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WHY SOLAR MAGNETIC FLUX CONCENTRATIONS ARE BRIGHT IN MOLECULAR BANDS
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ABSTRACT

Using realistic ab initio simulations of radiative magnetoconvection, we show that the bright structures in
images taken in the “G band,” a spectral band dominated by lines of the CH molecule, precisely outline small-
scale concentrations of strong magnetic fields on the visible solar surface. The brightening is caused by a depletion
of CH molecules in the hot and tenuous magnetic structures, thus confirming the model of radiatively heated
magnetic flux concentrations. These results provide a firm basis for observational studies of the evolution and
dynamics of the small-scale solar magnetic field derived through “proxy magnetometry” with G-band images.

Subject headings: Sun: magnetic fields — Sun: photosphere
On-line material: color figure

1. INTRODUCTION taneously imaged with high contrast; magnetograms show only
i , , the flux, while continuum movies show only the convection
Small-scale magnetic flux concentrations (magnetic ele- (sometimes with low-contrast magnetic features in the inter-
ments) with field strengths of about 1500 G (150 mT) in the granular lanes).
solar surface layers comprise a significant fraction of the mag-~ Here we report a physical basis for such “proxy magnetom-
netic flux (and almost all of the magnetic energy) in the solar gty by unraveling the relationship between G-band brightness
atmosphere outside sunspots. The dynamical evolution, motion g magnetic flux using realistic ab initio three-dimensional sim-
and interaction of these concentrated elements of magnetic flux,|ations of radiative magnetoconvection in the solar surface lay-
are crucial for the heating of the corona (Parker 1983; Schrijver g5 \we find that the bright features in synthetic G-band spectra
et al. 1998) as well as for the total and spectral irradiance gnq filter images, calculated from the models, outline the mag-
variations of the Sun (Spruit 2000; Fligge, Solanki, & Unruh - petic flux concentrations, including fine details in their spatial
2000; Krivova et al. 2003). The difficulty of observing these patterns. The physical origin of the brightening is the high tem-
small-scale<€100 km) flux concentrations through the turbulent perature and low density in the magnetic flux concentrations,

atmosphere of the Earth has so far prevented a systematic ingyhich strongly reduces the concentration of CH molecules.
vestigation of their intrinsic spatial and temporal scales by di-

rect measurements of the magnetic field through Zeeman po-
larimetry. Observers have therefore resorted to bright structures 2. NUMERICAL SIMULATIONS AND SPECTRAL SYNTHESIS

in the continuum light or in spectral lines considered to be o, ¢ et theoretical attempts to study the relationship be-
proxies” for magnetic flux concentrations. Images of the solar tween G-band brightness and magnetic structufediSzz Al-
surface layers taken in Fraunhofer's G band, a spectral regIon 1 cida et al. 2001; Steiner, Hauschildt, & Bruls 2001; Kiselman,

?hrgucr:lg f)z?] dnrr?e, av&/hlé:ﬁ olv?/ ggrr::ni"z‘:tue(()jugyb:?(?wl?gltjrﬁrztt?gs ir:]et?]reRutten, & Plez 2001) have been based on ad hoc or semiempirical
convective dOWﬂﬂO'\N regions (lvlljuller & Rogdier 1984; Muller models of photospheric magnet.ic flux tubes._ In contrast, our
1985 Berger & Title 1996 Rutten et al. 2001 Lanahans results are based on a self-consistent magnetic and atmospheric
Schrﬁidt 8?Tritschler 2002)’ where most (')f the éonce%tratea structure from a numerical three-dimensional compressible mag-

y : i . ~ netohydrodynamic simulation including a realistic description of
magnetic flux ' expectgd to reside (We|§s, Proctor, & Brown the radiative energy exchange in the solar photospherglévo
john 2002; Keller 1992; Dofmmguez Cerdéam, Kneer, & Sa- T . )
chez Almeida 2003). Much of our current knowledge about et al. 2003, Valer & Sctitssler 2003). The code used is based

’ on a spatial and temporal fourth-order numerical scheme for the

e o & basas o e Shesreaton. i e SoHD equatins and on & modtle o nongiy fative ansir
sumption that G-band bright points represent magnetic flux with a short-characteristic integration along rays and opacity

: . i binning, which have been extensively tested @iéo 2003)?
concentrations (Berger et al. 1995, 1998; van Ballegooijen et . . . .
al. 1998; De Pontieu 2002). Such a correlation is SupporteolHere we consider a simulation run corresponding to a small part

observationally by the close association of bright structures in ?rfea g?ngnuiggzlrl]glagg\f gfg'izo%n lzkr]ne iﬁutnﬁeTCgrt?cl:r:Iegi?Ecgisogf
G-band filter images and magnetic flux concentrations mea- P

sured in simultaneous magnetograms taken in moments of ex_(covenng the range between 800 km below and 600 km above

- : L . the visible solar surface) and 6000 km in both horizontal direc-
ceptionally good observing conditions (Berger & Title 2001). .. : . : . X
G-band movies are particularly useful for studying solar mag- tions, with grid spacings of 14 and 21 km, respectively. The side

netic structure since they represent the only existing data inﬁggr}g?giz ?)Leﬁl?)e\j\:lg?wrr{a\t,)clgr”%rmeblngies rpbeon'”g,:?;;% %I;O;V?i;gé
which both magnetic flux and convective motion are simul- amount of vertical magnetic flux corresponding to an average
vertical magnetic field strength (flux density) of 200 G (20 mT).
' Max-Planck-Institut fu Aeronomie, Max-Planck-Strasse 2, 37191 Katlen- \\e consider a Snapshot taken about 160 (So|ar) minutes after

burg-Lindau, Germany; schuessler@linmpi.mpg.de, shelyag@linmpi.mpg.de. the start of the simulation. At this time, a statistically stationary
voegler@linmpi.mpg.de, solanki@linmpi.mpg.de. '

2 Institut fir Astronomie, ETH Zuch, ETH-Zentrum CH-8092, Switzerland;
sveta@astro.phys.ethz.ch. 3 See http://www.linmpi.mpg.demsch/Thesis_Voegler.pdf.
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Fic. 1.—Simulated and observed images of the G-band contrast (local G-band brightness divided by spatiallgijigrage: ) and magnetic structure at the solal

surface.Upper left: Synthetic filter image of the simulation are000 x 6000  Rrin the G-band spectral region around 430 nm. The extended bright regions

are convective upwellings (granules) surrounded by a network of dark downflow lanes. The small brilliant patches in the dark areas coincide tiatfiunagne
concentrationsUpper right: Gray shading of the magnetic field strength (in units of gauss) at the same time step as the G-band contrast image. About two-thirds
of the vertical magnetic flux penetrating the simulation box has been assembled into flux concentrations with a field strength above 1000 G_(1@® I&T:).

G-band image after spatial smoothing mimicking the diffraction by a telescope of 1 m aperture and the image degradation by the Earth’s dtovesptighe.

Observed G-band image of the same size as the simulated image with about the same area fraction of G-band bright points as in the simulation rfsubfield of a
image that was taken with the SST on La Palma, courtesy of the Royal Swedish Academy of Sci&reak dlectronic edition of the Journal for a color

version of this figure.]

state of the simulated radiative magnetoconvection has develtral in the solar atmosphere, so there are no effects due to
oped, in which the major part of the magnetic flux has been overionization as they may occur for molecules with metal
assembled in strong flux concentrations in the convective down-compounds, and (3) there is no scattering polarization observed
flow regions (see Fig. lypper right pandl). in CH lines within the G band at the solar limb in quiet regions,
Using the atmospheric structure from the simulation, we have indicating that the line formation is controlled by collisions
first determined the concentration of CH molecules based onrather than radiative processes (Gandorfer 2002).
a chemical equilibrium of 270 molecular species and the 33 Our synthetic G-band spectra have 2055 frequency points
most abundant atoms (Berdyugina, Solanki, & Frutiger 2003), in the wavelength range between 429.5 and 431.5 nm and
including all species that affect the CH equilibrium. We have include 241 CH lines and 87 atomic lines (mainly from neutral
then calculated the G-band spectrum emerging along verticaliron). In order to obtain G-band images, the spectra are mul-
rays for each of the 28orizontal grid cells of the simulation tiplied by a filter function mimicking the characteristics of
box under the assumption of local thermodynamic equilibrium. filters used for observation (a central wavelength of 430.5 nm,
This seems to be well justified since (1) photodissociation of and a FWHM of 1.2 nm) and integrated over wavelength.
CH through bound levels of excited states is negligible in the  Figure 1 shows a synthetic G-band imagpper left pane)
solar atmosphere (8ahez Almeida et al. 2001), (2) the ion- together with a simultaneous map of the magnetic field strength
ization energy of carbon is high, and it remains primarily neu- (upper right panel) on the visible solar surface (the surface with



No. 2, 2003 SOLAR MAGNETIC FLUX CONCENTRATIONS L175

T T T T T T T T T T T 1o L B B S

9.5

9.0

[em™4]

log, (DF)
Ve

8.5

CH

log N

8.0

7.5

e b c i b b b

P T LA o L B B N R S S

L e B e S e e L B Sy B B B

e b b

o &

1.0 1.5 2.0
Intensity contrast 7.0

—4 -3 -2 -1 0 1

Fic. 2.—Normalized distribution function (DF) of the G-band contrast (local log(T)
intensity divided by spatially averaged intensity) for the observed image ¢
(dashed line) and for the smoothed simulated imagelid line) after appli- . ) )
cation of a combination of an Airy function (representing the finite telescope  F16- 3.—Number density of CH molecules ] as a function of continuum
aperture) and a Lorentz function (describing the image degradation by tur- OPtical depth at 500 nm. The dashed line corresponds to the average weakly
bulence in the Earth's atmosphere). The dotted line shows the DF of the Magnetized B<50 G) atmosphere of the simulation snapshot shown in
unsmoothed simulated image, which shows that the actual G-band contrastd19- 1, and the solid line corresponds to the average atmosphere of the bright
of the brightest points are expected to be significantly larger than the values Magnetic elements with a field strength above 1000 G and a G-band intensity
given by the best ground-based observations available today. The only ag-above 1.5 of the average value. The CH lines in the G band are formed around

justable parameter for the description of the image degradation is the “damping!°9 7 = —1. In this layer, the number density of CH is reduced by more than
coefficient,” which determines the width of the Lorentz function. factor of 6 within the magnetic flux concentrations in comparison with the
average atmosphere. This drop of the CH concentration is due to a 17% higher

. . . . temperature (corresponding to about 900 K) and a 30% lower density within
a continuum optical depth of unity). There is a nearly perfect the magnetic flux concentration in the range of optical depth where the spectral

correspondence between the localized G-band brightenings irlines of CH are formed. A low number density of CH leads to less absorption
the network of dark convective downflow lanes (between the I the CH lines and thus larger G-band brightness.

more extended bright upflows) and the patches of concentratedn the observed image outline magnetic flux concentrations with
magnetic field; even fine details of the magnetic field pattern are kjlogauss field strengths in the same way as in the simulation
reflected in the G-band intensity. About 98% of all points in the results. Note that the observed image has not been selected
downflow regions with a G-band contrast of greater than 1.5 with regard to the best image quality but rather by requiring
with respect to the average G-band brightness have a magnetig similar area fraction of G-band bright points as in the sim-
field strength exceeding 1000 G. The correlation coefficient be- yjation. It has also not undergone any image reconstruction
tween G-band brightness and magnetic field strength in theprocedure, which would lead to a better visual appearance but
downflow regions is 0.73, which has an extremely high signif- would affect the brightness distribution.
icance owing to the large number of points.

The lower part of Figure 1 shows a comparison between the
spatially smoothed simulated G-band imatmvér |eft panel)
and a subfield of the same physical size from an observed G- Why are the G-band bright points so closely associated with
band image taken with the Swedish Solar Telescope (SST) onthe magnetic flux concentrations in the downflow regions? The
La Palma (Canary Islands, Spain). The point-spread functionenhanced G-band brightness of the granules is mostly due to
used for smoothing of the simulated image is a combination their larger continuum intensity. While the magnetic elements
of an Airy function corresponding to the 1 m aperture of the also appear bright in the continuum radiationi {\&r & Schis-
telescope and a Lorentz function describing the image degra-sler 2003), their intensity contrast in the G band is much larger.
dation by turbulence in the terrestrial atmosphere (Nordlund This is due to the strong weakening of the absorption in the
1984). The width of the Lorentz function has been determined CH lines due to the depletion of CH molecules in the magnetic
by comparing the distribution functions of the G-band contrast flux concentrations by the combined effects of a larger tem-
for the observed and the smoothed simulated image. Figure 2perature (higher dissociation rate) and a lower density (less
shows that such smoothing leads to a nearly perfect agreemenaissociative collisions). This is demonstrated in Figure 3, which
of the distribution functions over the whole range of G-band shows the number density of CH molecules in the average
brightness. weakly magnetizedB< 50 G) part of the atmosphere corre-

The qualitative similarity of the simulated and observed im- sponding to the simulation snapshot given in Figure 1 in com-
ages in the lower part of Figure 1 is obvious: both images show parison with the average atmosphere of magnetic bright points
bright, elongated features in the downflow regions and a dis- (with a magnetic field strength above 1000 G and a G-band
turbed convection pattern in regions with accumulations of intensity larger than 1.5 times the average). The much lower
bright features. There can be little doubt that the bright featuresCH concentration at the formation height of the CH spectrum

3. PHYSICAL ORIGIN OF THE G-BAND BRIGHTENING
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aroundiog 7 = —1 leads to less absorption in the spectral lines resolution (21 km) together with a very detailed treatment of
of this molecule and thus, together with the higher level of the G-band spectrum synthesis. The excellent agreement be-
continuum intensity, to a strongly increased brightness in the tween the output of our ab initio simulations and the very
G band. The physical association of a large field strength with sensitive G-band brightness distribution confirms the physical
a higher temperature and a lower density can easily be undermodel of magnetic flux concentrations as evacuated and lat-
stood in terms of lateral heating by radiation of the transparenterally heated structures. Unraveling of the physical mechanism
tenuous interior of a flux concentration in lateral balance of for the connection between G-band bright points and magnetic
the total (gas plus magnetic) pressure (Spruit 1976; Deinzer efflux concentrations in the solar photosphere provides a firm
al. 1984; Kridker et al. 1991; Vgler & Schissler 2003). In basis for the observational study of small-scale magnetic field
fact, the strong flux concentrations in the simulations are found dynamics using G-band image series, which is important for
to be almost in total pressure equilibrium, showing values of understanding the physics behind solar irradiance variations
the plasma beta (gas pressure divided by magnetic pressureand the magnetic heating processes of the solar chromosphere
of the order of 0.1 around the average level of optical depth and corona.

unity in the weakly magnetic part of the photosphere.

This work has been supported by the Deutsche Forschungs-
gemeinschaft under grant Schu 500-7 in the framework of the
priority research program SPP1035. The Max-Planck Institute

We have provided a quantitative reproduction of the ob- for Aeronomy and University of Chicago Radiative Magne-
served G-band contrasts and their association with small-scaléohydrodynamics (MURAM) code, on which this work is
magnetic flux concentrations. Previous attempts to calculate G-based, has been developed in cooperation with F. Cattaneo,
band intensities have either relied on ad hoc and semiempiricalTh. Emonet, and T. Linde from the University of Chicago. The
models of the magnetic structure or resulted in too small G- data from the SST on La Palma have been kindly provided by
band contrasts (Uitenbroek 2003). Our results are based orthe Institute for Solar Physics of the Royal Swedish Academy

4. CONCLUSIONS

realistic radiative MHD simulations with high horizontal grid

of Sciences, Stockholm.
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