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A b s t r a c t . Cont inuum observations in the far IR have given us a broad spectrum of new and pow-
erful diagnostic utilities for the solar atmosphere. The infrared continuum is formed in LTE with 
thermal free electrons by free-free interactions. This gives us a flexible and accurate atmospheric 
thermometer that has made infrared measurements fundamental to model ing of the quiet solar 
medium for more than two decades. The submillimeter and millimeter continua are particularly 
useful with respect to thermal diagnostics of the low chromospheric temperature minimum, where 
non-radiative heating of the solar medium becomes clearly manifest. Modern submillimeter tele-
scopes and instrumentation on Mauna Kea, in Hawaii, are now revolutionizing solar observations 
in the submillimeter spectrum, giving us the first observations of detail on the scale of the chro-
mospheric supergranular network, sunspots and prominences. These observations are showing us 
a remarkable and unexpected view of thermal structure that emerges as one probes to successively 
higher levels above the chromospheric temperature minimum. 

K e y w o r d s : heating - infrared: stars - Sun: chromosphere - Sun: f i laments - sunspots 

1. Introduction 

The submillimeter spectrum is clearly defined as excluding wavelengths longward 
of 1 mm, but its short-wavelength limit is somewhat arbitrary. The terrestrial at-
mosphere blocks almost all radiation between 30 and 300 /zm, (see Figure 2 of 
Jefferies, 1993, this volume). This occlusion seems to provide a rough discriminator 
for astronomers whereby 300 μτη is definitely considered submillimeter while 30 μηι 
falls in the far-infrared domain and is rarely thought of as submillimeter. However, 
the 30-300 μηι band is observable from the stratosphere or above, and is of great 
interest in solar diagnostics. We will consider wavelengths greater than 30 μηι to be 
submillimeter, for the purpose of this discussion, but a clear boundary is actually 
not established. 

The submillimeter solar spectrum, at first sight, appears to exude a certain 
blandness. As wavelength increases, spectral lines weaken leaving only a few diffuse 
emission lines longward of 100 μηι (e.g., Boreiko and Clark 1986; Naylor et al. 1993 
find no lines longward of 300 μηι). The continuum offers spatial information, but at a 
high cost, for diffraction reduces spatial resolution. Nevertheless, the submillimeter 
spectrum does present us with an exceptionally powerful diagnostic perspective. 
It has served a unique role as a thermal probe of the chromospheric medium for 
the quiet Sun. And now, modern large submillimeter telescopes are opening this 
diagnostic to a broad range of other interesting chromospheric structure. A brief 
review of the mechanisms important in submillimeter radiative transfer in the solar 
atmosphere offers some insight into this role. 

2. Continuum Emission and Absorption 

The primary mechanism of continuum emission, and thus also opacity, throughout 
of the infrared spectrum longward of 2 μηι is collisions of free electrons with atoms 
and ions, i.e., bremsstrahlung. For collisions with neutral hydrogen atoms, the 
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Fig. 1. Weighting functions for 350, 850 and 2,000-μπι continuum radiation are plotted 
against the temperature profile (dashed curve) of model C of VAL III. 

process is termed H~ free-free emission, after a formalism that considers the free 
electron together with the neutral atom as an unbound H~ ion both before and 
after the interaction. H° free-free emission, i.e., electrons colliding with protons (or 
any other singly charged ion), begins to dominate H~" free-free emission when the 
atmospheric medium is more than about a half percent ionized. Free-free opacity 
increases strongly with wavelength, λ, in the infrared. For H" free-free opacity, it is 
proportional to λ2, and this rule also serves as a rough approximation for H° free-
free opacity. Figure 1 shows weighting functions for 350, 850 and 2,000 μηι radiation 
for atmospheric model C of Vernazza, Avrett and Loeser 1981 (VAL III C). The 
shorter wavelengths, centered in atmospheric windows accessible from Mauna Kea, 
are formed by chromospheric levels at which the temperature begins to increase 
with height. 

Because the emission arises from thermal collisions, the infrared continuum is 
formed essentially in thermal equilibrium with the local thermal free electrons that 
give rise to it. The source function is the Planck function, which at solar tem-
peratures follows the Ray le igh-Jeans law and is therefore simply proportional to 
temperature. It is useful to keep in mind that in a non-uniform medium the vis-
ible and ultraviolet Planck functions at solar temperatures are weighted strongly 
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toward hotter elements, so much so that images at the shorter wavelengths may 
represent mostly a rather small fraction of the very hottest gas. In the infrared, 
one can usually suppose that the continuum intensity roughly represents the tem-
perature of gas at about unit optical depth, rather than optically thin gas that has 
a disproportionately large source function. All of these qualities make the infrared 
and submillimeter continuum surely the best known chromospheric thermometer. 

3. Recent Submillimeter Observations 

I will bypass a large amount of interesting past work at submillimeter wavelengths 
to look over a sample of recent exciting results from the world's largest submil-
limeter telescope, the 15-m James Clerk Maxwell Telescope (JCMT) on Mauna 
Kea. Figure 3 of Jefferies (1993) shows an image covering most of the solar disk in 
850 μπι radiation (Panel a) next to a simultaneous image of the Sun in the K-line of 
singly ionized calcium (Panel b). There are striking similarities. Both images clearly 
show the chromospheric super granular network. In this Figure, the submillimeter 
contrast (Rayleigh-Jeans) has been enhanced to match the greater K-line contrast. 
Lindsey and Jefferies (1991a) find the distribution of infrared intensities from the 
super granular network to be consistent with that expected from the VAL III (1981) 
models. 

Notwithstanding clear similarities, there are some clear differences between the 
850 μηι image and the K-line image: In particular, the K-line image is strongly 
limb darkened, where the 850 μηι image is slightly limb brightened, a quality first 
inferred observationally by Noyes, Beckers and Low (1968) and mainly attributable 
to a general increase in chromospheric temperature with height. The extreme limb 
brightnesses measured by occultation during eclipse are reviewed by Clark (1993) 
in this volume. (For a summary glance see Figure 4 of Jefferies 1993, also in this 
volume). The strong limb-darkening seen in the K-line reflects an increasing de-
parture of the K-line source function from local thermal equilibrium (LTE) with 
increasing height, as decreasing opacity allows the calcium ions to radiate more 
efficiently into space. This is one of the stronger of the non-LTE manifestations 
that are shared by all chromospheric lines in the visible, and we now know that at 
least some photospheric lines far into infrared depart from LTE (see Chang 1993 
and Rutten and Carlson 1993, in this volume). 

For a smooth atmosphere, there is a simple formalism relating the infrared 
continuum limb brightness profile to the vertical temperature gradient and similarly 
to the disk-center temperature as a function of wavelength. Where the λ2 opacity 
rule is accurate, for instance, the brightness temperature, Ti, of radiation emerging 
at incidence θ is simply a function of the product λ2 /μ: 

%(\,μ) = /(\*/μ), (1) 

where μ = cos0 (Simon and Zirin, 1969). These relationships had already lead to 
predictions of strong limb brightening in radio measurements in the 1950s, an effect 
that never clearly materialized for wavelengths of order 1 cm or greater. Equation 
(1) is not satisfied because the chromosphere is not smooth. This realization lead 
to models incorporating rough structure such as spicules as early as Coates (1958). 
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Fig. 2. Images of the Sun in 350-μπι (Panel a) and 1,200 μια radiation (Panel b) made 
on 1991 Feb 9 at ~2200 UT and ~2500 UT respectively. Vertical and horizontal fiducials 
indicate the positions of large sunspots. 

The best available review of the limb-brightness problem remains that of Simon 
and Zirin (1969). The submillimeter continuum seems to be unique in exhibiting 
clear limb brightening. 

An indication of how heated chromospheric structure emerges above the tem-
perature minimum level is found in Figure 2, which shows images of the Sun in 350-
and 1200-μτη radiation taken a few hours apart. Network boundaries that appear 
relatively faint and thin at 350 μτη brighten and appear to expand to a greater filling 
in 1200-μπι radiation. However, at least some part of this expansion is attributable 
to diffraction. 
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3 . 1 . SUNSPOTS 

Vertical and horizontal fiducials in Figure 2 show the locations of two large sunspots. 
They appear nearly invisible at these wavelengths, distinguishable from the quiet 
Sun only by contrast with surrounding plage. Even large sunspots appear mostly 
just by contrast against surrounding brighter plage. Occasionally they are as bright 
as the plage themselves, as seen in Figure 3 of Jefferies (1993) in this volume, where 
a group of spots registers as very dark in the K-line (lower right of Panel b) but 
resembles bright plage in the 850 μπι continuum (lower right of Panel a). This com-
parison further illustrates the drastic departure from LTE of visible chromospheric 
lines, which generally register large sunspots as quite dark. The best known sunspot 
models have low chromospheres considerably cooler than the quiet Sun temperature 
minimum, resulting in a dark submillimeter sunspot. The models that come clos-
est to satisfying the submillimeter observations seem to be those of Maltby et al. 
(1993). It now seems that even these models will need a considerably hotter lower 
chromospheres to fit the new submillimeter and millimeter observations, requiring 
a strong heating mechanism in those regions with the most intense magnetic fields. 

3 . 2 . LARGE-SCALE VARIATIONS IN THE QUIET SUN 

While the 850 μιη images clearly show the quiet-Sun supergranular network (see 
Figure 3 of Jefferies, 1993, in this volume), they also show large-scale quiet-Sun 
intensity variations that the K-line does not. There are extended regions up to 10% 
darker than the more typical quiet Sun, and these seem to have a weak tendency 
to border active regions. They are not apparent at 350 μπι (Fig. 2a), but are pro-
nounced at 1,200 μπι (Fig. 26). One is tempted to think of such a region as a sort of 
chromospheric hole. However, preliminary estimates indicate that even these dark-
ened regions have a greater brightness temperature in 1,200 μπι radiation than the 
quiet Sun in 350 μιη radiation, thus, they evidently are not "chromospheric holes," 
but perhaps simply regions of reduced heating. While not seen in the calcium K-
line, similar features are clearly seen in the calcium infrared triplet and weakly in 
the sodium D-lines, where large active regions tend to be surrounded by darkened 
halos. 

3 . 3 . FILAMENTS AND PROMINENCES 

Filaments seem to be nearly invisible against the solar disk at submillimeter wave-
lengths. This strongly suggests material roughly equal in temperature to the low 
chromosphere, ~5,500 K, which is considerably cooler than most prominence mod-
els but not all (see, e.g., Hirayama 1985 and Hirayama, Nakagomi and Okmoto 
1979). We know that filaments have a substantial optical depth in the submil-
limeter continuum, because they are clearly seen as prominences in this radiation. 
Kosugi Ishiguro and Kiyoto (1986) clearly see filaments as dark against the solar 
disk at 3 mm, where the disk brightness is considerably higher than 5,500 K. Thus, 
submillimeter and radio observations are accumulating a strong case in favor of 
prominences being of mostly relatively cool material. 
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Fig. 3. A large active prominence in 1,300 μπι radiation on 1991 July 10 at 18 00 UT. The 
prominence was raster-scanned by the 15 m JCMT 23 hr before a total solar eclipse over 
the facility on Mauna Kea. 

Figure 3 shows a large prominence in 1.3-mm radiation. This prominence shows 
a peak brightness temperature of ~2,500 K. Rough estimates, assuming an optical 
path length through the prominence comparable to its horizontal dimensions and a 
temperature of 5,500 Κ suggest a free electron density of order 1010 c m - 3 (Harrison 
et ai 1993). 

3.4 . CHROMOSPHERIC DYNAMICS 

Infrared thermal diagnostics are as applicable to chromospheric dynamics as to 
quasi-static modeling. Kaufmann et ai (1993) and Correia et ai (1993) explain the 
need for submillimeter observations in solar flare diagnostics. Observations even 
down to ms time scales are desired. The practical problem reduces to dedicating a 
substantial submillimeter facility to a program to monitor active regions for long 
enough to get a good sampling of large-flare observations. 

Far infrared diagnostics have already given us very interesting thermal diagnos-
tics of the response of the chromospheric medium to compressional perturbations 
due to the five-minute oscillations in the quiet Sun. Figure 4, taken from Kopp et 
ai (1992), shows time series of local brightness oscillations measured at 50, 100 and 
200 μτη from the Kuiper Airborne Observatory, made simultaneously with Doppler 
observations of the same region in the sodium Di line from the Stokes Polarimeter 
at the Mees Solar Observatory (see Mickey 1985) on 1987 May 14. There is a high 
correlation between velocity and submillimeter intensity, with intensities leading 
velocity by varying phase shifts. Observations in visible lines, particularly those of 
Lites, Chipman and White (1982) have shown similar phase shifts between velocity 
and core brightness of certain members of the calcium infrared triplet, particu-
larly Ca II 8498 Â. Kopp et ai 1992 use the measured infrared phase-shifts to 
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Fig. 4. Time-series showing brightness variations in 50, 100 and 200 μτη continua (top 
three plots) in response to five-minute oscillations monitored by Doppler variations in the 
Sodium Di line Λ5896 Â (bottom plot). 

characterize the low chromosphere by thermal relaxation at various rates over a 
range of heights spanning the temperature minimum. They find relaxation rates 
that decrease rapidly with height, suggesting a simple adiabatic response of the 
chromospheric medium above about 1,000 km. In the low chromosphere, these rates 
appeared unexpectedly large at the time the observations were made, but now seem 
reasonably consistent with recent theoretical work by Anderson (1992). Again, the 
interpretation of the infrared continuum is greatly simplified by the emission being 
always in LTE with the thermal free electrons. 

4. Summary 

The infrared continuum remains central to thermal diagnostics of the solar photo-
sphere and chromosphere. Modern large submillimeter telescopes and instrumen-
tation are opening a broad new range of solar phenomena to submillimeter obser-
vations, and are opening us to a remarkable, new perspective on chromospheric 
structure. The LTE source function of the infrared continuum promises to facili-
tate our interpretation of the infrared in terms of atmospheric models, especially 
where rough, inhomogeneous atmospheric structure is important, as it is in the 
chromosphere (see Lindsey and Jefferies, 19916). 

With more advanced instrumentation now being developed, we can expect sub-
millimeter observations to give us considerably more insight into dynamical qualities 
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of the chromosphere in its response to acoustic and other hydro-mechanical pertur-
bations, such as the five-minute oscillations, and to transient events, such as flares. 
Even the observation of a clear lack of submillimeter emission from a moderately 
large flare would be interesting (see Kaufman 1993). Good flare observations in this 
region are problematical for the moment, but modern array detectors now being 
developed will soon make them practical. It seems clear that we have only obtained 
a first glimpse of the potential of submillimeter diagnostics at this juncture. 
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