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Abstract. The High Resolution Telescope and Spectrograph (HRTS) instrument has obtained
broadband spectroheliograph images at 1600 A of the solar temperature minimum region. I discuss
HRTS observations of quiet areas and their relation with magnetic fields, five minute oscillations,
and heating. The brightness temperature of solar fine structure elements composing the super-
granular network is found to be linearly proportional to the local absolute value of magnetic field
strength. There is evidence for a 250-s period oscillation occurring in 10-arcsec scale patches,
which however is energetically unimportant to the local heating budget. A general nonmagnetic
background heating and five minute oscillations occur globally, while the network bright points
occur in magnetic regions, heated perhaps from partial dissipation of Alfvén waves (whose energy
flux is linearly proportional to B) in individual elemental 1500-G (at the photosphere) flux tubes
which expand to form the temperature minimum fine structure bright points.
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1. Introduction

The temperature minimum region of the solar atmosphere can be observed at in-
frared wavelengths both in the continuum around 350 um, and in absorption lines
such as the vibration-rotation lines of CO, for example the 3-2 R(14) line at 4.67 ym.
This region can also be observed in the far ultraviolet, and observations as far back
as 1978 from sounding rocket flights have been made with arcsecond spatial reso-
lution. A comparison with such observations can lead to a fuller understanding of
the temperature minimum.

The High Resolution Telescope and Spectrograph (HRTS) instrument consists
of a 30-cm diameter telescope, a broadband spectroheliograph, a slit spectrograph
which can cover a wavelength range from 1175-1710 A with 0.05 A spectral res-
olution, and an Ha system which can both display images using a TV camera
and record them on film. Both the spectroheliograph and Ha systems use reflected
images from the spectrograph slit jaw mirrors. Slit spectra and spectroheliograph
images are recorded on film. The spatial resolution, while potentially an arcsecond
or better, has typically been 1-2 arcsec.

The spectroheliograph has been tuned on a number of sounding rocket flights
to cover a passband centered on 1600 A, where the predominant flux contributor
is continuum emission from the temperature minimum region (approximately 70%
of the integrated intensity over the passband in disk quiet regions; the remain-
der is chromospheric line emission). I discuss HRTS observations from quiet areas
of bright point fine structure, its relation to magnetic fields seen in photospheric
magnetograms, the evidence for five minute oscillations, and estimates of required
heating. Where available, I compare results from the far ultraviolet observations
with work in the infrared, noting both similarities and also several puzzling differ-
ences.
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Fig. 1. Comparison of Sac Peak Ca II image, HRTS 1600 A spectroheliogram, and Kitt
Peak magnetogram from the day of the HRTS II flight.

2. Structure of Quiet Regions

The central problem of the physics of the solar atmosphere is to understand the
physical processes which reverse the temperature decline in the upper photosphere,
as consistent with radiative equilibrium, and instead lead to the temperature rise
from the temperature minimum at 4400 K, through the chromosphere and transition
region, up to the several times 106 K corona. This input of additional energy is
clearly connected with the magnetic field, either as a channeling agency, such as for
magneto-acoustic waves, or more directly through input of energy from changes in
the magnetic field such as reconnection.

The observed structure of the solar photosphere is a granular pattern with in-
dividual granules of order 1-2 arcsec in size which rise and fall vertically, have
sideways motions of order 1 km s~!, and last around 8 minutes. But by the temper-
ature minimum, where the atmosphere already departs from a radiative equilibrium
model and additional heating is occuring (Anderson and Athay 1990), the observed
structure in quiet areas is the supergranular network.

Small network elements composed of clumped arcsec scale bright points occur at
edges of the supergranulation, coincident with stronger field regions in photospheric
magnetograms, while the cell centers are filled with the order of 20 individual bright
points evolving on a 1 minute timescale (Cook, Brueckner, and Bartoe 1983). Fig-
ure 1 illustrates a Ca II image, HRTS 1600 A spectroheliogram, and photospheric
magnetogram from the day of the HRTS II flight on 13 February 1978, showing the
similarity of structure in Ca II and the 1600 A image, and the relationship of bright
areas (dark in these negative images) with strong field regions in the magnetogram
(Cook, Brueckner, and Bartoe 1983). In comparison, a new, unpublished image at
350 um obtained by the JCMT was shown at this meeting, with a spatial resolu-
tion of approximately 10 arcsec, which only begins to suggest the network element
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supergranular structure of quiet areas (Lindsey 1993).

This supergranular network structure of quiet regions can be observed through-
out the chromosphere and into the transition region, with a good degree of corre-
spondence in location of network elements in images from a range of temperatures.
This basic network structure persists up to at least 500,000 K, as can be seen in Sky-
lab data from the NRL SO82A instrument (Sheeley et al. 1975; Cook 1991). Images
in Ne VII, formed at 500,000 K, show that this temperature represents something
of a transitional range for solar morphology. The quiet disk is still organized in the
network pattern, but loop structures are beginning to appear in active regions. At
temperatures of 106 K (seen in Mg IX) and higher (Fe XV), the disk and limb show
large complete loop systems, typically connecting separated active regions, and the
supergranular pattern has disappeared. The basic quiet Sun structure up to at least
500,000 K is closely related to structures of lower temperature plasmas, instead of
to the corona.

3. Relationship of Brightness and Magnetic Flux

Using HRTS 1600 A spectroheliograms and Kitt Peak magnetograms, Cook and
Ewing (1990) examined the quantitative relationship of brightness temperature at
1600 A to photospheric magnetic field strength in the quiet Sun. We used a tech-
nique which obtained the best-fit relationship of a given functional form between
two histogram distributions, in our case for brightness temperature at 1600 A and
for the distribution of absolute magnetic flux, in a 486 x 452 arcsec? sample quiet
area from the HRTS V flight on 11 December 1987.

Figure 2 illustrates the distribution of brightness temperature at 1600 A which
we found for our sample quiet area (the solid and dashed lines were obtained from
two different exposures of the same sample area). The functional form used for
mapping one distribution to the other is very general, and was originally meant to
reproduce the S-curve shape of film characteristic curves in photometric photometry
(see Cook, Ewing, and Sutton 1988). The observations alone determined the fit,
which was not imposed at the start. In Figure 3 we show the functional relationship
which we found (the solid and dashed lines from two different 1600 A exposures
of the same sample area are again in good agreement), which is essentially linear
for field strengths above the ~7 G noise level of the Kitt Peak magnetograms. We
found that even magnetic bipoles, unlike in the corona, are no brighter than implied
by their absolute flux magnitude.

We estimated the additional energy flux necessary to maintain the network
bright points by integrating the LTE approximation AE = 166T$ATT, where AT
is the observed brightness temperature excess in network bright points above an
average temperature To, and 7 is the optical depth (at 5000 A) at the tempera-
ture minimum level, over the observed distribution of brightness temperature above
4600 K, which represents the bright point population. This average additional en-
ergy flux, 7.5 x 105 ergs cm~2 s~1, is directly comparable to the flux required to
heat the normal average global background at the Ti, level, 8 x 10 ergs cm—2
s~!, from the prescribed heating models of Anderson and Athay (1990).

This linear result is consistent with heating by Alfvén waves, whose flux Fq =
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Fig. 2. Histogram distribution of brightness temperature in a sample quiet area.
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Fig. 3. Relationship of 1600 A brightness temperature vs. absolute magnetic field strength
in a sample quiet area.
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pv2Vy4, where V4 = B/(47p)l/? is the Alfvén velocity, is linear in B. We estimated
the potential flux at photospheric levels produced from granular buffeting in mag-
netized areas. Using v ~1 km s~! as the typical horizontal granular velocity (Title
et al. 1989) and p = 2.7 x 10~7 g cm~3 as the density at the 7 = 1 level of the pho-
tosphere (Vernazza, Avrett, and Loeser 1981), there is 10 times the flux required
for heating the T, network element bright points potentially available in Alfvén
waves generated from photospheric granular buffeting. The problem still remains,
however, to find a viable dissipation mechanism for the Tj,;, region.

Our comparison with the energy available in Alfvén waves was suggested by
the observed linear relationship of excess heating to magnetic flux, but we did not
mean to rule out other mechanisms which could yield such a result.

Cook and Ewing (1990) suggested that the individual network bright points of
~ 1 arcsec diameter seen at 1600 A, associated with typical Kitt Peak observed
field strengths of 50 G obtained for 2 arcsec seeing, were consistent with individual
flux tubes with true, unresolved photospheric field strengths of around 1800 G and
diameters of ~1/3 arcsec. They used a simple scaling law for the diameter d of a
flux tube based on conservation of flux and equipartition of magnetic pressure and
gas pressure p, (d2/d;) = (p1/p2)'/%. The VAL model C atmosphere (Vernazza,
Avrett, and Loeser 1981) gives the ratio of gas pressures at 7 = 1 and the T as
88, and so d(Tin) ~ 3.1d(photosphere). A field of 50 G at 2 arcsec resolution then
corresponds to 50 x 36 = 1800 G at 1/3 arcsec. Magnetograms from the Lockheed
SOUP instrument (Title et al. 1990) have reached 0.5 arcsec spatial resolution, and
found that field strengths associated with Ni I bright points are of the order of
600 G. Spatial resolution below 0.5 arcsec should show even higher field strengths
for elementary photospheric flux tubes. The Tp,iy, is the highest level where network
and active region features still keep a resolvable bright point structure. At greater
heights the decreasing gas pressure and expanding fields cause the pointlike network
features to spread out to more continuous patches of emission.

4. Brightness Oscillations at 1600 A

Cook and Ewing (1991) also examined the brightness variations occuring in HRTS
V 1600 A data in a series of 56 images over 330 s of the sounding rocket flight. We
found variations in small 10 arcsec patches in cell centers, which were immediately
reminiscent of the five minute oscillations in the photosphere, and the oscillations
observed by Noyes and Hall (1972) in the infrared line of CO at 4.67 pum which
is formed in the Tiin. I show in Figure 4 a sample result obtained by fitting the
brightness temperature variations with time in individual 5 or 10 arcsec boxes
filling a 350 x 350 arcsec? field from our time series of 1600 A images. We used sine
functions with individual average temperatures, amplitudes, periods, and phases
for each box.

With only 330 s temporal coverage from our sounding rocket observations, a
Fourier analysis (w — x diagram) was inappropriate. Instead we looked at the his-
togram distributions of the periods, amplitudes, etc., found for the individual 5 or
10 arcsec boxes into which we divided our field. Figures 5 and 6 show the distri-
bution of the periods and the amplitudes found from our sine fits to the variation
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Fig. 4. Sine wave fit to brightness temperature variation for an individual 10 arcsec square
box. The scatter to the fit illustrates the noise level of the data.

of brightness temperature within individual boxes. The periods show a broad peak
running from 150 to 400 s, centered at 250 s. A range of brightness temperature
amplitudes was found, with the average of the 5 arcsec box distribution at 50 K.

These results from our 1600 A observations can be compared with T}, obser-
vations in the infrared, and also with Ca II K line observations. Observations of CO
infrared absorption lines by Noyes and Hall (1972) and Ayres and Brault (1990)
give periods near 250-300 s for oscillations, but significantly greater values of 100-
150 K for the amplitudes. Observations by Lindsey and Roellig (1987) at 350 pm
also give periods near 300 s; their amplitudes are not really directly comparable
because of their large field of view (beam size). In contrast, observations using the
Ca II K line (for example Dame, Gouttebroze, and Malherbe 1984) typically give
periods in the three minute range in cell centers, which is usually interpreted as a
chromospheric period. It is unclear how to directly reconcile the 1600 A, infrared,
and Ca II results into a single picture. The resolution of these differences may come
from a model for the temperature minimum and low chromosphere which is highly
structured and possibly dynamic.

We estimated the average energy flux (1/2)pv2c,, where the sound speed ¢, =
(YkT/pmg)Y/2, for a simple propagating, adiabatic, undamped wave (however, it
is not clear that these waves are actually propagating!). Other regions of the atmo-
sphere depart from adiabaticity, but in the Tjy;, the radiative relaxation time for
radiative damping of compressional waves is usually estimated to be long compared
with the compression time of an acoustic wave; in addition v should be close to the
monatomic ideal value of 5/3 because of the low degree of ionization. In this case
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Fig. 5. Histogram distribution of period for 5 arcsec boxes (solid line) and for 10 arcsec
boxes (dashed line).
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Fig. 6. Histogram distribution of amplitude for 5 arcsec boxes (solid line), 10 arcsec boxes
(dashed line), and 70 arcsec boxes (fine dashed line).
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(v/es) = (y—1)"Y(AT/T), and using AT = 50 K gives an acoustic flux of 1.8 x 10°
ergs cm~2 s~!. This flux is small compared to an average global requirement of
8 x 10% ergs cm~2 s~1 to heat the Tjyin level (Anderson and Athay 1990), and so
the 250-s oscillations are energetically unimportant in the local heating budget.

To summarize these results, we suggested a picture for the quiet Sun in which a
general nonmagnetic background heating and 250 s oscillations occur globally, while
additional heating (perhaps from partial dissipation of the flux in Alfvén waves
produced from photospheric granular buffeting of individual flux tubes) produces
the network bright points. These bright points may be individual elemental ~1800 G
(at the photosphere) flux tubes which expand to arcsec diameter with decreasing
gas pressure by the temperature minimum level. The average additional energy flux
required to maintain the network bright points, representing only around 2% of the
total surface area, is directly comparable to the flux required to heat the normal
global average background at the temperature minimum level.

The relationship of brightness at 1600 A and magnetic flux in the photosphere
must eventually flatten out above 50 G, as finally active region field strengths are
reached. Already the brightest few elements in quiet areas are as bright as any
features seen at 1600 A except for flares, and active regions simply contain a higher
fractional area of these brighter elements. When field strengths characteristic of
sunspots are reached, a presumably completely different physical mechanism takes
over to actually suppress heating.
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