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Abstract.  To deepen our understanding of the role of small-scale megfields
on the solar irradiance, it is essential to quantify the icmrum contrast of magnetic
elements in the quiet Sun (QS) network and in active regidR)(plage. By using
Hinodeg'SP disk center data at constant spatial resolution, we aaegdating results
of earlier ground-based studies of contrast vs. magnetogignal, and to look for
systematic dierences between AR plages and QS network. We performed b pixe
per-pixel study of continuum contrast vs. longitudinal filensity over large fields of
view in AR and in QS (as in earlier studies). Even at Hinode&oiution, the contrast
of magnetic elements reaches larger values in the QS thaiR@ Me show that this
difference cannot be explained byfdrent inclinations of magnetic elements in ARs
and QS. We compared our contrast vs. magnetic flux density euitlier studies and
attributed the dferences both to our proper removal of the pores and thewsding
diffraction-spread radiation, as well as to our enhanced $patialution and quasi-
absence of scattered light. At Hinode’s resolution, thetramt of magnetic elements
peaks on average at similar magnetic flux densities in ARdratite QS, which indi-
cates that the brightest flux tubes have similar sizes in ARS@S.

1. Introduction

The quiet Sun (QS) network and the active region (AR) plageste two main compo-
nents of the solar photospheric magnetism outside Sunépolznki et al. 2006). Both
components contain small-scale magnetic features whelthaoretically expected to
appear bright in continuum even at disk center, the sodtaffeagnetic elements”. As
such, magnetic elements are key players in the total sokadiimce variations on the
timescale of the solar cycle and shorter (Domingo et al. 2B@9ova et al. 2003; Wal-
ton et al. 2003). It is therefore fundamental to quantifyirtieentinuum brightness in
the QS network and in ARs and to investigate the underlyingiak.

The brightness of magnetic features is usually measurativelto the mean in-
tensity of the quiet photosphere, i.e. by their “contrasthe contrast at continuum
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wavelengths is thus directly related to the temperaturesxwith respect to the quiet
photosphere at the level= 1. The temperature excess of a magnetic feature depends
on its field strength (determining the depth of the opacityrdssion) and the radiative
heating from its “hot walls” (Spruit 1976), which in turn dampds on the its size (ra-

tio of the surface of the walls to the internal volume) andsgiloly, on the fficiency

of the surrounding convective heat transport. Since measemts based on line-ratio
techniques and inversions indicate similar field strengthgetwork and plages (up to

a weak dependence on the filling factor, Frazier & Stenflo 1$i@nflo 1973; Solanki

& Stenflo 1984; Stenflo & Harvey 1985), the continuum contrdshagnetic features
should be primarily dictated by their sizes.

To gain information about how the sizes of magnetic elemiefitsence their con-
trasts, one can investigate the relation between contndstraagnetogram signal” (i.e.
net longitudinal flux density in the resolution element aitd from the calibration of
StokesV, see Stenflo 2008). Since flux tubes in QS and in AR have sitk@afield
strengths, the magnetogram signal scales with the fradtamea of the resolution el-
ement filled by magnetic fields (see Schissler 1992), arsl tihdirst order with the
size of the unresolved features at the line formation heighte most straightforward
way to do this is to perform scatterplots of the contrast vagnetogram signal (cf.
Frazier 1971). In spite of using the best spatial resolutithat time, it was first found
that the average continuum brightness of magnetic featnr&Rs at disk center was
never greater than the mean QS (Title et al. 1992; Topka &88R). To be consistent
with the theoretical expectations, the authors invokedeffect of limited resolution
smearing the magnetic elements with surrounding dark n{déte et al. 1992; Topka
et al. 1992) and intergranular lanes (Title & Berger 1996ppking the same method
on QS network data (of similar resolution), Lawrence et H193) nevertheless found
that the average contrast was reaching positive valueofoe sange of magnetogram
signal. However, the authors could not deduce any compaaksizes for the magnetic
elements in ARs and QS, because the trend of their AR sclatterpas not peaked but
instead monotonously decreasing.

2. Dataset analysis

2.1. HinodgSP scans, maps of continuum intensity and heliocentric diahce

We selected an ensemble of 6 spectropolarimetric scansotiee regions and 4 scans
over the quiet Sun (Hinod8P instrument (Tsuneta et al. 2008; Suematsu et al. 2008)),
performed very close to disk center. The SP delivers prafilélse four Stokes param-
eters (along its slit) in a visible wavelength range cowgitioth the Fe |1 630.15 nm
and 630.25 nm lines, at a constant spatial resolution’8f(8ee e.g. Lites et al. 2008,
for more details). The selected scans were performed inrtbefal mode”, i.e. with
an exposure time of 5.8 s. All the profiles were calibratedthisp_prep routine
of the SolarSoft package Maps of the continuum intensitl:. (calculated in the red
continuum of the 630.2 line) were provided by #® prep procedure.sp_prep also
calculates maps of the right ascensioand declinatiory (heliocentric cartesian), and
thereby the: value at each pixel of the maps. In the present study, thessaps” were

http://www.lmsal.com/solarsoft/sswdoc/index_menu.html
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used to select exlusively portions of the scans locatedeatdhy disk center, i.e. where
u > 0.99.

2.2. Inversions

The observed Stokes spectra at each spatial pixel wergenveith the VFISV (Very
Fast Inversion of the Stokes Vector) code of Borrero et 8092 (we refer to this article
for all details). This code generates synthetic Stokeslpsofif the Fe | 630.1 nm line
using the Milne-Eddington solution (M-E) for the radiatiransfer equation (see, e.g.,
del Toro Iniesta 2003).

The M-E parameters of relevance for the following are: thgpaent” flux den-
sity Bapp the inclination of the magnetic field vector with respecttte observey, and
the line-of-sight (LOS) velocity plasma,s. We use the terminology “apparent” by op-
position to intrinsic, in that for our purposes no filling factreatment was performed.

All the pixels were inverted without polarization selectias the subsequent anal-
ysis will mainly deal with the longitudinal component of thex density. The latter can
be considered reliable over the range corresponding theetiagelements where the
StokesV signal is significant, whilags can always be considered reliable in absence
of filling factor treatment (since it is determined mainly 8tokesl .).

3. Results

3.1. Scatterplots of contrast vs. of flux density for active &gion and quiet Sun

To start with, we performed a pixel-per-pixel comparisoeaftinuum contrast vs. lon-
gitudinal flux density (as undertaken by Title et al. 1989pKa et al. 1992; Lawrence
et al. 1993, hereafter TTL) over active regions (ARs) andghiet Sun (QS), to see
if and how the results would fier between these two targets at the constant spatial
resolution of Hinode.

Like TTL, we considered rather large fields of view (FOVs) 6f % 60”. As we
obtained similar results with FOVs extracted from ouffefient SP scans, we present
here the cases of one such FOV centered on an AR plage (seB Fagd one covering
QS network. These FOVs were selected at the very disk cente(99).

Instead of the magnetogram signal used by TTL, we considbeednsigned (ap-
parent) longitudinal flux densitBappios = BapdCO%/| (see Sect. 2.2 foB,p, andy).
Like the magnetogram signal, it can be considered to scdlethé size of unresolved
magnetic elements (see Sect. 1). The continuum contraatmEOV was then defined

as Contraste “Jﬁl — 1, where(l¢)gs is the mean continuum intensity of the “quiet”

pixels havingBappios < 25 MX cn2 (corresp. to rather normal granulation).

The resulting scatterplots of the continuum contrast Bgypos for the AR and
for QS FOVs are displayed in Fig. 2. To prevent pores to coimai® the contrasts in
this range, we removed them according to the following pilace. First, their inner
dark core were detected as any group of 4 pixels (minimumesponding to spatial
resolution) having contrast below0.15 andBgppios > 900 Mx cnT? (assuming pores
to be resolved and thus close to kG). Next, th&rdction-spread radiation of the pores
(see Sec. 3.2) was also eliminated by spatially extendiedditected cores untlappios

drops below 200 Mx crT?.
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Figure 1.  Continuum contrast of an active region plage atrehsl center g >
0.99), extracted from the SP scan of day 01-02-2007. Red comtmeations of the
pixels where 500< Bappios < 900 Mx cnT2, corresponding to magnetic elements.
Yellow contours: locations of the pores. The white linesoasrpores coincide with
the locations of the cuts discussed in Sect. 3.2.

To perceive a trend within the scatterplots, the pixel csty were averaged into
bins of Bappios (With binwidth of 25 Mx cnt?), and a third-order polynomial was fitted
to the average values f@appios iN between 200 Mx cri? and 1000 Mx cm?. The
peak of the trend corresponds to “those places where theatiadeatures are bright-
est” (Frazier71). For values ®&,ppios below the peak, the features are on average less
bright, either because their field strength is too low or beeahey are partially unre-
solved. ForByppios above the peak, the features become progressively darkkeias
size increases and their interior are cooler. Note thakerur trends, all the trends of
TTL in ARs are monotonously decreasing. As explained in &2, this is not only
due to our somewhat higher spatial resolution but mainlyutoppsoper pore removal.

Two qualitative observations can be made. Firstly, evenimbdie’s constant spa-
tial resolution, the QS network reaches larger continuumirests on average than
in AR plage. Secondly, the trends of the QS and of the AR peaksmilar value
Bapplos ~ 700 Mx cnT2. This could not be not be noticed before since the AR trends
of TTL were monotonously decreasing. This indicates thabtightestmagnetic fea-
tures in ARs and in the QS have similar sizes, which in turrepdke problem of how
to explain their brightness fderence.

Based on their observed center-to-limb variation of thetinomm contrast of
Topka et al. (1992), Lawrence et al. (1993) then proposettitealarger contrasts in
the quiet Sun could be explained by a larger inclination efriragnetic elements (hot
wall effect).
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Figure 2.  Scatterplot of the continuum contrast vs. lordijital flux density
Bappios for the quiet Sun (left) and plage (right) areas, pores aldu The contrast
reference (indicated by the dashed red line) is the meandityeof the pixels where
Bapplos < 250 Mx cnT?. Red crosses: average values of the continuum contrast

inside Bapplos-bins of 25 Mx cnt2. The red error bars are the standard deviations
inside each bin. Solid red curve: third-order polynomiabfithe average values in
the range 200 Mx cii? < Bappios < 1000 Mx cnt2,

We ruled out this possibility by studying the probabilityndéy functions (PDFs)
of the inclinationy for the pixels identified with bright magnetic elements (90
cm2 < Bapplos < 900 Mx cnt?). 2 Fig. 3 gives the example of the PDF(for the
plage (Fig. 1) and QS areas. The magnetic elements are dasgtical in both AR
and QS, the average inclination being actually larger ferAR.

3.2. Comparison with previous studies of contrast vs. magihegram

Here we propose possible explanations for the fact thatends of continuum contrast
averaged in bins of longitudinal flux densBgppios are peak-shaped whereas the trends
of Title et al. (1992); Topka et al. (1992); Lawrence et aB93) (TTL) in ARs are
monotonously decreasing.

We think the main source of discrepancy is that TTL removedghbres via a
simple intensity threshold. If instead of our pore removacedure (see Sect. 3.1)
we use such a contrast threshold (here takenOdat8) on the plage area presented in
Fig. 1, the resulting trend of the contrast Bappios is much flatter (see Fig. 4 left)
compared to Fig. 2). This is because a simple intensity dytremoves the inner dark
cores of the pores, whereas our original procedure alsowesnibe radiation spread
from the pore by diraction. This radiation “leakage” can be seen in cuts of remht
andBappios across pores of fierent sizes, as in Fig. 5. The cuts were actually extracted
from the plage area of Fig. 1 where they are marked by thickeninies. On both sides
of the dark cores (identified in the cuts as having contrast0.18), we find several
pixels where the contrast is slightly negative or neutral Bgypios > 200 Mx cnt?2.

2We checked that these pixels are relatively well locatedhiergranular lanes as expected for magnetic
elements (see Fig. 1).



6 P. Kobel, S. K. Solanki and J. M. Borrero

Active region plage
0.10 - Quiet Sun network -

7[°]

Figure 3.  Probability density functions (PDFs) of the ineliiony of the magnetic
elements only (500 Mx cn? < Bappios < 900 Mx cnt?) inside the quiet Sun and the
active region areas.

If not removed, these pixels provide spurious contribgitmthe concave part of the
contrast vs Bappios trend, with a flatteningféect. For this very reason our pore removal
procedure extends the detected (magnetic) dark cores @é potilB,ppi0s drops below
200 Mx cnt?,

To further mimic the results of TTL, a degradation was nemgsto adjust our
scale ofBappios to theirs. These authors indeed claim that the spatialutisnlis at best
073 and 045 for their images and magnetograms, respectively. Walligtbtained a
good match to TTL's results if we degradbdththe continuum contrast and Bfppios
with a gaussian of @15 FWHM, plus an additional lorentzian degradation 60®
FWHM to mimic straylight (see Fig. 4 left). The width of tharréntzian was adjusted
so that the rms contrast calculated in & 2@x of quiet Sun in our images would
match the one claimed by Topka et al. (1992) (6% at 558 nmespanding to about
5% at 630 nm). This additional degradation implies that BTigsults are probably
influenced by straylight. In contrast, the small amount @ittgred light in Hinode’s
spectropolarimeter (Danilovic et al. 2008) can be negtecte

4. Conclusions

Even at Hinode’s spatial resolution the contrast of magretéments (pores excluded)
is on average lower in active regions (ARs) than in the quiet ®S), and peaks at
similar values of the longitudinal magnetic flux density limth the ARs and the QS. If
the brightest magnetic elements have comparable sizessreARQS (assuming a one-
to-one relation between flux density and size), then and#dwtor that could influence
the heating of the magnetic elements is thncy of the surrounding convection, an
hypothesis that will by investigated in a forthcoming pa@érbel 2010).
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Figure 4.  left: Scatterplot of the continuum contrast vaglitudinal flux density
Bappios for the plage area shown in Fig. 1, obtained by removing thegpwia a
simple contrast threshold at a value-69.18. right: Scatterplot of the continuum
contrast vs. longitudinal flux densitBapyi0s for the plage area shown in Fig. 1,
obtained after degradation of the contrast and the flux tiebgiconvolving with a
gaussian of FWHM ™5 and a Lorentzian of FWHM06 (mimicing straylight).
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Figure5.  Contrast (upper panels) éBglyios (lower panels) cuts across four pores
of decreasing size. The long dashed lines enclose the pikadse the contrast has
dropped below-0.18, and the short dashed lines delimit the pixels wiBagios >

200 Mx cnT?. All cuts have been extracted from the plage area shown inlFand
their locations are indicated in that Figure by white sailie$.
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