- . ) .
oretical arguments pointing out that the spectral lines used/§ Usualm s determined by means of a least-squares fit. We
measure are biased towards these kG fieldn¢Béz Almeida CNOSe to minimize the merit function

& Lites 2000; Socas-Navarro &&ichez Almeida 2003). In

Be(6301) in theith pixel
= Ber(6302) in theith pixel (A1)

other words, magnetic concentrations of sub-kG field strengtg N (Byi — MBy)?
could have been easily overlooked by our magnetogramé(m) = Zm, (A.5)
These and other reasons suggest that the IN flux detected so =1 T 2

far should be regarded as a lower limit to the true flux. Thus
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whered? ando?, are the variances of the probability density

whose expectation values are assumed to be zero,

120 T T
functions describing the noigeB,;; andAB;, i 68%71'11ml'§ N

8 m=1.39 o A
o = VIABy) = Vi(By), ok b ]
o5 = V{ABy} = V(By}, (A.6) ! ot 1

E{ABy} = E{ABy)} = 0. (A7)

#—of—points

1.10

(The symboN({ } stands for the variance of a random variablé? ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
and it should not be confused with the Stoképarameter.N 1.05
in Eq. (A.5) represents the number of pixels used in the esti-
mate. This particular merit function has been selected because

it presents several practical advantages: 100 T T S
1.00 1.10 1.20 1.30 1.40 1.50

— E{By —mBy} = 0, V{By — mBy} = 03 + o3, and so, in- m
voking the central limit theorem, each term of the definitiopig. A.1. Merit function minimized to estimate the ratio
(A.5) is the square of a random variable distributed accorBls(6301)Y B(6302). This ratio is represented in abscissae us-
ing to an(0,1) (i.e., a normal distribution with mean of zerdng the symbolm. The merit functionX? has been normalized to the
and variance of one). Should the noise dfetient pixels be number of points used in the estimate, and it has a minimum around
independent, the random variat{é follows ay? distribu- ™M = 1.25. The _hor_iz_ontal and verticgl I_ines give the_ confidence
tion, which makes it easy setting confidence intervals altmervals for two significance levels, as indicated by the inset.
performing statistical tests (see below);

— the ratio of flux densities derived from the fit does not def the magnetograms are divided in groups of 5 neighbor-
pend on whether we estimate or m™, i.e., on whether ing pixels, the central points of all the groups are independent.
we start up from the relationship (A.3) or its inve®® =  Using only these central pixels to construct the merit function,

|
|
|
PSRN
|
|
|
i

nYBY,. In this second case one would obtaih= m; then the new merit functioi? follows ay? distribution with
— X2 minimizes the relative errors of the fit including both the\/25 degrees of freedom, since now the sum (A.5) contains
errors of abscissae and ordinates. N/25 summands. If all the members of each group connected

by the smoothing were identical, thetf = 25X, and soX?

r o
We carry _outzthe non-lineax m|q|m|zat|on by brutg force, would have a variance 25 times larger than that in Eq. (A.10),
representingX< versusmand selecting the extreme. Figure A.1

showsX?(m) whenoy; andoy are the errors of the fluxes esti-v{x?} = v{25x§} = 25 x 2N/25 = 25x 2N. (A.11)
mated according to Eg. (10). If these variances were exact, then

the expected value of each term of Eq. (A.5) is one and Equations (A.10) and (A.11) represent the two extreme limits
corresponding to the cases where all pixels which are not in-

E{X?} = N. (A.8) dependent due to the smoothing are identical (Eq. (A.11)), and

when all the pixels are independent (Eqg. (A.10). In general
When the original error estimates are used, the valuX“of P P (Ea. ( )-Ing

at the minimum becomes slightly below this expected valdgX?} = a? 2N, (A.12)

(A.8), which we interpret as an overestimate of the variances

when using Eq. (10). We cure the excess decreasing all i @ = 1 if all the pixels have independent noise and 5 if
errors by 10% to force thaX? equalsN at the minimum. p|ersI|nI_<eq by smoothing have identical noise. Ir!ourp_roblem
Figure (A.1) shows that such minimum X¢ occurs when ahas to lie in between these two extrema. We estimate its value
carrying out a Monte Carlo simulation. We produce 2D maps
m=1.25+ 0.14, (A.9) of n(0, 5) random variables with the size of our magnetograms.

) These maps are smoothed with & 5 pixels boxcar, so that
where the error bar represents the standard 68% confidencg s, individual point of the smoothed maps i¥@, 1) random

terval. In order to evaluate this confidence interval, one Mystriable (i.e., the same kind dépendentandom variables that
know the probability density function that describes the megp iripute taX?). Then we randomly seledt pixels of the map

function X2 considered as a random variable. If all the points, computex? according to the definition (A.5). The standard

of the magnetograms were independent, tiéwould be dis- geyiation ofx2 among several hundreds independent realiza-

tributed according to g2 distribution withN degrees of free- tions of the numerical experiment renders

dom, implying

a=2 (A.13)

V{X?} = 2N. (A.10)
o ) In this intermediate cas¥? does not necessarily follow g

However, we smooth the original magnetograms with & 5 gjstribution, however, invoking the central limit theorem, one

5 pixels boxcar (Sect. 3.1), so theffdrent pixels are not in- ¢, argue that the random variable defined as

dependent. This smearing reduces the degrees of freedom of

X2 and increases its variance with respect to that in Eq. (A.10) = (X? — N)/(a V2N), (A.14)
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follows an(0,1). This argument, together with the valueaof '

given in (A.13), let us set confidence intervals. For example,

the standard 68% confidence interval, correspondifigto 1, 1.4

yields the values ahincluded in Eq. (A.9). They are computedg

as thosanwith X3(m) = N + a V2N (see Fig. A.1). 2
Equation (A.14) can also be used to reject the hypotheg’Fsl'2

m = 1 with high confidence (i.e., to reject that thféeetive flux

densities of the two lines are identical). Assume that 1 and é 1.0

that the error estimates are correct. The high value?f)/N < s 7" Quiet Sun

in Fig. A.1 may be produced by an unusual fluctuation of tve T :’:fif” MISMA Qo
random variable in our particular realization. Using Eq. (A.14), 98 __ - --"" -~ MISMA 6 —-—-—-—-

the probability of having &2 equal or larger than the value that ol MISMA T

we measure is smaller than0since X?(1)- N]/a[2N]Y2 ~ Y

4. In other words, the two lines showfidirent magnetic flux 0.0 0.5 1.0 1.5 2.0
densities with 99.99% confidence. B [kG]

The estimate (A.9) uses those pixels in the magnetogragig B.1. Ratio of efective magnetic fields versus true magnetic field
with signal above noise. As we have mentionel, andoi>  strength in diferent model atmospheres. The observed ratio (Eq. (19))
come from the values obtained from the individual estimategrees with the modeled values only if the intrinsic fields are larger
of noise described in Sect. 3.3. However, we tried other posthian, say, 1 kG. This result is independent of the details of the model
bilities: a) using all pixels including those with signals belowtmosphere. Bierent types of line representfidirent model atmo-
noise, b) usingri; ando, constant and given by the mean valspheres, as coded in the inset.
ues obtained in Sect. 3.3, c¢) forcing, = o2, and d) adopting
a = 3.5. In all these other cases~ 1.2 and the chancen = 1

. roduced by the unmagnetized plasma in the resolution ele-
turns out to be improbable. P y 9 P

ment,

Appendix B: Calibration of the magnetic field \I/Ej; : Z}{:E:lzl_ @)lq(). (B.3)

strength determination
Txhe solid line in Fig. B.1 has been computed using these equa-
Lflons, together with the quiet Sun profilesobserved at disk

densities derived from Fe16301.5 A and Fe 16302.5 A ;
\ \ S T ' center (Brault & Neckel 1987, quoted in Neckel 1999). We vary
Ber(6301) By(6302), and the intrinsic field strength. I:'rStthe longitudinal magnetic field strengBalong the sequence,

Stokesl andV profiles are synthesized in a set of model atmo'ssumingaB to be constant (30 G: a value similar to the ef-

spheres of known field strength. Second, the synthetic profi% tive magnetic field in our magnetograms). As expected, the
are smeared out with a band-pass filter similar to the PFl used . ' . ) '
io is one for weak fields and increases to 1.4 Boof the

) . . . . ra
in the observgtlons. Third, the p“’f"‘?s are sampled in WaVErder of 1.5 kG. Figure B.2 illustrates the reason of such be-
length .accord_mg to the observed profiles. Finally, the definiti [Lvior. It shows the two terms of the magnetograph Eq. (5) for
of Ber is applied (Eq. (7). o _ weak fields B = 150 G) and strong fields(= 1500 G). When
Synthetic ratios are presented in F.'g' B.1. Thretféedent the field is weak then the magnetograph equation is a good ap-
types of model a_tmospheres are _conS|dered. The .f'rSt ON€ &¥ximation and the two terms are identical. The two spectral
sumes a magnetic atmos_phere with thermodynamic PrOPET}ERs give the true flux density and therefore the ratio becomes
|dent|c§I tq that of the _qu!et sun. Then_, ur_lder the assumpt|8He_ On the other and, the magnetograph equation is no longer
of Iongltu_dlnal magnetic fiefd the polarization of such atmo—a good representation of the Stokésvhen the field is strong.
spheres Is The StokesV profiles are much too broad as compared with
1 the derivative of the Stokels profiles. (Note that Stokekis
Vin(d) = i[lq(ﬂ +48) — lg(1 - AB)]’ almost exclusively producedpby unm(agnetized plasma, since
In(D) = 3[1q(d+ A8) + (1 - 28)]. (B.1) ¢« 1inEg. (B.3).) This so-callegaturationbiases the féec-
tive magnetic field below the real flux density. Since tieets
increases with increasing , Beg(6301) Be(6302)> 1.
-~ . In order to show that the above calibration is independent
splitting of the line, of the thermodynamic parameters of the atmosphere, we repeat
g = kgL/léB (B.2) the calculations using synthetic profiles from a hot model at-
’ mosphere (Solanki 1986 network, with constant magnetic field,

where the symbols are those defined for Eq. (6). Since tnstant microturbulence of 1 ki's and a macroturbulence
magnetized plasma may not completely fill each resolution ef-1 kms™). The dependence of the ratio on the field strength

ment, the Stokekand\V profiles must include a fraction (o) IS a@lso represented in Fig. B.2 (the long dashed line). The dif-
ferences with respect to the quiet Sun atmosphere are small and

5 This assumption could be relaxed since it is not critical. not discussed further.

We want to calibrate the relationship between the ratio of fl

wherelq represents the Stokedine profile produced by the
unmagnetized quiet Sun. The symhglstands for the Zeeman
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0.010F
0.005 - 150 G
0.000 = /
E Stokes V E
~0.005F — =~ = =By dI/dx 1
-0.010¢L ‘ ‘ ‘ ‘ ‘ ‘ .3
6301.4 6301.6 6301.8 6302.0 6302.2 6302.4 6302.6
Wavelength [A]
0.010 o 4 Fig. B.2.Solid lines: synthetic Stokes pro-
0.005 1500 G 3 files of Fer 16301.5 A and Fe 16302.5 A
r -4 when the magnetic field strength is 150 G
0.000 1 (top) and 1500 G (bottom). The figures also
r 1 include the derivative of the corresponding
—-0.005 - ﬁ%‘)keglyﬂ —  Stokesl| profiles, scaled so as to best-fit
0.010 E eff ] the Stokes/ (the dashed lines). The square

: : : : : : : symbols point out the six wavelengths used
6301.4 6301.6 6301.8 6302.0 6302.2 63024 6302.6 to determine the féective magnetic field

Wavelength [A] strengthBr (~30 G in both cases).

We use a third type of model atmosphere to calibrate the Berger, T. E., & Title, A. M. 2001, ApJ, 553, 449
tio, namely, the model MISMAs by&ichez Almeida & Lites Bianda, M., Stenflo, J. O., & Solanki, S. K. 1998, A&A, 337, 565
(2000). These semi-empirical atmospheres are able to accdgignda, M., Stenflo, J. O., & Solanki, S. K. 1999, A&A, 350, 1060
for all Stokes profiles of FE16301.5 A and Fe16302.5 A ob- Cattaneo, F. 1999, ApJ, 515, L39
served in the quiet Sun at the disk center, including their asyfrattaneo, F.. Lenz, D., & Weiss, N. O. 2001, ApJ, 563, L91
metries. The magnetic field strength of the model MISMAL Boer, C. R. 1996, A&AS, 120, 195

. . . . . . Boer, C. R., Kneer, F., & Nesis, A. 1992, A&A, 257, L4
varies with height in the atmosphere. We modify the fiel ubner, F. 1989, A&A, 216, 259

strength of the original models by changing the magnetic fi minguez Cerded, |., Kneer, F., & Sihchez Almeida, J. 2003, ApJ,

strength at the base of the atmosphere, and then recompukg; | 55

ing the full vertical stratification. The mean magnetic field ofmonet, T, & Cattaneo, F. 2001, ApJ, 560, L197

the atmosphere represented in Fig. B.1 is chosen as the nRgrrobert-Scholl, M., Feautrier, N., Machefert, F., Petrovay, K., &

netic field strength at the height where the line core opacity ofSpielfiedel, A. 1995, A&A, 298, 289

Fer 16302.5 A equals one. The variation of the synthetic ratraham, J. D., bpez Ariste, A., Socas-Navarro, H., & Tomczyk, S.

versus mean magnetic field strength is qualitativejedent 2002, Sol. Phys., 208, 211

than the variation found in the two previous cases, howevE¥ossmann-Doerth, U., Keller, C. U., & Satgler, M. 1996, A&A,

the diference is significant only when the magnetic field is Zti’aglroH 3.2001, ApJ, 555, 448

e ey oo i Al €L 1098PD.Thss, U Unrsi Ure
. . . JanR3en, K. 2003, Ph.D. Thesis, University aftBigen, Gttingen

not t_end_ to one for weak field has to do Wlt_h th_e strayfllght COltreries, J. T., & Mickey, D. L. 1991, ApJ, 372, 694

tamination of the model MISMAs (a contribution equivalent tones H. P, Duvall, T. L., Harvey, J. W., et al. 1992, Sol. Phys., 139,

the term [1- a]lq in Eq. (B.3)). It has a velocity distribution 211

very different from the velocities of the magnetized plasmageller, C. U. 1995, Rev. Mod. Astron., 8, 27

Then the magnetized and un-magnetized atmospheres ar&eiter, C. U., Deubner, F.-L., Egger, U., Fleck, B., & Povel, H. P.

longer similar, which causes the break down of the magneto-1994, A&A, 286, 626

graph Eq. (5). Figure B.1 includes several kinds of MISMAeller, C. U., & von der lihe, O. 1992, A&A, 261, 321

from simple common ones (classes 0 and 2) to atmosphefgmenko, E. V., Collados, M., Solanki, S. K., Lagg, A., & Truijillo-

having opposite polarities in the resolution element (classes £U€n©: J. 2003, A&A, in press

. L . oschinsky, M. 2001, Ph.D. Thesisp@ihgen University, Gttingen
&nedoi))égcecg rtgtt?cr)n(fgs)ygn similar magnetic field strengths oschinsky, M., Kneer, F., & Hirzberger, J. 2001, A&A, 365, 588
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