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Small-scale magnetic fields affect the solar luminosity mainly on long time scales. To understand
their contribution to solar luminosity variations we must know and understand the contribution
of a typical small-scale magnetic feature. In this review I briefly outline our theoretical under-
standing of the processes leading to the enhancement (or reduction) of the brightness of flux
tubes. I also present a brief overview of our observational knowledge.

1. Introduction

Observations show that whereas sunspots dominate solar luminosity variations on a time-
scale of days to months it is the bright faculae which dictate the variation of the global
solar luminosity on time scales approaching the period of the solar cycle (Willson &
Hudson 1988; Foukal & Lean 1988; Frohlich 1994). It is equally well established that
faculae are composed of small-scale magnetic features (see the reviews by Stenflo 1989;
Solanki 1993). Consequently, in order to understand long term solar irradiance variations
we must study and understand the brightness and energy balance of small-scale magnetic
features. For the purposes of brightness variations small-scale magnetic features may be
divided into two classes.

a) Flux tubes: These are magnetic flux concentrations having a field strength of a kG
or more in the middle and lower photosphere (e.g.; Stenflo 1973; Rabin 1992; Riiedi
et al. 1992). The magnetic energy density of such features is sufficiently high to
dominate over the thermal and kinetic energy of the internal gas at and above the
visible solar surface. This implies that the magnetic field significantly affects the way
that radiation is channelled through the solar surface. The most successful description
of these strong-field elements is provided by the flux-tube model (briefly described in
Sect. 2) and in the following we will refer to such features simply as flux tubes. Note
that a dominant fraction of the non-sunspot magnetic flux seen in the daily Kitt Peak
magnetograms is in the form of small flux tubes.

b) Weak field features: They are composed of less concentrated fields, with field strengths
below one kG throughout the photosphere (Riiedi et al. 1992). The thermal and ki-
netic energy densities are larger than or equal to the magnetic energy density. There-
fore we expect such magnetic fields to affect the solar luminosity only slightly, at
most. The necessary measurements have, however, never been carried out.

In the following I shall consider only flux tubes, since we know too little about the
brightness or the irradiance effects of weak field features.

2. Luminosity changes due to small-scale magnetic features: Theory

A considerable number of MHD models of magnetic flux tubes and sheets exist in the
literature. Of interest here are those which include an energy equation that adequately
takes into account at least some of the important effects. Such models have been con-
structed by, e.g., Spruit (1976, 1977); Deinzer et al. (1984a,b); Herbold et al. (1984);
Kalkofen et al. (1986); Knolker et al. (1988); Knélker & Schiissler (1988); Hasan (1988);
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Grossmann-Doerth et al. (1989)i; Nordlund & Stein (1989); Steiner (1990); Pizzo et al.
(1993a,b) and Fabiani Bendicho et al. (1993). Unfortunately, no model exists which
adequately includes all the relevant energetics.

There are four main effects which determine the final luminosity of a flux tube:

1. The magnetic field inhibits convection, so that heat transport from below is reduced.
Consequently the flux tube is cooled.

2. The magnetic pressure causes & gas pressure deficit within the flux tube, so that its
7 = 1 level is lowered (Wilson depression). Radiation flows in through the walls of
the flux tube above the Wilson depression, which heats the flux tube nearits 7 = 1
level and cools its surroundings (due to radiation losses into the flux tube).

3. Radiation from the ‘hot walls’ and the bottom of the flux tube heats the middle and
upper photosphere within the tube, and partly also in its near surroundings.

4. Mechanical energy, e.g. in the form of waves, is transported upwards along the field
lines to heat the upper photosphere and chromosphere. The waves are thought to be
excited by the buffeting of the flux tubes through granules.

The importance of effects 2, 3, and 4 decreases as the size of the flux tube increases.
The important quantity determining the brightness of magnetic features is the ratio
of horizontal size to the Wilson depression. For larger horizontal size more magnetic
flux is blocked, while for a larger Wilson depression the surface area of the flux tube
and its temperature are increased, allowing more radiation to escape. Since the Wilson
depression changes only slowly with changing flux tube size, it is mainly the horizontal
extent of flux tubes which determines their brightness.

Theory predicts that small flux tubes (smaller than 200-300 km in diameter) appear
bright all over the solar disc, in both the continuum and in spectral lines. They are
surrounded by a dark ring. Somewhat larger tubes are predicted to appear dark in the
continuum at disc centre, but bright near the limb. They may appear bright in spectral
lines as well. Such tubes are also surrounded by a dark ring. Very large flux tubes (pores,
sunspots) are predicted to be dark everywhere on the solar disc, in both the continuum
and photospheric spectral lines. '

3. Luminosity changes due to small-scale magnetic features:
Observations

Basically two types of observations are of interest:

a) Contrast measurements: These are narrow- or broad-band measurements of the
intensity of magnetic features relative to the quiet Sun intensity.

b) Spectropolarimetric measurements: Stokes V profiles (spectral profiles in net circularly
polarized light) are measured and the temperature stratification of the magnetic features
is determined therefrom.

3.1. Contrast measurements

The basic idea is to measure the intensity of the ‘magnetic feature’, I,,,, and of the average
quiet Sun, I, and therewith to construct the contrast 6:

§=1In/I,—1

One major advantage of this approach is its simplicity. Thus a large body of data has
been collected (for reviews see: Akimov et al. 1987; Solanki 1993). Another advantage
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F1GURE 1. Contrast AI/(I) vs. spatially averaged field strength, (B), where (I) is the average
brightness of the whole observed image and differs somewhat from I;. a) Continuum, b) line

core of Fe I 5250A. The solid curves are polynomial least-squares fits (adapted from Frazier
1971).

is that in this manner the effect of the magnetic feature on its surroundings, for example
the production of a dark ring around the flux tube, is automatically taken into account.

The main problem is that the measured § depends on many factors, which makes its'
interpretation and the comparison between different observations difficult. There are
four main parameters on which é depends.

a) Spatially averaged field strength (B) : § initially increases with increasing (B), before
decreasing again and finally turning negative. This happens at much smaller {B) for
the continuum than for spectral lines (Figure 1). Sheeley & Engvold (1970); Frazier
(1971, 1978); Simon & Zirker (1974); Mehltretter (1974); Frazier & Stenflo (1978);
Foukal & Fowler (1984); Title et al. (1990, 1992); Moran et al. (1992); Topka et al.
(1993) give further examples.

b) Limb distance: The continuum contrast é. increases rapidly towards the limb (e.g.
Waldmeier 1949; Rogerson 1961; Schmahl 1967; Livshits 1968; Chapman 1970; Frazier
1971; Muller 1975; Ingersoll & Chapman 1975; Hirayama 1978; Chapman & Klabunde
1982; Libbrecht & Kuhn 1984, 1985; Akimov et al. 1982, 1987; Lawrence 1988; Auffret
& Muller 1991), while § in line cores varies much less rapidly. Figure 2 illustrates the
centre to limb variation of § at different A (from Foukal et al. 1991).
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FIGURE 2. Measured values of the broad-band contrast, § (in %), at different wavelengths vs.
p = cos ¥, where ¥ is the heliocentric angle. The data are from various sources (adapted from
Foukal et al. 1991).

c) Wavelength A: § decreases strongly from the UV to the IR (cf. Figure 2) due to
two effects. Firstly, the Planck function has a larger temperature sensitivity in the
UV, so that the intensity reacts more strongly to a given temperature perturbation.
Secondly, the density of spectral lines decreases with A and spectral lines show larger
contrasts than the continuum. Consequently, the exact wavelength and width of the
passband may strongly affect the results. The wavelength dependence of § has been
widely studied (e.g. Frazier 1978; Chapman & McGuire 1977; Wang & Zirin 1987,
Moran et al. 1992). '

d) Spatial resolution: Higher spatial resolution usually leads to higher |6| values (e.g.,
Mehltretter 1974; Koutchmy 1977; Muller & Keil 1983; Auffret & Muller 1991; Kelier
1992). Thus Auffret & Muller (1991) find § values (around 5750 A) up to 25% at
disc centre (4 = 1). Keller (1992) even finds values ranging up to 30% in the true
continuum near 5250 A. Compare this with Figure 2. Note, however, that the
highest § values (1.8-2.0) have often been obtained in bandpasses containing strong,
temperature sensitive lines and do not reflect white-light contrasts.
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The above list on the one hand illustrates the wide variety of brightness signatures
produced by small flux tubes. On the other hand it also demonstrates that different
contrast measurements often cannot be directly compared to each other. A consistent
set of measurements under good seeing conditions at many A and p values is required.
It is important to measure (B) simultaneously.

3.2. Spectropolarimetric measurements

The procedure for determining contrasts from spectropolarimetric measurements is as
follows: 1.) A number of spectral lines are recorded in polarized light. 2.) Clean diagnos-
tics (e.g. line ratios) are identified. 3.) Models are constructed which ideally reproduce
all diagnostics. The end products are the simultaneously determined magnetic, velocity
and thermal stratifications within the magnetic feature. Using these, continuum or line
contrasts may be derived.

We may count among the advantages of this approach that its results are (to first
order) spatial resolution and wavelength independent. In addition, {B) is automatically
determined with high accuracy. Disadvantages are that some model dependence always
remains and considerable effort must generally be invested to obtain good models, which
limits the number of relevant investigations. Also, current diagnostics mainly give in-
formation on the magnetic features alone and not so much on their surroundings which
are also important for the net radiation budget. Here I concentrate on two results of
spectropolarimetric observations.

Dependence of temperature on (B) : The temperature in the lower photosphere, and
consequently the continuum intensity I., depends strongly on (B) (e.g. Frazier 1978;
Hirayama 1978; Solanki & Stenflo 1984, 1985; Solanki 1986; Zayer et al. 1990; Solanki
& Brigljevi¢ 1992).

Small (B) S100 G — & (50004) =~ 5% to 30% ,
Larger (B) =200 — 350 G — 6. (5000A) ~ —5% to —20% .

Also, as (B) increases, so does the average diameter d of the magnetic features. The
dependence on (B) is most probably a result of this dependence of d on (B) (e.g. Keller
1992; Grossmann-Doerth et al. 1994). (B) is, however, the more convenient quantity
to measure. The §, inferred from spectropolarimetric observations is at least in good
qualitative agreement with direct §. measurements.

Height dependence of the temperature: In the deeper layers the temperature in the flux.
tube is lower than in the surroundings at the same height, while in the upper photosphere
and the chromosphere the opposite is the case (Keller et al. 1990; Bruls & Solanki 1992).
At equal optical depth the flux tubes may be hotter or cooler than their surroundings
near 7. = 1, but in the middle and upper photosphere the flux tubes are invariably
hotter (e.g. Stenflo 1975; Chapman 1979; Solanki 1986; Walton 1987; Keller et al. 1990;
Solanki et al. 1991). In particular, the chromospheric temperature rise starts 200 — 300
km deeper within small-scale magnetic features than in the quiet Sun (Bruls & Solanki
1992; cf. Ayers et al. 1986; Chapman 1981). This leads to considerably enhanced Ca
IT H and K emission. The temperature stratification of small flux tubes is plotted in
Figure 3.

4. Conclusions

The basic parameter determining the brightness of small-scale magnetic features is their
size. Since the average size of the magnetic features increases with increasing (B) or
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FIGURE 3. Temperature T vs. height Z of a small flux tube (dot-dashed), of the quiet Sun
(dashed) and a sunspot umbra (solid) (adapted from Avrett 1985).

magnetic filling factor, their average luminosity decreases with increasing (B). It follows
that it is not sufficient to know the magnetic field averaged over the Sun to predict the
solar irradiance variation. We must know the detailed distribution of the field. Thus
solar irradiance need not peak simultaneously with the disc-integrated magnetic flux,
even if the magnetic field is responsible for solar irradiance variations. For example, the
B-field is more uniformly distributed in the falling phase of the solar cycle, so that at
that time there may be more field in regions of small (B), which show a larger &..

In the subphotospheric layers small magnetic features receive an excess of energy from
their surroundings through radiation, through the excitation of internal motions (e.g.
waves), and partly through storing energy in more complex magnetic geometries. This
excess energy is:

e partly radiated away immediately at 7. = 1. This gives rise to a limb continuum
enhancement from the flux-tube walls and, for small tubes, to a disc-centre continuum
enhancement from the bottom of the flux tube.

e partly transported upwards to heat the middle and upper photosphere, which weakens
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most spectral lines, thus enhancing line emission. In addition, it further enhances
continuum emission from flux tubes at the extreme limb.

e to a minor part transported still higher to heat the chromosphere and corona, enhanc-
ing Ca II H and K emission, X-ray and 11 cm radio flux and He I 10830 A equivalent
width.

Most of these proxies to solar irradiance are thus produced by channelling into the upper
atmosphere of a minor amount of the excess energy flowing into magnetic features. The
proxies thus have basically a common origin to the long-term irradiance variations them-
selves which are caused by the dominant part of this excess energy flux. The heating of
the upper atmosphere, however, is a non-linear function of the magnetic flux, so that it is
not a priori clear which particular indicator should be a good proxy of solar luminosity.

In addition to simply possessing a higher radiation flux than the quiet Sun, small flux
tubes also redistribute the energy vertically in the atmosphere, transporting it to greater
heights before allowing it to be radiated away. Therefore, the contribution of spectral
lines to the total irradiance variations should not be neglected.

In summary, small-scale solar magnetic features affect the solar luminosity and even
appear to dominate its evolution on the time scale of the solar activity cycle. Nevertheless
there are sizable gaps in our understanding of how small-scale magnetic features influence
the global luminosity. In order to understand the complex influence of the small-scale
fields we must know both, the evolution of their distribution on the solar surface and the
luminosity of individual features as a function of their position on the solar disc and of
the local magnetic filling factor. The distribution and large-scale evolution of magnetic
features is well documented by the daily Kitt Peak magnetograms. Our knowledge of
individual magnetic features has also progressed substantially, but hardly any attempt
has so far been made to combine these two subjects of study. I expect that a number of
open questions regarding the mechanism by which small-scale magnetic features affect
the global solar luminosity can be answered by carrying out this synthesis.
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