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ABSTRACT

We present the results of optically thick non-LTE radiative transfer calculations of lines and continua of H, C 1-1v,
and O —v1 and other elements using a new one-dimensional, time-independent model corresponding to the average
quiet-Sun chromosphere and transition region. The model is based principally on the Curdt et al. SUMER atlas of the
extreme ultraviolet spectrum. Our model of the chromosphere is a semiempirical one, with the temperature distribu-
tion adjusted to obtain optimum agreement between calculated and observed continuum intensities, line intensities,
and line profiles. Our model of the transition region is determined theoretically from a balance between (a) radiative
losses and (b) the downward energy flow from the corona due to thermal conduction and particle diffusion, and using
boundary conditions at the base of the transition region established at the top of the chromosphere from the semi-
empirical model. The quiet-Sun model presented here should be considered as a replacement of the earlier model C of
Vernazza et al., since our new model is based on an energy-balance transition region, a better underlying photospheric
model, a more extensive set of chromospheric observations, and improved calculations. The photospheric structure
of the model given here is the same as in Table 3 of Fontenla, Avrett, Thuiller, & Harder. We show comparisons be-
tween calculated and observed continua, and between the calculated and observed profiles of all significant lines of
H, C r1v, and O rvr in the wavelength range 67—173 nm. While some of the calculated lines are not in emission as
observed, we find reasonable general agreement, given the uncertainties in atomic rates and cross sections, and we
document the sources of the rates and cross sections used in the calculation. We anticipate that future improvements

in the atomic data will give improved agreement with the observations.

Subject headings: atomic data — line: profiles — radiative transfer — Sun: chromosphere —
Sun: transition region — Sun: UV radiation

1. INTRODUCTION

The Curdt et al. (2001) SUMER atlas of the quiet-Sun disk-
center spectrum between 67 and 161 nm together with the corre-
sponding Brekke (1993a) HRTS spectrum to 173 nm contain a
wealth of information about the structure and composition of
the upper photosphere, chromosphere, transition region, and
low corona, as well as about some of the detailed atomic pro-
cesses involved in producing the spectra. These observations
provide data that can be used to reveal the structure of the solar
atmosphere.

The Curdt et al. and Brekke observations correspond to the
combined intensities from the brighter network regions and the
fainter internetwork regions. The model in this paper corresponds
to these combined intensities, but we comment briefly here on
the observed spatial and temporal variations. At disk center, the
SUMER continuum intensity in the network is greater than in in-
ternetwork regions, typically by a factor of 3 shortward of 110 nm
and a factor of 2 at longer wavelengths. In many lines the network-
to-internetwork intensity ratios are much larger than the continuum
ratios, particularly at short wavelengths. These continuum and line
ratios are plotted in Fig. 4 of Curdtetal. (2001) (and in our Fig. 1
below). Observed temporal variations are often smaller than these
spatial variations, typically around 40% (Wilhelm et al. 2005;
Wilhelm & Kalkofen 2003). Larger temporal variations were re-
ported by Carlsson et al. (1997) (factors of 2 as shocks pass,
sometimes a factor of 3 within about 30 s). We find that such ob-
served spatial and temporal intensity variations in quiet regions
can be the result of kinetic temperature variations of order 10%
in our model calculations (Avrett 2006, 2007a). Given these
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relatively moderate temperature variations, it is of interest to de-
termine the temperature distribution with height in the atmosphere
corresponding to the average quiet-Sun spectrum, based on the
extensive SUMER and HRTS observations. Separate models of
network and internetwork regions, and models representing tem-
poral variations, are needed for detailed studies of chromospheric
heating, but here we model only the average quiet Sun.
Carlsson & Stein (1992, 1994, 1995, 1997, 2002) simulated
chromospheric heating in internetwork regions by acoustic shock
waves (see the recent review by Carlsson 2007). The Carlsson &
Stein calculated chromospheric intensity fluctuations are much
larger than observed, and their models predict intermittent line
emission, contrary to the persistent, ubiquitous emission seen
in SUMER observations. Carlsson et al. (1997) examined the
SUMER spectrum to see if any chromospheric lines ever appeared
in absorption, corresponding to intervals of time between the pas-
sage of strong shocks. They concluded that, contrary to their model
predictions, all lines showed emission at all locations and at all
times, and that “something important is missing from the calcu-
lations.” Fossum & Carlsson (2005a, 2005b, 2006) subsequently
concluded that TRACE observations (Handy et al. 1999) were not
consistent with chromospheric heating by acoustic waves, and
they suggested that magnetic fields might play a major role in
heating the internetwork chromosphere, but they did not discuss
specific mechanisms. Chromospheric heating by motions that in-
teract with magnetic fields has been discussed by Fontenla (2005)
and by Kazeminezhad & Goodman (2006). Views in support of
acoustic heating are discussed by Ulmschneider et al. (2005)
and by Cuntz et al. (2007). See also the earlier comments on
the Carlsson & Stein modeling by Kalkofen et al. (1999) and
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Fic. 1.—SUMER (solid green line), HRTS (solid brown line), and other quiet-Sun observations between 67 and 173 nm, and the spectrum calculated from model C7
(dashed red line). The plot at the top of the figure shows the observed bright-network to cell-interior intensity ratio (scale 0—5) vs. wavelength.

Kalkofen (2001). Judge et al. (2001) give a detailed discussion
of chromospheric oscillations on the basis of SOHO and TRACE
observations. An up-to-date review of semiempirical and theoret-
ical modeling of the solar chromosphere is given by Carlsson
(2007). For a general introduction, see Rutten (2007).

Our model, based on SUMER and HRTS average quiet-Sun
observations, is one-dimensional and time independent and does
not include a magnetic field. We have argued in two recent pa-
pers (Avrett et al. 2006; Avrett 2006) that the observed spatial
and temporal variations of chromospheric intensities correspond
to temperature variations of only a few hundred degrees, but time-
dependent studies show effects of long radiative-recombination
times that could mask the effects of sporadic heating, particularly
in the upper chromosphere where hydrogen is partially ionized.
Kneer (1980), Carlsson & Stein (2002), Leenaarts & Wedemeyer-
Bo6hm (2006), and Leenaarts et al. (2007) have shown that
ionization/recombination timescales in hydrogen can be longer
than typical hydrodynamical timescales in the solar chromosphere.
We assume that the kinetic temperature variations are not signifi-
cantly larger than the moderate brightness temperature variations
that are observed with high spatial and temporal resolution.

An objective of this paper is to determine how well a model of
the average quiet Sun can account for the observed quiet-Sun
EUV line and continuum spectrum. Our one-dimensional, steady-
state modeling has many features in common with models that
include spatial and temporal variations since both solve many of
the same basic equations. The models involving temporal and spa-
tial variations should, ideally, include at least the level of detail
included in the non-LTE calculations reported here.

Our one-dimensional, time-independent model is semiem-
pirical, based on a fit to the observed spectrum. A theoretical

one-dimensional, time-independent model of the solar chromo-
sphere was calculated by Anderson & Athay (1989a). Instead of
adjusting the temperature distribution to get agreement between
calculated and observed spectra, they introduced a distribution of
nonradiative heating to produce a temperature distribution similar
to that in the semiempirical average model of Vernazza et al.
(1981, hereafter VAL). They found 14 kW m ~2 as the nonra-
diative input needed to balance the chromospheric radiative losses
(see Carlsson 2007).

Much of this paper is concerned with the rates and cross sec-
tions of atomic interactions that influence the calculated spectrum.
We include collisions with hydrogen atoms in the low chromo-
sphere for atomic transitions that can be treated as Rydberg tran-
sitions but find that such collisions do not greatly affect the results
shown here.

We give selected results for the continua and lines of H, C +1v,
and O 1—v1 in order to provide a reasonable overall presentation of
the results of our average quiet-Sun model, extending from the
low chromosphere into the low corona. Our full calculations also
include He 1—11, N 1v, Ne —vi, Na 1—11, Mg 1—11, Al 111, Si 1-1v,
S 1-1v, Ca 111, and Fe 1, but we defer the presentation and discus-
sion of these results to subsequent papers. We have not included
all published rates and cross sections and line-broadening param-
eters for C 1-1v and O 1—v1 since this would be a greater under-
taking than is feasible in this study. We have tried to include all
available data we consider to be critical but use many approx-
imations for rates that seem to us to be of lesser importance. For
example, in many cases we use the analytic fits of Verner et al.
(1996) to the available cross sections for photoionization from
the ground level of various atoms and ions, and use the hydro-
genic approximation for levels 2 and higher, rather than adopt the
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TABLE 1
V VERSUS ny

14
log ny (km s™1)

16.0...... 0.34
15.5...... 0.37
15.0...... 0.4
145...... 0.5
14.0...... 0.6
13.5...... 0.7
13.0...... 1.0
12.5...... 1.5
12.0...... 2.5
11.8...... 3.1
L5 3.8
T13 e 4.7
11.0...... 6.0
10.8...... 7.6
10.5...... 9.3
10.3...... 11.4
10.0...... 15.0
9.8........ 19.8
9.5.... 24.5
9.3....... 29.3
<O 34.0

extensive calculated cross sections as functions of frequency, in-
cluding many resonances, from the Opacity Project.! We hope to
introduce such improvements in subsequent papers.

Given the assumed atomic data, and the solar elemental abun-
dances, the entire calculated line and continuum spectrum de-
pends on two specified functions of height in the photosphere and
chromosphere: temperature 7'(%) and a turbulent pressure velocity
Vip(h). The effect of this second function is to distend the atmo-
sphere a few hundred kilometers so the transition region between
the chromosphere and corona occurs at a greater height, consistent
with limb observations, outside of spicules. As in earlier papers
we assume that Vi, is the same as the nonthermal, microturbulent
velocity Vy that, in principle, can be inferred from lines, formed
at various heights, that have observed Doppler line widths larger
than thermal values. [ Hereafter, these two identical functions of
height are called V'(%).] In the photosphere out to the height of
400 km (where the total hydrogen density ny is 10'® cm—3) we
use V' (h) from Fontenla et al. (2006, Table 3 for model C). Above
this height we obtain V(%) by interpolation from the values of
V versus log ny given in Table 1 (as a simpler approach than
giving V for each value of 4).

The value 34 km s~ ! at ny = 10° cm™2 in Table 1 is based on
the observed nonthermal Doppler width of the O vilines at 103.2
and 103.8 nm determined by Warren et al. (1997). We arbitrarily
let V =34 km s~ for ny < 10° cm 3.

This approximate table of values has been obtained not from
theory but in a simple way from the observed widths of lines in-
cluded in the present study. For example, in our model calcula-
tion we find that for the 6/1 C triplet lines at 161 nm (see Tables 3
and 4 for our notation based on level indices), the maximum con-
tribution to the line-center emergent intensity is located in the low
chromosphere at a height of 854 km where the temperature in our
model is 5430 K and where the total hydrogen density is ng =
9.1 x 10" cm™3. (See Tables 27 and 26.) Then from Table 1 we
obtain ¥ = 0.61 km s~!. The observed Doppler widths of these

! Available at http:/acldata.nist.gov/nist_atomic_spectra.html.
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lines are close to thermal values, and a larger V would make the
calculated line cores too broad. At much greater heights in the
model calculation, the 2/1 C 1v doublet lines at 155 nm have their
maximum contribution to the line-center emergent intensities at
2170 km, where T = 68,000 K and ny = 3.8 x 10° cm 3 and
where we have ¥ = 23 km s~!. The observed Doppler widths
of these lines are much larger than thermal values, and using a
smaller /" would make the calculated lines too narrow. We sub-
sequently show, in Figures 9—12, calculated profiles with and
without this nonthermal broadening, and with and without a fur-
ther convolution of the calculated profiles that is needed before
they can be directly compared with the observed ones. This con-
volution also broadens the lines, masking part of the effects of
nonthermal broadening. Thus, the values given in Table 1 are
only schematic and need to be refined by comparisons with ob-
servations that have higher spatial and temporal resolution than
the ones considered here. A careful analysis of the nonthermal
velocities of lines formed at different temperatures in the tran-
sition region is given by Akiyama et al. (2005) based on SUMER
observations. We believe that the values in Table 1 (which are
model dependent) are generally consistent with their results.

Given V' (h) determined in this way, we obtain the temperature
distribution 7T'(h) from a best fit to the observations. A different
choice of V' (4) would lead to a different 7'(%), mainly due to a
change in the height scale. (Increasing Vincreases the pressure at
a given height and causes ny to decrease less rapidly with height.)
We discuss the V, and V};, distributions further in § 10.

We adopt a minimum temperature of 4400 K simply to match
our present non-LTE calculations to the average SUMER and
HRTS continua near 160 nm, even though molecular observations
indicate lower minimum temperatures. In § 3 we comment on the
problem of modeling the temperature-minimum region consistent
with observations of continua and lines at different wavelengths.
Fontenla et al. (2007) have an alternative explanation to account
for the temperature-minimum and molecular observations, in
which the temperature has a lower minimum value located at a
greater height compared with the model given here.

In the transition region, the temperature distribution is deter-
mined theoretically using the boundary conditions established at
the top of the model chromosphere, based on a balance between
(1) the inward transport of energy from the corona by thermal
conduction and particle diffusion and (2) the net radiative losses,
from Cox & Tucker (1969) (see Fontenla et al. 1990, 1991, 1993,
2002). This calculation does not include any other nonradiative
heating in the transition region.

2. OVERVIEW OF THE RESULTS

Figure 1 shows, in green for wavelengths 67—147 nm, the
SUMER atlas spectrum from the average quiet Sun at disk center
from Curdt et al. (2001) and, in brown for wavelengths 147173
nm, the HRTS quiet-Sun spectrum from Brekke (1993a). The
SUMER atlas spectrum extends to 160.9 nm but includes an ad-
ditional second-order intensity contribution from the Lyman con-
tinuum. The HRTS spectrum extends to 119 nm but lacks good
absolute calibration for wavelengths below about 145 nm. We have
joined the two spectra at 147 nm where they agree. (The Curdt et al.
SUMER atlas also includes spectra from an equatorial coronal hole
and from a sunspot, but we do not discuss these observations here.)
In this figure and in subsequent ones the scale on the left is the log
of the disk-center intensity in ergs s~! sr~! cm~2 nm~'. Brightness
temperatures, in K, corresponding to these intensities are included
as dashed lines for reference. The observed ratio of bright-network
to cell-interior intensity from the Curdt et al. atlas is superposed
across the upper left part of this figure.
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The plus symbols in Figure 1 indicate the disk-center intensity
at continuum wavelengths measured by Samain (1978, 1980).
The upper, middle, and lower circular symbols are the observed
Skylab continuum intensities from VAL corresponding to bright
network, average quiet Sun, and faint cell centers, respectively,
indicating the spatial variation of observed intensities in quiet
regions.

The distribution plotted in red is the intensity calculated
from our current model of the average quiet Sun, which we call
model C7, using the Pandora computer program of Avrett &
Loeser (2003). The chromospheric temperature distribution was
adjusted by trial and error to obtain an optimum match to the over-
all continuum intensity distribution. Some additional adjustments
were made to improve general agreement with line intensities.

The chromospheric temperature distribution up to the base of
the transition region was adjusted to fit the continuum observa-
tions. The atmospheric parameters at the top of the chromosphere
provide boundary conditions for an energy-balance calculation of
the transition region structure, as described earlier. In later sections
we will show that, even though there are substantial uncertainties
in many of the rates and cross sections used in our calculations,
most of the calculated line profiles are in general agreement with
the observed ones. However, in some cases the calculated line in-
tensities disagree with observations in showing very little emis-
sion. In many other cases, the calculated lines are in emission with
central aborption features that are too narrow to appear in the ob-
served lines at the resolution of the SUMER atlas spectrum (see
§ 14).

The temperature distribution for model C7 is shown in Figure 2
along with plots of the distributions versus height of the contribu-
tions dI/dh to the emergent continuum intensities at the wave-
lengths 160, 150, 140, 130, 120, 110,91.17, 80, and 70 nm in the
extreme ultraviolet, and at the long wavelengths 0.2, 0.5, 1, 2,
and 5 mm, and 1, 2, and 5 cm. The contribution functions shown
in Fig. 2 for each wavelength represent the contribution to the
emergent intensity / per unit height, normalized so that the max-
imum contribution plotted is the same in each case. Each shaded
distribution is shown as a symmetric plot about a horizontal line.
(See Fig. 14in § 15 for plots of normalized values of dI/dhvs. h.)
At the long wavelengths in Figure 2 the increase of opacity with
increasing wavelength (due mostly to hydrogen free-free ab-
sorption) causes the intensity to be formed progressively higher
in the atmosphere, just as the increasing opacity with decreasing
wavelength between 160 and 70 nm (due mostly to bound-free ab-
sorption by various neutral atoms) causes the intensity to be formed
progressively higher. This figure shows that at some wavelengths
the intensity originates in a fairly localized region in height, while at
other wavelengths the formation region is extended over a signifi-
cant range of heights.

The contribution function for 110 nm (the head of the C 1
level-1 continuum) in Figure 2 also approximately represents the
continuum underlying the many emission lines in the interval
between 110 nm and 91.17 (the head of the hydrogen level-1 con-
tinuum). Many carbon and oxygen lines are formed in this inter-
val, as we show later in Figures 19 and 23.

The contribution functions indicate where in the atmosphere,
and over what extent of height, the intensity at any wavelength is
formed. Generally we determine the model by raising or lowering
the temperature in the relevant height range to raise or lower the
computed intensity to match the observed intensities (except in
the special case of the Lyman continuum intensity as discussed
in § 12).

Figure 3 shows the available observations of brightness tem-
perature in the wavelength range 0.04—40 mm, from Loukitcheva

Vol. 175

70 nm

[ '

91.17 nm

110 nm

120 nm

_4
-
——
-
S -“> 130 nn
i E — 140 an
~ | k— 150 nm
-
=y i *— 160 nm
= * 0.2 am
h: 0.5 mn
—’ 2 am
S mn
4

1 | 1 | 1
0 1000 2000 3000
height (km)

Fic. 2.—Model C7 temperature distribution along with plots of the contribu-
tions dI/dh to the continuum intensities at 160, 150, 140, 130, 120, 110, 91.17,
80, and 70 nm in the extreme ultraviolet, and at the long wavelengths 0.2, 0.5, 1,
2,and 5 mm and 1, 2, and 5 cm. The dI/dh plots shown here are nomalized to a
common maximum value.

etal. (2004), Boreiko & Clark (1987), and Degiacomi et al. (1985),
along with the full-disk brightness temperature distribution that we
compute from model C7. Since LTE (with no scattering) prevails in
this wavelength range, the observed brightness temperatures cor-
respond to the kinetic temperatures near unit monochromatic op-
tical depth, and we can compare our model temperatures directly
with the observed values (which represent spatial and temporal av-
erages). The scatter in the available observations permits only an
approximate check on our model temperature distribution, but the
model is roughly consistent with the observations in showing sim-
ilar minimum temperatures, a rapid temperature increase in the
low chromosphere, a chromospheric plateau, and an abrupt tem-
perature increase in the transition region. These observations cor-
respond to large areas of the solar disk that include active regions
when they are present, but corrections were made to exclude the
effect of active regions. Hence, the figure shows little correlation
between the observed brightness temperaures and the level of so-
lar activity at the time of observation. Because mostly full-disk ob-
servations are shown in Figure 3 for the longer wavelengths, we
plot the calculated brightness temperatures corresponding to the
solar flux. In the minimum region, however, the observations cor-
respond to central rather than to full-disk areas. Our calculated
disk-center brightness temperatures near 0.4 mm are lower than the
calculated flux brightness temperatures in Figure 3 by 100-200 K
(in rough agreement with the minimum brightness temperature val-
ues in Fig. 1). Loukitcheva et al. give the area of the solar disk cor-
responding to each observation.

Figure 3 shows that our calculated brightness temperatures near
0.4 mm are higher than observed. Lower temperature-minimum
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FiG. 3.—Observed brightness temperatures from 0.04 to 40 mm (4 um—4 cm)
and the full-disk brightness temperature distribution calculated from model C7. The
observations in the minimum region correspond to areas near disk center while those
at longer wavelengths used beam sizes from 2” to 15”. See Loukitcheva et al. (2004).

values would not match observations near 160 nm, but it should
be noted that temporal and spatial temperature fluctuations are lin-
early averaged in the millimeter region but are averaged accord-
ing to exp(—hv/kT) in the UV, giving greater weight in the UV
to higher temperatures. Thus, our average model that matches
observations around 160 nm may overestimate the minimum
temperature.

Figure 3 also shows that the calculated increase in the transition-
region occurs at longer wavelengths than observed. Moving the
model transition region to a smaller height, which would move
the location of the transition region in Figure 3 to a shorter wave-
length, would cause problems in matching other observations.
This lack of agreement could be related to our difficulty in match-
ing the slope of the Lyman continuum, discussed in § 12. These
inconsistencies require further study.

3. PREVIOUS MODELING

VAL used Skylab observations of the quiet Sun in the EUV
wavelength range 42—132 nm to model the inhomogeneous struc-
ture of the solar chromosphere. Their models A—F were based on
six observed brightness components, ranging from a dark cell cen-
ter to a very bright network element. Model C represented the av-
erage quiet Sun. In the transition region just above 20,000 K, an
artificial temperature plateau had to be introduced to provide suf-
ficient thickness of the atmosphere in this temperature range to
account for the intensity of the observed hydrogen Ly« line, as-
suming local statistical equilibrium. Such a plateau is no longer
needed since the transition region is now treated theoretically by
the methods developed by Fontenla et al. (1990, 1991, 1993, 2002)
as described later in this section.

Here we digress briefly to comment on the temperature mini-
mum problem, which is not discussed elsewhere in this paper.
The Skylab chromospheric observations provided no informa-
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tion about the temperature minimum and photosphere, but the
VAL models included these regions for completeness using other
data. The temperature minimum region presented a difficulty then,
and remains a problem to be resolved.

Observations pertaining to the minimum region include (1) the
UV continuum near 160 nm, (2) the H1 and K1 intensity minima
in the near wings of the Ca 1 H and K lines, (3) the submillimeter
brightness temperatures near 150 pm, and (4) the central intensi-
ties of the strong infrared lines of carbon monoxide (Ayres 2002,
2003).

1. The observed 160 nm minimum brightness temperature is
roughly 4400 K, which implies either (a) a comparable minimum
kinetic temperature if the Si1level populations are roughly in LTE
or (b) temperatures as low as 4100 K if there are substantial de-
partures from LTE. Or, as discussed by Fontenla et al. (2007), cool
temperatures could occur in a region so limited in optical thick-
ness that while the region contributes substantially to temperature-
sensitive molecular aborption, very little absorption occurs in
other spectra. (A similar effect was shown by Avrett 2003.)

2. According to Cram & Damé (1983) the HI and K1 minima
have an average brightness temperature of about 4400 K, and
vary from about 4200 K to 4600 K, respectively, in the faintest
and brightest 10% of quiet-Sun areas observed at high spatial res-
olution (see Avrett 1985, Figs. 3 and 4). Model calculations with
gradual temperature variations with height show a close corre-
spondence between the H1 and K1 brightness temperatures and
the minimum atmospheric temperature.

3. Two measurements of the lowest observed average sub-
millimeter brightness temperatures give (a) 4550 K at 200 pm
(Degiacomi et al. 1985) and (b) 4200 K at 160 um (Boreiko &
Clark 1987). Model calculations with gradual temperature vari-
ations with height indicate that the minimum brightness temper-
ature in this wavelength region corresponds to the minimum
atmospheric temperature, but the observations in this region are
spatial (and temporal) averages.

4. The strongest space- and time-averaged infrared CO ab-
sorption lines are observed to have central brightness tempera-
tures 0f 4100 K at disk center (see Avrett 1995), and 3800 K near
the limb (Noyes & Hall 1972). Studies by Ayres & Wiedemann
(1989) and Uitenbroek (2001) demonstrate that these CO lines are
formed in LTE, so that average kinetic temperatures comparable
to these low brightness temperatures should occur somewhere in
the atmosphere.

A minimum temperature of 4170 K was chosen for VAL
model C. Later Avrett (1985) corrected this to 4400 K to agree
with Ca 11 observations. Further corrections of the deep layers
of the photosphere to account for the observed brightness tem-
perature maximum at 1.6 ym were made by Maltby et al. (1986)
and by Fontenla et al. (2006, Table 3 for model C).

Thus, there is a disparity at disk center between the 4100 K CO
value and the 4400 K value from the three other sources described
above, unless the low temperatures occur in regions that are lim-
ited in geometrical thickness (as noted in point 1 above). This 300 K
difference is much larger than observational errors or temporal
variations. Avrett (2003) attempted to resolve this difference by
pointing out that, first, the strongest CO lines could be formed in
the temperature-minimum region at a height near 500 km, rather
than near 800 km in the midchromosphere as determined by steady-
state modeling (see Ayres 2003), thus making this a temperature-
minimum discrepancy rather than a question of whether or not the
temperature generally increases in the chromosphere. The CO lines
could be formed deeper in the atmosphere than in steady-state
calculations due to their observed temporal variations of 4200 K
caused by wave motions, and due to the property that the CO
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number density quickly decreases as T increases but is slow
to increase again as 7 decreases, as shown by Asensio Ramos
et al. (2003) (see also Avrett et al. 1996 and more recently by
Wedemeyer-Béhm & Steffen 2007), thus causing a systematic
decrease in opacity and a deeper formation depth. Second, the
minimum temperature in internetwork regions could be as low
as 3800 K, accounting for the CO observations near the limb,
and still be consistent with the other observations noted above
provided that the geometrical thickness of the low-temperature
region is no more than about 200 km. The low temperatures within
such a small height range would not greatly contribute to the three
other spectral regions but would significantly affect CO absorp-
tion. An alternative model is given by Fontenla et al. (2007) with
the temperature minimum located higher in the atmosphere.

This concludes our comments on the temperature minimum
issue, and we now return to the main discussion of previous model-
ing work.

New models of the transition region were calculated by Fontenla
etal. (1990, 1991, 1993, 2002) eliminating the ad hoc plateau in the
VAL models. The parameters at the top of the VAL semiempirical
chromospheric models were used as the lower boundary conditions
for model transition regions determined theoretically from a bal-
ance between (1) the inward transport of energy from the corona
by thermal conduction and particle diffusion and (2) the net ra-
diative losses. The introduction of particle diffusion solved the
problem that thermal conduction alone cannot transport sufficient
energy down to the Ly« emitting region to account for the ob-
served Ly« emission. The downward flow of ions into the neutral
region (as a counterpart to the upward flow of neutrals into the
ionized region) carries ionization energy that is released by recom-
bination and emitted by the resonance lines of hydrogen, helium,
and other elements.

These models of the transition region for the quiet Sun used
modified versions of the VAL chromospheres, with the updated
temperature-minimum and photopheric values described above.
Fontenla et al. (1993) listed the atmospheric parameters at all
depths for the new versions of models A, C, and F and for a bright
plage model P based on the chromospheric plage model of Lemaire
et al. (1981). Fontenla et al. (1999) showed plots of improved ver-
sions of models A, C, F, and P, along with models E, H, and S for
the average network, an average plage, and an average sunspot
umbra, respectively. Fontenla et al. (2002) gave results for hydro-
gen and helium mass flows with diffusion.

Fontenla et al. (2006, Table 3 for model C) used new observa-
tions in the visible and infrared to improve the photospheric por-
tions of these component models and provided a new sunspot
penumbra model. Tables are given for the atmospheric param-
eters at photospheric heights for model C, defined as having the
same intensity as the median in a histogram of a Cau K image of
a quiet area of the Sun, and for models E, F, H, P, R, and S, cor-
responding to quiet-Sun network, active network, plage, faculae,
sunspot penumbra, and sunspot umbra, respectively. The chromo-
spheric portions of these component models, included in their
plots, were based in part on VAL and other previous chromo-
spheric models.

Thus, new models have been determined for the transition re-
gions and photospheres, but the chromosphere in between for
model C has not been redetermined in these previous papers. As
noted above, problems remain in interpreting the temperature-
minimum region. The present paper uses new EUV observations
of the average quiet Sun to construct a new version of the chro-
mosphere and transition region of model C. While this new chro-
mospheric model should be considered as a replacement of the
VAL average chromosphere, there are clearly further improve-

Vol. 175

ments to be made. Hence we designate this 2007 version as
model C7.

Fuhrmeister et al. (2006) used VAL model C and the PHOENIX
general-purpose atmosphere code of Hauschildt et al. (1999) to
calculate the solar hydrogen spectrum. They discuss the influence
of background lines on the ionization equilibrium of hydrogen.
We comment on their results later in this paper and discuss several
other model calculations involving the EUV carbon and oxygen
lines considered here.

4. ATOMIC DATA
4.1. Hydrogen

We use a model hydrogen atom with 15 bound energy levels
and calculate in detail the 15 bound-free continua and 105 lines,
ignoring fine structure. Wavelengths, Einstein A-coefficients, line-
broadening coefficients, and photoionization cross sections are
from standard sources and are not listed here.

To obtain the rate of collisional ionization from level 1, we use
the cross sections for electron impact ionization measured by Shah
et al. (1987) over the energy range 14.6—-3998.1 eV. For the cross
section variation in the energy range between the threshold at
13.6 eV and 14.6 eV, we use equation (5) of Scholz & Walters
(1991) from Rau (1971). We have compared our results with
those obtained with the collisional ionization rates of Arnaud &
Rothenflug (1985) for level 1, as used by Ferguson & Ferland (1997)
in their hydrogen simulations, and find only minor differences.

For levels 2—15 we use the collisional ionization rates from
Johnson (1972). We have also compared our results with those
using (1) the rates based on the Coulomb-Born cross sections
calculated by Clark et al. (1991) and (2) the rates of Vriens &
Smeets (1980) also used by Ferguson & Ferland, and again we
find only minor differences in the calculated profiles.

For the collisional excitation rates, we use the calculated colli-
sion strengths given by Przybilla & Butler (2004a) for transitions
n — n' with n’ < 7. For all higher transitions, we use the values
given by Johnson (1972).

We have repeated the hydrogen non-LTE calculations using
the following alternative set of collisional excitation rates: for the
1 — 2 rate, we use the results from Scholz et al. (1990) forn — n’
with n’ < 5 the values from Aggarwal et al. (1991) and the
remaining ones from Johnson (1972). (See Chang et al. 1991 for
a comparison of various rates, including those of Giovanardi et al.
1987 and Giovanardi & Palla (1989.) While many of the rates in
this set are not close to those of Przybilla & Butler, the spectra
calculated in the two cases do not differ substantially.

In addition to these rates for collisions with electrons, various
studies, e.g., Fabbian et al. (2006) have indicated that it is impor-
tant to include the rates for collisions with hydrogen atoms in re-
gions of the atmosphere where hydrogen is essentially neutral and
the atomic hydrogen number density is 3—4 orders of magnitude
larger than the electron number density. We use the results calcu-
lated for Rydberg atoms given by Kaulakys (1985, 1986) to obtain
these additional bound-free rates for hydrogen level 2 and higher
and for the bound-bound rates for hydrogen transitions with lower
level 2 and higher. The Kaulakys results appear to be more reliable
than (1) the earlier ones of Drawin (1968, 1969) and (2) those of
Steenbock & Holweger (1984), which were based on Drawin.
Baumiiller & Gehren (1996) in their study of line formation of
neutral aluminum in the Sun found that the Kaulakys rates gave
better agreement with observations than those of Drawin. See also
Mauas et al. (2002). Caccin et al. (1993) in their study of the for-
mation of Na1and K 1 lines in sunspot umbrae reached a similar
conclusion.
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We do no include hydrogen collisions for transitions involving
level 1 of hydrogen, since the required excitation and ionization
energies from the ground state far exceed the energies available
from collisions with other hydrogen atoms. In the case of our solar
model C7, we find that as long as transitions involving hydrogen
level 1 are excluded, the hydrogen-hydrogen collisions do not
greatly affect the solutions.

The Kaulakys rates apply to hydrogen-atom collisions as well
as to hydrogen-hydrogen collisions, but only for hydrogen-like
Rydberg atomic levels and only for moderate excitation and ion-
ization energies. We use the equations given by Kaulakys for the
collisional excitation or ionization of any atom or ion from lev-
els having ionization energies no larger than that for level 2 of
hydrogen. Thus for C1and O 1, we use the added Kaulakys rates
only for levels 7-19 and 8-20, respectively, and we find that our
solar model C7 calculations are largely unaffectd by these high-
level hydrogen-atom collisions.

4.2. Charge Transfer and Dielectronic Recombination

In our ionization equilibrium calculations for the atoms and
ions of carbon, oxygen, and other elements, we include the rates
for charge transfer with hydrogen, from Kingdon & Ferland (1996)
and with helium from Arnaud & Rothenflug (1985).

Also in these calculations we include the dielectronic recom-
bination rates from Badnell et al. (2003) using their fitting pa-
rameters.” The paper of Badnell et al. includes the dependence
on electron density, but the on-line tables we use do not. Our re-
sults may change when density-dependent rates are available and
are included.

4.3. Photoionization Cross Sections

Verner et al. (1996) give analytic fits to available cross sec-
tions for photoionization from the ground level of various atoms
and ions. We use these results except where otherwise noted in
subsequent sections. For levels 2 and higher, we use the hydro-
genic approximation except where noted.

4.4. Abundances

We adopt the solar elemental abundances listed in Table 2.
The electron number density as a function of height in the atmo-
sphere is determined from charge neutrality, taking into account
the calculated non-LTE ionization equibrium of H, He, C, N, O,
Na, Mg, Al, S, Ca, and Fe and assuming LTE ionization for the
remaining elements listed. A recent study of the solar oxygen
abundance by Socas-Navarro & Norton (2007) concludes that the
log abundance of oxygen lies between 8.63 and 8.93. The value
8.66 in Table 2 is in this range.

4.5. Carbon and Oxygen Models

Our atomic models for C -1v and O 1—v1 have been chosen to
include all the energy levels corresponding to the significant line
transitions that appear in the SUMER and HRTS wavelength
ranges. Particularly for C1and O 1 (see Tables 4 and 13 below), we
must include a large number of energy levels and line transitions
in our non-LTE calculations.

4.6. Line Strengths

For C 1—1v and for O —v1, we obtain Einstein 4 coefficients for
all individual radiative transitions from the gf values in the line
lists of R. L. Kurucz, given at http://kurucz.harvard.edu.

2 University of Strathclyde, Department of Physics, Fits for Total Dielectric
Recombination Rate Coefficients, http://amdpp.phys.strath.ac.uk/tamoc/DR.
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TABLE 2
LisT oF ABUNDANCES

No. Element Ratio Log Reference
H 1.000E+00 12.00
He 1.000E—01 11.00
Li 1.122E—11 1.05 3
Be 2.399E—11 1.38 3
B 5.012E—-10 2.70 1
C 2.455E—04 8.39 4
N 7.079E—05 7.85 5
0] 4.571E—04 8.66 2
F 3.631E—08 4.56 1
Ne 6.918E—05 7.84 3
Na 1.479E—06 6.17 3
Mg 3.388E—05 7.53 3
Al 2.344E—06 6.37 3
Si 3.236E—-05 7.51 3
P 2.291E-07 5.36 3
S 1.380E—05 7.14 3
Cl 3.162E—07 5.50 1
Ar 1.514E—-06 6.18 3
K 1.202E—07 5.08 3
Ca 2.042E—06 6.31 3
Sc 1.122E—09 3.05 3
Ti 7.943E—-08 4.90 3
\% 1.000E—08 4.00 1
Cr 4.365E—07 5.64 3
Mn 2.455E—07 5.39 1
Fe 2.818E—05 7.45 3
Co 8.318E—08 4.92 1
Ni 1.698E—06 6.23 3
Cu 1.622E—08 4.21 1
Zn 3.981E—08 4.60 1
Ga 7.586E—10 2.88 1
Ge 3.802E—09 3.58 3
Rb 3.981E—10 2.60 1
Sr 8.318E—10 2.92 3
Y 1.622E—10 221 3
Zr 3.890E—10 2.59 3
Ba 1.479E—10 2.17 3

REereRENCES.— (1) Grevesse & Sauval 2000; (2) Asplund et al. 2004; (3) Asplund
et al. 2005a; (4) Asplund et al. 2005b; (5) Asplund 2005.

4.7. C 1 Enerqy Levels and Wavelengths

The energy levels for our C 1 atomic model are shown in
Figure 4 and are listed in Table 3. We group the 128 individual
C 1 energy levels from Moore (1993, pp. 24-27) into 19 refer-
ence levels. In Table 3 the number of individual levels in each
reference level is given in parentheses when only the first and
last individual levels are given. Reference level 8, e.g., consists
of 10 individual levels that we center at 70,744 cm~!. The in-
dividual levels within each reference level are close together in
energy and are assumed to be collisionally coupled and in equi-
librium with each other, so that we solve the statistical equilib-
rium equations for 19 C 1 levels, and the C i continuum, with
171 transitions, rather than solving the equations for all 128 lev-
els with 8192 transitions. Such grouping of energy levels not
only simplifies the calculations but is a good approximation
for levels so close together that line transitions are blended to-
gether. The transitions and individual wavelengths are listed in
Table 4.

Of our 171 transitions, 86 are considered radiative, i.e., have
nonnegligible 4 or gf values, and 29 of these 86 transitions appear
in the SUMER and HRTS wavelength ranges. These 29 transitions



Level Energy TABLE 4
19 ——1  [120000 C 1 LINE WAVELENGTHS

Wavelengths
18 Transition (nm)

L 100000 19/1 oo, 83.42, 83.43, 83.45 (a)
19/2 oo, 91.17 (b)

Continuun |57 A 94.52, 94.53, 94.56

101.80 (c)

111.72, 111.74, 111.75, 111.76, 111.77,

r 80000 111.78, 111.79, 111.81, 111.82, 111.84,
111.85, 111.87, 112.15, 112.15, 112.16,
112.17, 112.18, 112.20, 112.21, 112.22,
112.23, 112.24, 112.25, 112.26, 112.27,
112.28, 112.30, 112.30, 112.31

L4/1 oo, 112.81, 112.82, 112.83, 112.84, 112.85,
112.86, 112.87, 112.88, 112.89, 112.90,
112.91, 112.92, 112.93, 112.94, 112.95,
112.96, 112.98, 112.99, 113.00, 113.02,

L 40000 113.05

13/1 o, 113.84, 113.86, 113.87, 113.89, 113.91,
113.93, 113.94, 113.95, 113.97, 113.98,
113.99, 114.00, 114.01, 114.02, 114.03,
114.04, 114.06, 114.07, 114.13, 114.17

L 20000 16/2 oo 114.04

12/1 oo, 115.58, 115.60, 115.62, 115.64, 115.66,
115.68, 115.72, 115.73, 115.74, 115.78,
115.79, 115.80, 115.81, 115.83, 115.84,
115.85, 115.87, 115.89, 115.90, 115.91,

Lo 116.05, 116.09

T/ T oo, 118.88, 118.90, 118.91, 118.93, 118.95,
118.96, 119.00, 119.03, 119.06, 119.22,
119.25, 119.28, 119.30, 119.32, 119.33,

60000

Model| of Carbon-I

Fi. 4—Energy levels for C 1. The 19 reference levels are numbered on the
left, and the energy scale in cm ™! is shown on the right. Individual levels are

plotted on the near right, with the number of levels in each reference level indicated. 119.34, 119.37, 119.40, 119.41, 119.42,
SUMER transitions are shown in red and HRTS transitions in blue. 119.43, 119.44, 119.45, 119.46, 119.83
15/2 o 126.05, 126.06, 126.07, 126.08, 126.17,

126.18, 126.20, 126.62, 126.63, 126.64,
126.65, 126.66, 126.75, 126.76, 126.81
10/ o 126.07, 126.09, 126.10, 126.11, 126.14,
126.16, 127.01, 127.08, 127.41, 127.65,
127.67, 127.72, 127.73, 127.75, 127.77,
127.86, 127.91, 127.92, 127.95, 127.99,
128.01, 128.03, 128.04, 128.06, 128.08,

TABLE 3 128.76, 128.81
C 1 ENERGY LEVELS T472 o 127.46, 127.48, 127.50, 127.52, 127.53,
127.61, 127.62, 127.63, 127.70
Energy Energy 13/2 s 128.78, 128.80, 128.84, 128.87,
Level (em™h) Level (em™h) 128.89, 128.90, 128.96, 128.99,
129.00, 129.01, 129.13
| BRI 0 11(42) oo 81105 12/2 e 131.02, 131.06, 131.14, 131.19, 131.22,
16 131.29, 131.34, 131.35, 131.59
43 84985 L R 132.88, 132.91, 132.91, 132.91, 132.96
2 10193 12(40) oo 85170 11720 135.28, 135.30, 135.43, 135.58,
B 21648 135.71, 135.77, 135.79, 135.82,
33735 87113 135.93, 135.94, 135.95, 136.42
60333 13(32) e 87218 17/4 i 143.16, 143.21, 143.25
60353 10/2 o 145.90, 146.33, 146.74, 146.79, 146.81,
60393 88198 146.84, 147.01, 147.04, 147.22, 148.18
[T 61982 14(30) e, 88260 I5/3 e 147.32, 147.35, 147.48, 148.10, 148.11,
T 64087 148.15, 148.27, 148.29
64090 88874 149.26, 149.27, 149.33, 149.45, 149.48
64091 15(44) e 88914 151.07, 151.10, 151.19, 151.31, 151.35
8(10) e 68856 . 153.70 (d)
89448 154.25, 154.22, 154.40, 154.52, 154.60
72611 (O | ORI 90917 156.03, 156.07, 156.13, 156.14
L JR TR 75254 16.ciiiciiciiciinieiee 97878 160.08, 160.30, 160.70, 160.84, 161.02
75255 17 e 103542 161.34, 161.38, 161.45
75256 103563 165.63, 165.69, 165.70, 165.74, 165.79, 165.81
10(16)...cuciciinee 78105 103578 173.40, 175.18, 176.39, 176.54, 177.09
105799
80835 119878 Note.—(a): Obscured by blended O 1 and O m lines. (b): Obscured by the hy-
drogen Lyman continuum. (c): Obscured by Fe 1 lines. (d): Obscured by Si 1 lines.
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TABLE 5
C 1 CoLLisioNAL EXcITATION RATES

2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19
1 PA PA R R R R R R R S S S S S R VR R R
2 PA R R R R R R R S S S S S R VR R R
3 R R R R R R R S S S S S R VR R S
4 R VR R R R R VR VR VR VR VR R VR R R
5 VR VR S VR VR S S S S S VR VR VR VR
6 VR S VR VR S S S S S VR VR VR VR
7 S R F S S S S S R VR R R
8 S VR S S S S S S VR S S
9 F S S S S S R VR R R
10 S S S S S VR VR VR VR
11 S S S S S VR VR S
12 S S S S VR VR S
13 S S VR VR VR S
14 S VR VR VR S
15 VR VR VR VR
16 VR R R
17 VR VR
18 R

Note.—PA: Pequignot & Aldrovandi; R: Reid, F: Fon; S: Seaton; VR: van Regemorter.

are listed in Table 4 along with the wavelengths of the individual
lines within each transition.

While we assume that the individual close-lying lines in each
transition are collisionally coupled, we preserve all the individual
line wavelengths, so that the absorption profile for the transition is
a weighted sum of individual profiles displaced in wavelength.
This (1) allows us to treat overlapping lines together as line blends
rather than as separate lines that interact with each other (a more
complex task) and (2) avoids the problem of the artificially large
line-center opacity that would result when the lines of a multiplet
are all assumed to have the same central wavelength. This approach
in which levels with similar excitation energies and properties
are grouped together has been used earlier by Anderson (1989),
Anderson & Athay (1989a, 1989b), Hauschildt et al. (1997),
Hillier & Miller (1998), and Fabbian et al. (2006).

Some of the individual lines in the 10/1 transition overlap with
lines of the weaker transitions 15/2, 14/2, and 13/2. For simplicity
we have not taken account of the blending of these overlapping
transitions, and in our graphs these appear as separate, unblended
lines. However, we include more important line blending, as de-
scribed in § 8.

4.8. C 1 Collisional Excitation

For transitions 2/1, 3/1, and 3/2 we use the effective collision
strengths given by Pequignot & Aldrovandi (1976). In Table 5
we use the designation PA for these three transitions.

The website http://www-amdis.iaea.org/ GENIE provides a link
to the NIFS AMDIS Database of measured collisional excitation
cross sections. These include many cross sections calculated by
Dunseath et al. (1993) and by Fon et al. (1994) (see the Abington
JET citations there).

Dunseath et al. (1997) give effective collision strengths for
many transitions of C 1, but for temperatures no smaller than
25,000 K. We need values at much smaller temperatures and
have found that some of the collision strengths do not vary mono-
tonically with temperature, so that in these cases the values at
25,000 K and above cannot be reliably extrapolated to lower
temperatures.

R. H. G. Reid (2007, private communication) has extended
the effective collision strengths for the Dunseath et al. (1997)

transitions to lower temperatures, using the methods in the 1997
Dunseath et al. paper and has included collision strengths for the
1993 Dunseath et al. list of transitions. We use the Reid collision
strengths for the transitions labeled R in Table 5 and the Fon et al.
results for the 10/7 and 10/9 transitions that are not included in
the Dunseath or Reid lists.

For the remaining radiative transitions, we determine collision
rates by the Seaton (1962) impact parameter method for electron
excitation of optically allowed neutral-atom transitions. These
rates are labeled S in Table 5. Rates for the remaining forbid-
den (or negligible 4-value) transitions are obtained using the
van Regemorter (1962) formula for allowed neutral-atom
transitions, with the oscillator strength f in this formula set
equal to 0.1. These rates are labeled VR in Table 5.

4.9. C v Collisional Ionization

Suno & Kato (2006) review the available experimental and
theoretical data on electron-impact ionization of carbon atoms
and ions and give parametric fits to the recommended level-1
collisional ionization cross sections for C —vi. For C v we
integrate their cross sections to obtain the collisional ionization
rates from level 1 in each case. For the higher levels we use the
parametric fits to calculated Coulomb-Born cross sections given
by Clark et al. (1991). We obtain collisional ionization rates
versus temperature from the cross sections by integrating over a
maxwellian electron velocity distribution.

For reference we compare the level-1 collisional ionization rates
of Suno & Kato with those of Voronov (1997), Clark et al. (1991),
and Arnaud & Rothenflug (1985). The rate coefficient CI(T') is
defined such that the number of ionizations per second and per
atom in level 1 is CI(T )n, exp (—hv/kT), where n, is the electron
number density and v is the threshold frequency. The values of
CI(T) from the four sources for C 1—1v at typical values of the tem-
perature 7 in K for each ion are given in Table 6. Our results are
based on the Suno & Kato values. Regardless of the differences
shown in Table 6, we do not find substantial differences in the C i—1v
profiles calculated using the rates from the other three sources.

The Suno & Kato parametric fit for the C 1 ionization cross
section in their Table 7 gives negative values close to threshold,
which we have replaced by zeros in the rate integrations.
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TABLE 6
CoMPARISON OF COLLISIONAL IONIZATION RATES

Ci1 Cu Cm Civ
Reference 6500 K 10,000 K 50,000 K 65,000 K
Suno & Kato (2006).........cceuennee. 29E—08 1.2E—08 4.0E—09 1.1E—09
Voronov (1997)....ccceeveeceieeniennnns 7.1E-09 9.7E—09 4.0E—09 7.5E—10
Clark et al. (1991) .ooveveeriieeenne 2.7E-08 7.9E—09 2.3E—09 1.8E—09
Arnaud & Rothenflug (1985)........ 2.8E—08 1.2E—08 4.0E—09 1.1E—09

4.10. C 1 Photoionization Cross Sections

We adopt the photoionization cross sections for the three lowest
C1levels from Luo & Pradhan (1989) shown in Fig. 2 of Przybilla
et al. (2001). The cross sections for levels 2 and 3 include reso-
nances, which we assume to be independent of dielectronic re-
combination. We use hydrogenic approximations for levels 4—15
based on effective quantum numbers for each level, e.g., for
level 10 the threshold cross section is 2.32 x 1077 cm?.

4.11. C u Enerqy Levels and Wavelengths

The energy levels for our C matomic model are shown in Table 7.
As before, the individual levels within each of the 15 reference lev-
els are assumed to be in collisional equilibrium with each other.

Of the 105 transitions between these reference levels, 22 are
treated as permitted radiative transitions, and the 15 transitions
listed in Table 8 appear in the SUMER wavelength range. The
wavelengths of each multiplet component are listed in each case.

4.12. C u Collisional Excitation

Wilson et al. (2005) give tables of calculated effective colli-
sion strengths for electron impact excitation of C 1 for values of
log T(K) between 3.0 and 5.5. All 105 of our transitions are in-
cluded, with the exception of the transitions between our levels 4
and 6 to level 8. These are nonradiative transitions for which we
use the van Regemorter formula for ion transitions assuming
f = 0.1 as the oscillator strength. Othewise, we adopt the Wilson
et al. collision strengths.

The CHIANTI database, http://wwwsolar.nrl.navy.mil/chianti
.html (Dere et al. 1997; Landi et al. 2006), gives the effective col-
lision strengths for 17 of the C 1 transitions we consider (2/1-8/1,

TABLE 7

C 1 ENERGY LEVELS
Energy Energy
Level (cm™1) Level (em™h
L 0 10 150462
63 150467
2ttt 43003 Il 162518
43025 162525
43054 12, 166967
3 74930 166991
74933 167036
Ao 96494 13, 168730
S 110624 168748
110666 168978
Gt 116538 Cm 196659
T 131724 T4 i, 198425
131736 198436
8 142027 IS, 199941
D 145549 199983
145551 202180
202205

TABLE 8
C 11 LINE WAVELENGTHS

Wavelengths
Transition (nm)

68.71, 68.73, 68.74

79.97, 79.99

80.64, 80.65, 80.66, 80.67, 80.68, 80.69
80.97, 80.98

85.81, 85.86

90.36, 90.40, 90.41, 90.45
94.60, 94.62

100.99, 101.01, 101.04
103.63, 103.70

106.33, 106.59, 106.61

109.19, 109.22, 109.24, 109.27
113.89. 113.93, 113.95

114.16, 114.17

132.39, 132.40, 132.60
133.45, 133.57

10/1, 13/1, 3/2—8/2, 10/2, and 13/2). We find that calculations of
the C1 lines using these CHIANTI collision rates in place of those
from Wilson et al. give similar results.

Sigut (1996) and Nieva & Przybilla (2006) have carried out
non-LTE studies of stellar C 1 spectra at visible wavelengths, using
more elaborate models of the C 11 ion than the one considered here.

4.13. C m Enerqgy Levels and Wavelengths

The energy levels for our C 1 atomic model, and the transi-
tions and wavelengths of lines in the SUMER spectrum, are listed
in Tables 9 and 10, respectively.

4.14. C m Collisional Excitation

We adopt the Suno & Kato rates for those 21 of our transitions
they include, namely, 2/1-10/1, 4/2-7/2,9/2, 10/2, 4/3-6/3, 5/4,
6/4, and 6/5, and use the van Regemorter formula for the remain-
ing 57 transitions.

4.15. C v Enerqy Levels and Wavelengths

We adopt the 8-level atomic model for C 1v listed in Table 11.
Only the pair of lines at 154.82 and 155.08 nm (transition 2/1)
are in the SUMER wavelength range.

4.16. C v Collisional Excitation

We use the Suno & Kato rates for the 8 transitions 2/1-5/1,
7/1,3/2,5/2, and 6/2 and van Regemorter for the remaining 18
transitions.

TABLE 9

C 11 ENERGY LEVELS
Energy Energy
Level (em™h Level (cm™
) E TR RRUOPRROOt 0 Tt 238213
2o 52367 B 274170
52391 258931
52447 Y 270011
3 s 102352 270012
e 137426 270015
137454 310006
137502 322404
S 145876 343258
G 182520 386241
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TABLE 10
C 11 LINE WAVELENGTHS

Wavelengths
Transition (nm)
8/3 e 69.05
3/ e 97.70
A2 117.49, 117.52, 117.56, 117.57, 117.60, 117.64
6/3 e 124.74

4.17. O 1 Energy Levels and Wavelengths

We use an O 1 atomic model with 40 individual energy levels
grouped into the 20 reference levels shown in Figure 5 and listed
in Table 12. In Figure 5, SUMER transitions are shown in red and
the HRTS transition in blue. Table 13 lists the wavelengths in nm
of the individual O 1 lines that appear in the SUMER /HRTS spec-
trum. The first 13 levels represented in this table are the same as
those in the atomic model used by Carlsson & Judge (1993) and
by Koncewicz & Jordan (2007) in their detailed studies of the O 1
resonance lines.

4.18. O 1 Collisional Excitation

As indicated in Table 14, we adopt the values given by
Zatsarinny & Tayal (2003) for the transitions they include and
those of Bhatia et al. (1982) for the additional transitions that
they list. Otherwise, we use the Seaton and van Regemorter for-
mulae for radiative and nonradiative transitions, respectively.

4.19. O 1 Collisional lonization

Following Przybilla et al. (2000) we adopt the experimental
cross sections from Thompson et al. (1995) for collisional ioni-
zation of the O 1 ground state and the cross sections from Chung
et al. (1993) for collisional ionization from n = 3 triplet levels.
For the remaining levels we use collisional ionization rates from
Seaton (1962).

4.20. O u Energy Levels and Wavelengths

We list in Table 15 the energy levels in our O 1 atomic model
and in Table 16 the wavelengths of the O 1 lines that appear in the
SUMER spectrum.

TABLE 11
C 1v ENERGY LEVELS

Energy

Level (em™1)

| PR 0
2ot 64484
64592

3 302849
G 320050
320082

S 324880
324890

O 401348
T 408311
408324

& 410336
410340

C Vet 520178
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Model of Oxygen-I

Fic. 5.—Energy levels and line transitions for O 1. SUMER and HRTS transi-
tions are in red and blue, respectively.

TABLE 12
O 1 ENERGY LEVELS

Energy Energy
Level (em™h Level (cm™h
0 16 e 105165

158 105409
227 17 e 106628
15868 106751
33793 106766
73768 18 i 107497
76795 107583
86627 108056
88631 108114
95477 108436
96225 108477
97421 108736
97488 108927
101135 109073
101148 5 | VRO 109837
101155 19 i 115918
IS 102412 20, 124219
102662 124224
102866 124253
102908 124319
124327
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TABLE 13
O 1 LINE WAVELENGTHS

Transition

Wavelengths
(nm)

92.20, 92.21, 92.26, 92.29
92.38, 92.69, 93.15

93.80, 93.81, 93.92
93.86

95.01, 95.23
95.07, 95.29

97.32, 97.80
97.39, 97.86
98.86, 98.87, 98.88
99.01, 99.02

99.08

99.95

102.58 (H Ly2 at 102.57)
102.74

102.82

103.92

104.09

104.17

115.22

130.22

130.49+Si 1
130.60

135.56+C 1

135.85

164.13

93.66, 93.68, 93.78 (H Ly5 at 93.78)

94.87, 95.09 (H Ly4 at 94.97)

91.68, 91.80, 91.97, 92.19, 92.22, 92.50, 92.54, 92.95, 93.03 (H Ly10 at 91.94, H Ly9 at 92.10)
91.94, 92.10, 92.32, 92.63, 92.68, 93.09, 93.16 (H Ly8 at 92.32, Ly7 at 92.62, Ly6 at 93.07)

97.17,97.21, 97.64 (H Ly3 at 97.25)

4.21. O u Collisional Excitation

We use CHIANTI to obtain the collision rates for the 14 O 11
transitions 2/1-5/1, 9/1, 3/2-5/2, 9/2, 4/3, 5/3, 9/3, 5/3, and 9/4
and the van Regemorter formula for the remaining 41 transitions.

4.22. O u—v1 Collisional Ionization

For O n—vr level-1 collisional ionization we use the rates of
Arnaud & Rothenflug. Other values are given by Voronov, but
we find that calculations based on the Voronov rates do not give

substantialy different results. We use the cross sections of Clark
et al. for all higher levels.

4.23. O u Photoionization Cross Sections

Aguilar et al. (2003) give measured absolute photoionization
cross sections for O 1 levels 1, 2, and 3 (see Table 15). The level-1
cross section from the Verner et al. analytic fit is 8.56 Mbarn at
the 35.3 nm threshold and rises to a maximum of 9.3 Mbarn at
33.0 nm, whereas the measured values are roughly 10.5 Mbarn
near threshold, rising to 12 mB at 33.7 nm. Consequently, we

TABLE 14
O 1 CoLLisioNAL ExXcITATION RATES

10 11 12 13 14 15 16 17 18 19 20

1 BK BK ZT ZT ZT T ZT ZT
2 BK ZT ZT ZT 7T 7T 7T
3 ZT ZT ZT T T ZT
4 ZT 7T T zT ZT
5 VR VR VR ZT
6 BK BK BK
7 BK BK
8 BK
9

T T T T zT ZT S S S T T
ZT ZT 7T 7T 7T S S S S VR VR
zT zT T T ZT zT S S S VR VR
T zT zT zT T ZT VR VR VR ZT T
VR VR VR ZT ZT VR VR VR VR 7T ZT
BK BK BK BK VR VR VR VR VR VR VR
BK BK BK BK VR VR VR VR VR VR VR
BK BK BK BK VR VR VR VR VR VR VR
BK BK BK BK VR VR VR VR VR VR VR
10 BK BK BK VR VR VR VR VR VR VR
11 BK BK VR VR VR VR VR VR VR

12 BK VR VR VR VR VR VR VR

13 VR VR VR VR VR VR VR

Note.—BK: Bhatia et al.; ZT: Zatsarinny & Tayal; S: Seaton; VR: van Regemorter.
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TABLE 15 TABLE 17
O 11 ENERGY LEVELS O m ENERGY LEVELS
Energy Energy Energy Energy
Level (cm™1) Level (em™) Level (em™h Level (cm™1)
0 Tt 188889 Lo 0 210462
26811 189069 113 267259
26831 B 206972 307 267377
B 40468 206973 20273 267634
40470 D e 212594 43186 10 273081
B 119837 212762 120025 324736
120000 10 232463 120053 327299
120083 232536 120058 327278
S 165988 232602 S 142381 327352
165997 Il 255105 142382 13 329470
TN 185235 255142 142394 329584
185341 255163 et 187054 329645
185499 (1511 SRR 283271 T 197088 T, 331821
O IV i 443085

multiply the Verner et al. distribution for level 1 by the factor 1.3
to approximate the measured results. For levels 2 and 3 (with
thresholds at 39.0 and 41.2 nm), the measured cross sections
have average values of roughly 5.0 and 1.5 Mbarn, which we use
as the threshold values, and assume the same relative variations
for shorter wavelengths as given by Verner et al. for level 1.

4.24. O m Energy Levels and Wavelengths

We list in Table 17 the energy levels in our O 1t atomic model
and in Table 18 the wavelengths of the lines in the SUMER range.

4.25. O m Collisional Excitation

We obtain O m collision rates from the calculated collision
strengths given by Aggarwal & Keenan (1999). They provide data
for all 91 transitions in our 14-level atom except the 7/3 transition,
for which we use the van Regemorter formula.

The CHIANTI database gives collision strengths for 40 of the
transitions (those with lower levels 1, 2, and 3, and transitions 5/4,
7/6, 8/6, and 8/7). Figure 25 of §18.3 shows the O m 4/1 profiles
calculated using these CHIANTI collision strengths versus the
profiles we obtain using the Aggarwal & Keenan values.

4.26. O v Enerqgy Levels and Wavelenghts

We list in Table 19 the energy levels in our O v atomic model
and in Table 20 the line wavelengths in the SUMER range.

4.27. O w Collisional Excitation

The CHIANTI database give collision strengths for the
22 O v transitions 2/1, 3/1-10/1, 13/1-16/1, 3/2, 4/2,5/2, 8/2,
9/2,10/2,13/2, 14/2, and 16/2. We use these values along with
the van Regemorter formula for the remaining transitions.

TABLE 16
O 11 LINE WAVELENGTHS

Wavelengths
Transition (nm)

67.29, 67.30, 67.38

71.85, 71.86

79.66, 79.67

83.28, 83.33, 83.45

(O m lines at 83.29, 83.37, 83.51, 83.53;
C 1 lines at 83.42, 83.43, 83.45)

4.28. O v Enerqy Levels and Wavelengths

We list in Table 21 the energy levels in our O v atomic model
and in Table 22 the line wavelengths in the SUMER range.

4.29. O v Collisional Excitation

We use CHIANTI to obtain the collision rates for the 11
transitions with lower levels 1 and 2 and the van Regemorter
formula for the remaining transitions.

4.30. O v1 Energy Levels and Wavelengths

Table 23 lists the energy levels in our O v atomic model. The
lines in the SUMER range consist of the 103.19 and 103.76 com-
ponents of the 2/1 transition.

4.31. O v1 Collisional Excitation

We adopt the calculated O vi electron impact collision strengths
given by Tayal (2003) for all the transitions among these 5 lev-
els except for 5/4 (which is not given by Tayal), and we use the
van Regemorter formula for this transition.

The CHIANTI website gives collision strengths for transitions
2/1,3/1,3/2,4/1,4/2,5/1, and 5/2. We find that these rates (with
those of van Regemorter for 4/3, 5/3, and 5/4) give intensities for
the 103.19 and 103.76 nm lines about 20% higher than those cal-
culated with the Tayal rates.

5. MOLECULAR OPACITIES

The molecules CH and OH can make a significant contribu-
tion to the continuous opacity at wavelengths near 160 nm where
the emerging radiation is formed in the temperature-minimum
region. We use the CH and OH absorption cross sections given by
Kurucz et al. (1987). In the low-temperature range where mole-
cules are important, we need to determine the number densities of

TABLE 18
O 11 LINE WAVELENGTHS

Wavelengths
Transition (nm)
S/ o 70.23, 70.28, 70.29, 70.39
AT e 83.29, 83.37, 83.51, 83.53

(O u lines at 83.28, 83.33, 83.45
C 1 lines at 83.42, 83.43, 83.45)
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TABLE 19 TABLE 21
O 1v ENERGY LEVELS O v ENERGY LEVELS
Energy Energy Energy
Level (cm™1) Level (em™h Level (em™h
Lo 0 Il 513187 L 0
386 513198 2e e 81943
2ttt 71440 539368 82079
71570 547326 82385
71756 547355 K TR 158798
3 126936 T4 i, 549792 B 213463
126950 549855 213618
Ao 164366 IS, 552030 213887
S e 180481 552032 231721
180724 554464 287910
Geeienireeesee e 357614 574369 580825
T 419534 575202 918657
419551 575375
8 467229 19 i, 584541
467345 584761 1984), but the H™ number density is too small to affect the equa-
Dt 482666 201 590069 tions given above.
482922 O Voo 624382
10, 492891 6. PHOTOIONIZATION CONTINUA

carbon, oxygen, and hydrogen in molecular form as well as in
atomic form. We take into account CO and H, as well as CH and
OH and solve the seven equations listed below for the seven un-
knowns ncyr, nown, Heo, i, » Bct, Ho1, and np, where the last three
number densities are those corresponding to the ground states of
atomic carbon, oxygen, and hydrogen, respectively. The temper-
ature T, the total hydrogen density ny, and the abundances 4¢ and
Ao of carbon and oxygen relative to hydrogen are assumed to be
given. Also assumed given, from our ionization balance solutions,
are the ratios nc+/ncy, no+/no1 , and ny+/ny; , where the numerators
represent the number densities in higher atomic levels and higher
ionization stages. The molecular equilibrium functions e for CH,
OH, CO, and H, as functions of temperature in the equations be-
low are taken from http://kurucz.harvard.edu/programs/atlas12/
molecules.dat:

nen = neinpiecu(7T), (1)

noy = no1nyreon(T), (2)

nco = ncinoreco(T), (3)

ny, = (”Hl)zeH(T)a (4)

nci(l + ncs /nci) + new + neo = Acn, (5)
no1(1 4 no /no1) + non + nco = Aonu, (6)
na (1 4 ny+ /nm) + 20y, = ny. (7)

We include the H™ ion as a source of opacity, solving the non-
LTE equations as described by VAL (see also Lites & Mihalas

TABLE 20
O 1v LINE WAVELENGTHS

Wavelengths
Transition (nm)
3/ 78.77, 79.01, 79.02
2T o, 139.72, 139.98, 140.12,

140,48, 140.74

The continuum intensity distribution in the SUMER wave-
length range is primarily determined by the non-LTE results for
H, C1, Sir, and S 1, with lesser contributions from Fe 1, Al1, Mg,
CH, and OH. The threshold photoionization wavelengths, in nm,
for the lowest energy levels (1 up to 8) of these neutral atoms, along
with He 1, Ca 1, and Na 1, are listed in Table 24, along with the
threshold cross section values, in 10~'3 cm?, used in the present
calculations.

7. GENERAL EFFECTS OF LINES
IN PHOTOIONIZATION INTEGRALS

The photoionization rate out of a given atomic level, at a given
height in the atmosphere, is given by the integral, over frequency v,
starting at threshold,

1
R= 47'('/an]de, (8)

where a,, is the photoionization cross section for the given level
and J,, is the mean intensity of radiation at that height. The mean
intensity depends on the absorption and emission of line and con-
tinuum radiation versus both wavelength and height. The correct
approach is to carry out explicit non-LTE calculations for all of the
lines that significantly affect the photoionization rates. This is a
major task that is beyond the scope of the present paper, but one
that has been partially carried out by Fuhrmeister et al. (2006). As
stated earlier, we carry out non-LTE calculations for the continua
and principal lines of H, H™, He 1—11, C 1-1v, N +-1v, O V1, Ne v,
Na -1, Mg 11, Al 11, Si +1v, S =1v, Ca -1, and Fe 1 and LTE
calculations for CO, CH, OH, and H,, but the spectrum contains
a great many additional lines that have to be taken into account in

TABLE 22
O v LINE WAVELENGTHS

Wavelengths
Transition (nm)

412 oo 75.87, 75.94, 76.02, 76.04, 76.11, 76.20
77.45

b 121.83+H(2/1)

5/3 eeererreerereeneeeen 137.13
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TABLE 23
O vi ENERGY LEVELS

Energy

Level (em™h
Lo 0
2ttt 96375
96908
K TR 640040
Ao 666113
666270
St 674626
674677
O VII oo 1114010

order to properly determine J, and hence the photoionization
rates.

Extensive line lists are available from the Kurucz and NIST
Web sites. We use such lists to add lines that are not included in
our explicit non-LTE calculations and to determine the absorption
coefficient versus wavelength and height due to these additional
lines. However, we cannot use LTE in the higher layers of the
atmosphere to determine the line emissivities, since this would
cause the strong lines to be in emission, contrary to observations.
These lines are treated with a scattering approximation in the higher
layers, as discussed below.

We show in Figure 6, courtesy of R. L. Kurucz, the calculated
spectrum in the narrow wavelength interval 171.60—171.65 nm.
The red curve shows the calculated intensity distribution relative
to the continuum (the 1.0 level at the top). These intensities are
much smaller than the values calculated with continuum opaci-
ties alone. Identifications are given for 44 lines that absorb at least
1% of'the continuum: 4 lines of Cr, 3 of Fen, 2 of Fe1, 1 of Si,
1 of Mn, 19 of CO, 12 of SiO, and 2 of H,. Many other weaker
lines contribute to the calculated intensity distribution shown in
the figure. The intensity distribution in this plot does not include
Kurucz’s further set of lines with predicted wavelengths that are
only statistically reliable.

The spectrum in Figure 6 is largely determined by the Fe 1 line
at 171.6321 nm and by 6 strong CO lines from the 4—X electronic
band. These CO lines are subject to non-LTE effects, unlike the
LTE CO vibration—rotation lines seen in the infrared. In the quiet
Sun the CO lines in Figure 6 are absorption lines, but they are seen
in emission in sunspots, as discussed by Jordan et al. (1979).
Ayres et al. (1981) found them to be fluorescent lines in the spec-
trum of Arcturus, excited by chromospheric emissions of O 1,
C1, and H.

As discussed below, we have introduced scattering at chromo-
spheric heights to reduce the central intensities of strong lines
that would be in emission if calculated in LTE. The spectrum in
Figure 6 computed in LTE without scattering in the chromosphere
shows the Fe 1 line at 171.6321 nm in emission (with the central
intensity 1.26 times the continuum) contrary to observations. See
Kurucz (1991, Fig. 7). This example indicates that errors in the
photoionization rates would occur if (1) such lines were not in-
cluded or (2) LTE were assumed, which would cause strong line
emission that is not observed.

A line that is strong enough to have its line-center optical depth
close to unity in the chromosphere where the temperature in-
creases with height will appear in emission if the line source func-
tion S also increases with height. Typically, S is smaller than the
Planck function B in the low-density chromosphere, thus produc-
ing a weaker emission line than would be the case in LTE with

MODELS OF THE SOLAR CHROMOSPHERE 243

TABLE 24
Atomic THRESHOLD WAVELENGTHS

Threshold Cross Section

Atom Level (nm) (10718 cm?)

1 50.4 7.39

1 91.04 1.23

1 91.18 791

2 91.18 1.23

3 91.23 1.23

4 106.42 4.64

1 110.04 17.2

1 120.50 1.6

2 123.94 10.5

2 134.55 20.99 (a)

3 144.32 143

1 151.99 67

1 157.60 1

1 162.15 2.55

3 162.92 22.58 (b)

2 168.08 34.6

4 174.81 13.1

2 176.90 5

3 194.20 3

3 198.40 26.3

1 202.82 1

1 207.50 60.9

4 217.80 3

5 221.80 0.44

6 226.70 1.7

7 226.90 1.61

8 233.50 1.02

1 241.26 0.13

2 251.51 20.2

2 259.40 5.48

Note.—(a): The value at 112.11; apart from resonance structure the cross sec-
tion is 0 between 134.55 and 112.11. (b): The value at 116.41; apart from reso-
nance structure the cross section is 0 between 162.92 and 116.41.

S = B or producing an absorption line in some cases. (The cen-
tral portions of the strong Ca 1 resonance lines are in emission
with central absorption, since the line source function first increases
and then decreases in the chromosphere.) In the chromosphere,
the values of S are typically between B, which increases with tem-
perature, and the mean intensity J, which is constant at small
optical depths, with S increasingly decoupled from B as height
increases.

This relationship can be expressed as S = LB+ (1 —L)J,
where L is a function of depth which approaches unity in the high-
density LTE photosphere and becomes very small in the low-
density chromosphere where photons are primarily scattered rather
than absorbed. The function L is essentially the probability that,
following the excitation of an atom by a photon, a collisional de-
excitation will take place rather than the re-emission of a photon;
L expresses the relationship between S, B, and J and is a different
function for each line, as can be determined from a non-LTE so-
lution, but L in most cases varies smoothly between essentially
zero in the midchromosphere and unity in the upper photosphere.

As an expedient, to use in the absence of individual non-LTE
solutions, we have adopted a wavelength-independent function
L versus height to use for all lines for which we do not carry out
non-LTE calculations. We interpolate from the table: L = 1, 0.9,
0.7, 0.5, 0.1, 0.01, 0.001, 0.0001, and O corresponding to the
heights 400, 500, 600, 700, 800, 900, 1000, 1100, and 1200 km,
respectively. We have determined these values empirically from
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Fic. 6.—Calculated intensity distribution in the 171.60—171.65 nm range relative to the continuum (i.e., the 1.0 level at the top), as an illustration of the many lines in
the spectrum that must be taken into account in calculating photoionization rates. The two digits marked -WL- are those added to the wavelengths given at the bottom of
the figure. R*1000 indicates the individual central line intensities on the scale 0—1000. Courtesy of R. L. Kurucz.

an analysis of the detailed spectrum calculated from a complete
set of line opacities from R. L. Kurucz (private communication) in
the wavelength range 123.9-207.5 nm, with the opacity evaluated
at 257,829 wavelengths. This complete set includes Kurucz’s fur-
ther set of lines, noted above, having known strengths but uncer-
tain wavelengths. In successive trial calculations we have reduced
L at a given height as needed to reduce the emission from any cal-
culated line formed at that height in excess of observed emission
or increased L at heights where calculated absorption lines were
deeper than observed. While this simple function does not provide
detailed agreement with observations, it succeeds in removing
from the calculated spectrum excessive emission and excessive
absorption that are inconsistent with observations and in allowing
a reasonable J,, to be calculated for use in photoionization inte-
grals. This function of height is model dependent and applies only
to the model C7 given in this paper.

Fuhrmeister et al. solved the non-LTE equations for a large
number of lines that affect photoionization in solar models. They
included many other lines as well, without solving detailed non-
LTE equations, and for these used a source-function equation sim-
ilar to ours, namely, S = eB + (1 — €)J, where B is the Planck
function and J is the monochromatic mean intensity, but with
€ = 107, constant with depth. See Short & Hauschildt (2005)
for a more general study of non-LTE line blanketing in solar-type
stars.

To simplify the evaluation of the photoionization integrals,
we have reduced the 257,829 Kurucz wavelengths in the range
123.9-207.5 nm to 1290 values by choosing five representative
wavelengths from each 1000. These five wavelengths and corre-
sponding opacities are determined by (1) ordering each set of
1000 opacity/wavelength pairs in opacity sequence, (2) choosing
the 100th, 300th, 500th, 700th, and 900th of the opacities in this
sequence, and (3) assigning these pairs to a uniformly spaced

wavelength scale, with the wavelengths put in the same order as
the original values. This is done at every depth in the calculation
for the approximate line opacities in the 123.9-207.5 nm range.
Between 207.5 and 605 nm we use values determined from an
earlier set of Kurucz line opacities discussed in the context of
solar-flare modeling by Avrett et al. (1986).

Figure 7 shows (in green) the full-disk spectrum observed by
Hall & Anderson (1991) between 210 and 310 nm at 0.01 nm

Brightness temperature (kK)

220 240 260

Wavelength (nm)

280

Fic. 7.—Approximate emergent flux spectrum calculated from model C7 at
wavelengths between 210 and 310 nm (shown in red) compared with the flux spec-
trum observed by Hall & Anderson (1991) shown as dashed lines in green. While the
observed spectrum is the surface distribution, we obtain the calculated distribution at
every depth in the atmosphere for use in the photoionization rate integrations.
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resolution and our corresponding computed approximate spec-
trum (in red) that is intended to give similar result when inte-
grated over wavelength to obtain photoionization rates, but the
computed results seem lower than observed.

8. EXPLICIT BACKGROUND LINES

The results in this paper are based on detailed non-LTE calcu-
lations for roughly a thousand lines, but for practical reasons only
a fraction of these are currently included in the general back-
ground, i.e., along with the continuum sources and the approx-
imate line distribution discussed above. Non-LTE computed
lines need to be included in the general background for two rea-
sons: (1) to take the place of the line approximations discussed
above and (2) to include the effects of important line blends. For
example, we need to account for the blending of the O 1 line at
102.576 nm with the hydrogen Ly (3 line at 102.572 nm. This com-
bined line is also affected by the He 1 line components around
102.43 nm. The Ly« line at 121.567 nm is slightly affected by
the He 11 line components between 121.51 and 121.52 nm. In gen-
eral, the hydrogen 2/1, 3/1,4/1, . . . lines are blended with those of
He u 4/2, 6/2, 8/2, ..., while the He 1 5/2, 7/2, 9/2, ... lines are
distinct. There are many O 1 lines blended with the hydrogen 4/1,
5/1, and 6/1 lines. The O m line components between 30.34 and
30.38 nm are strongly influenced by the He 1 resonance line at
30.379 nm.

Table 25, for example, shows the overlap in wavelength of the
multiplet components of the C119/1, O n 4/1, and O 1 4/1 tran-
sitions and the overlap between the O m 13/1 transition and the
He 1 2/1 resonance line, giving Bowen fluorescence. We show
later, in panel 14 of Figure 23, our calculated blend of these mul-
tiplet lines near 83 nm compared with the SUMER observations.
We account for the non-LTE interactions among these three tran-
sitions, but the C 1line is much weaker than the O m and O 11 lines
and is influenced by but does not influence these oxygen lines.
Similarly, the 30.3 nm O m multiplet is dominated by the strong
He 1 resonance line but has no reverse effect.

We include in the general background the significant lines of
H, He1,Hen, O1, O n, and O m. Thus, our calculation of the hy-
drogen Ly/3 line includes the non-LTE results obtained for the O 1
lines at 102.576, 102.743, and 102.815 nm from a previous O 1
calculation and a calculation of these O 1lines uses results from a
previous hydrogen calculation. We treat the interactions between
the O mand O m lines in Table 25, and their influence on the C1
line, and the influence of He m on O m, in the same way. This
iterative procedure gives good results without difficulty.

9. INCIDENT CORONAL RADIATION

Throughout the spectrum we use our individually calculated
lines in place of approximate lines wherever possible. The approx-
imate line spectrum discussed in § 7 does not extend to wave-
lengths below 123.9 nm. Figure 1 shows that there are many lines
in the spectrum shortward of the Ly« line at 121.567 nm, most of
which we have not included. Many of these are coronal lines that
have little effect on the chromospheric spectrum. However, cor-
onal lines shortward of 50.4 nm significantly affect He 1, and those
shortward of 22.8 nm affect He n1. The helium lines, in turn, in-
fluence the hydrogen spectrum and lines of various ions, includ-
ing O 11 as mentioned above. In our He 1 calculation we explictly
include the He i lines at 30.38, 25.63, 24.30, 23.73, and 23.43 nm
and the He 1 continuum shortward of 22.8 nm, and we include the
He 1lines at 58.43, 53.70, 52.23, and 51.56 nm and the He 1 con-
tinuum shortward of 50.4 nm. But the spectrum exhibits a large
number of additional strong emission lines from highly ionized
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TABLE 25
C1, O, O 1, AND He 11 WAVELENGTHS

Ci1 On O m He n

83.28
83.29
83.33
83.37
83.42
83.43
83.45 83.45
83.51
83.53

30.342
30.346
30.352
30.363
30.370
30.379
30.380

species that have to be taken into account in order to properly treat
the ionization of helium and other elements. This problem has
been addressed by VAL, Wahlstrom & Carlsson (1994), and Mauas
etal. (2005). These three papers use coronal line data from different
sources that need to be reconciled. The Mauas et al. paper includes
a very useful examination of the wavelength ranges of incident
coronal radiation that are most effective in leading to agreement
between calculated and observed absorption in the He 1 line at
1083 nm. They find that the 1083 nm absorption is sensitive to
the magnitude of the strong line emission shortward of 50.4 nm,
but that the details of the spectral distribution are less important.
A detailed study of He1and He 1ris beyond the scope of the pres-
ent paper, but our non-LTE solutions for He 1and He 11 need to be
approximately correct since these lines and continua have some
influence on hydrogen, oxygen, and other elements. Therefore we
use the following very simple prescription for incident coronal ra-
diation: in the wavelength range 15—38 nm we add to the calculated
mean intensity of radiation the constant 7 x 107! ergs cm =2 s~
Hz! multiplied by the depth attenuation E,(7,), where 7, is the
monochromatic continuum optical depth and E, is the second
exponential integral. We find that this specification of the incident
coronal radiation gives calculated results that are roughly consis-
tent with the observed absorption in the He 1 1083 nm line and the
observed emission in the He 1 resonance lines. Clearly a better ap-
proach would be to include detailed calculations of all the strong
lines in this wavelength range.

10. THE Vip(h) DISTRIBUTION

As stated in § 1, the calculated spectrum depends on distribu-
tions with height of the temperature Tand the velocity distributions
Vi for line broadening and V4, as a turbulent pressure contribution,
which we set equal to V}. Given this common velocity distribution
V(h) (from Table 1 and the calculated ny vs. /), and given the
many rates and cross sections, we adjust 7'(/) by trial and error to
get optimum agreement between the calculated spectrum and the
observed one.

It is reasonable to expect that the nonthermal velocities give
rise to a turbulent pressure that should be added to the gas pres-
sure. The effect of a turbulent pressure contribution was first dis-
cussed by McCrea (1929). Thus, we let Vi,(h) = Vy(h) and add
the term (1/2),0Vt§ to the gas pressure. The increased total pres-
sure causes the atmosphere to be more distended and to move the
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transition region to a greater height. The lower chromosphere
is hardly affected since Vi, is only of order 1 km s~!in this
region.

A good measure of the height of the top of the chromosphere,
and the onset of the transition region, is the height observed at
the solar limb of the local maximum in the He 1 line intensity at
1083.3 nm (and in the D5 line at 587.5 nm), i.e., the height of the
bright ring seen around the solar disk at 1083.3 nm (and to a lesser
extent at 587.5 nm), except in coronal-hole regions. Back-radiation
from coronal lines causes enhanced He 1 ionization at the top of
the chromosphere. Recombination then populates the 253 S, 2p 3 P°
levels and higher ones, causing He 1 line absorption of the infrared
continuum on the disk and emission above the limb. The coronal
emission penetrates only a short distance into the chromosphere, so
that the height of the local maximum just above the limb indicates
the height of the top of the chromosphere. The V(%) distribution
we adopt for model C7 places the top of the chromosphere at about
2140 km. This height is roughly consistent with limb observations
of the D3 and 1083.3 nm lines (e.g., White 1963; Zirin 1975;
Schmidt et al. 1994; see also Avrett et al. 1994b). At greater
heights above the limb our calculated emission decreases abruptly
compared with a gradual decrease in the observed emission, be-
cause portions of the transition region extend much higher. Our
height scale is measured from a zero reference value in the pho-
tosphere where 7509, the continuum optical depth at 500 nm, is
unity. The position of the white-light limb of the Sun on this scale
is about 350 km above 7599 = 1 (see Foukal 2004, p. 150; Athay
1976; and articles by Athay in Sturrock et al. 1986).

Our choice of Vi, (h) = Vy(h) succeeds in extending the upper
chromosphere to be consistent with limb observations. Setting
Vip = 0 for the same T versus / causes the total pressure at 7 =
7950 K, & = 2142 km to decrease from 0.107 to 0.060 dyn cm2,
so that the transition region would have to be moved inward to
obtain the higher pressure as before. The extension of the atmo-
sphere mainly takes place in the upper chromosphere where Vi,
is much larger than unity. We note that Fontenla et al. (2007)
propose an alternative way to extend the atmosphere by means of
forces that are effective lower in the chromosphere.

11. METHOD OF SOLUTION

Given T'(h) and V(h), we solve the hydrostatic equilibrium
equation to obtain ny (%) and determine the electron number den-
sity ne(#) from the sum of the electrons contributed by the single
and multiple ionizations of all the atoms and ions we consider.

The statistical equilibrium and radiative transfer equations for
the atoms and ions are solved in detail to obtain both (1) the mean
intensity of radiation J,, at all depths in the atmosphere and all line
and continuum wavelengths and (2) the level populations of all
atoms and ions. Many of these equations are strongly coupled to-
gether (particularly the statistical equilibrium and transfer equa-
tions for a strong line transition) and usually must be solved
simultaneously. Most others are not strongly coupled and can
be solved iteratively. We use simultaneous solutions for strong
transitions, as described in the Appendix, and not “accelerated
lambda iteration” or ALI methods (see Hubeny 2003). As shown
by Avrett (2007b), there are cases in which the ALI method essen-
tially does not converge.

Most line transitions can be treated with the simple approxi-
mation of complete frequency redistribution (CRD) in which the
line frequencies of absorbed and subsequently reemitted photons
are uncorrelated. This assumes some perturbations of the atom in
its excited state between photon absorption and reemission. The
line source function, or ratio of emission and absorption coef-
fients, is then frequency-independent throughout the line.
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On the other hand, strong lines such as the hydrogen Ly« and
Ly/3 resonance transition do not have such simple properties. A
photon absorbed in the wing of the line is reemitted at a nearby
frequency rather than from line center or from an uncorrelated fre-
quency. In the Appendix we summarize (1) the procedure we use
in the general case of partial frequency redistribution (PRD), with
CRD as a special case, and (2) the procedure we use to solve the
coupled equations of statistical equilibrium and radiative transfer.

12. THE HYDROGEN LYMAN CONTINUUM
AND ITS SLOPE

As indicated in Figure 1, the observed brightness temperature
at 70 nm exceeds that at 91.17 nm, i.e., the Lyman continuum
brightness temperature increases with decreasing wavelength.
This is seen in the SkyLab observations plotted in Figure 1 as well
as in the SUMER observations. This result is counterintuitive in
that the Lyman continuum opacity decreases with decreasing wave-
length (roughly as /%) so that unit optical depth at 70 nm occurs
deeper in the atmosphere than that at 91.17 nm. If the Lyman
continuum source function increases monotonically with height,
corresponding to an outward increase in temperature, then the
brightness temperature at 70 nm would be expected to be smaller
than at 91.17 nm, not larger. An analysis of the depth dependence
of the contribution functions at various wavelengths indicates that
for the smaller wavelengths, there are not only contributions from
the deeper chromospheric layers but also contributions from the
high-temperature layers of the transition region, which have less
influence on the intensity at the head of the Lyman continuum.
The Lyman continuum source function S, is approximately the
Planck function B, divided by the wavelength-independent de-
parture coefficient b;, which measures the hydrogen level-1 de-
partures from LTE. The increase of B, and hence S, between
temperatures 8000 and 30,000 K is 80 times larger at 70 nm than
at 91.17 nm. In order to match the observations, the temperature
must increase abruptly to high values just above region where the
head of the Lyman continuum is formed. We have shown the con-
tribution functions for 91.17, 80, and 70 nm in Figure 2.

There is a second reason for this abrupt increase in the model
temperature distribution. The Lyman continuum opacity is pro-
portional to the neutral hydrogen number density, and this opacity
increases with decreasing temperature in this region where hydro-
gen is partially ionized. A temperature decrease at a given height
can thus shift unit optical depth out to a greater height where the
temperature is higher. As a result, a decrease in temperature in this
region may decrease the calculated intensity very little, if at all. If
the calculated intensity at the head of the Lyman continuum is
larger than observed as a result of being formed in the low tran-
sition region, the most effective way to obtain a smaller intensity
is to move the transition region to a greater height, thus decreas-
ing the transition-region pressure and decreasing the Lyman con-
tinuum optical depths at the top of the chromosphere.

The slowly varying temperature in the upper chromosphere and
the abrupt temperature rise in the transition region can be gener-
ally understood as a consequence of the cooling due to hydrogen
(mainly Lya and Ha) and other lines (mainly Fe n, Mg 11, and
Ca m; see Anderson & Athay 1989a) in the temperature range
where hydrogen is partially ionized. This net radiative cooling
inhibits a more rapid rise in temperature in the middle and up-
per chromosphere in response to chromospheric heating, the na-
ture of which is still not understood. But this cooling has little
effect at much higher temperatures where hydrogen is almost fully
ionized. The jump in temperature will occur at a density just
low enough that the cooling due to Ly« and other sources ceases
to dominate over the combination of local heating and energy
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transport from above (see Athay 1976). Thus, we regard the tran-
sition region and the chromosphere to be related phenomena that
generally occur between neutral- and ionized-hydrogen domains,
provided that there is sufficient heating to cause hydrogen to
become ionized. We have no basis here to distinguish between
acoustic and magnetic heating, as discussed, e.g., by Judge &
Carpenter (1998).

The proper way to model the upper chromosphere and
lower transition region, in our idealized one-dimensional, time-
independent treatment, is to determine the temperature distri-
bution from an energy-balance solution. From our non-LTE
solutions we can determine the net outward radiative flow of en-
ergy from the hydrogen lines and continua and from other atoms
and ions. We also calculate the downward flow of energy through
the transition region by thermal conduction and particle diffusion
from the work of Fontenla et al. (but in these studies, mechanical
heating was not included). We could postulate some distribution
of nonradiative (mechanical) heating in this region and determine
the temperature variation with height for which the net radia-
tive cooling balances the nonradiative heating and energy flow
through the transition region. Such calculations are feasible but
are beyond the scope of the present paper. Calculations of the
chromospheric cooling rates have been reported by VAL, Avrett
(1985), Anderson (1989), and Anderson & Athay (1989a, 1989b).

For simplicity we have empirically adjusted the tempera-
ture distribution up to the temperature value 7 = 7950 K at 1 =
2142 km to obtain reasonable agreement between the calculated
and observed chromospheric spectrum. For higher temperatures
we have calculated an energy-balance solution using the bound-
ary conditions corresponding to the above T and ¥, thus balancing
the radiative losses with the energy flow from above (but without
including local mechanical heating in the transition region). It is
not difficult to match the intensity at the head of the Lyman con-
tinuum in this way, since this intensity increases as this value of
h decreases. However, given our attempt to match the overall
SUMER spectrum, we have not been able to obtain a good fit the
observed slope of the Lyman continuum, as shown in Figure 1.
The Fontenla et al. models, which used VAL chromospheres, did
not show this disagreement with the slope of the Lyman contin-
uum, but we have not determined why the problem occurs in some
cases but not others.

We note that Fuhrmeister et al. found that hydrogen ionization
and hence the intensity in the Lyman continuum is sensitive to
the treatment of non-LTE lines in the Lyman, Balmer, and Paschen
continua, but they were also unable to match the observed slope of
the Lyman continuum (see their Fig. 2).

13. MODEL C7

In Figure 2 we showed the temperature distribution for
model C7, extending from the photosphere into the transition
region, and the contribution functions dI/dh for the continuum
wavelengths 70-160 nm and 0.2 mm to 5 cm. We show later (in
Figs. 13, 18, and 22) the contributions to the central intensities
of various hydrogen, carbon, and oxygen lines. These contri-
bution functions indicate the heights at which various line cen-
ters are formed. We adjust the temperature at these heights to bring
the calculated line intensities into agreement with observed val-
ues. Generally, if the computed intensity at one of these wave-
lengths is lower or higher than the observed intensity, then the
temperature at the height of the maximum contribution is raised
or lowered accordingly. An exception to this procedure occurs in
attempts to match the intensities in the Lyman continuum since,
as noted above, the optical depth in the Lyman continuum is very
sensitive to temperature. Model C7 was constructed primarily
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Fic. 8.—Model C7 variations with height of the temperature (in K), turbulent
velocity (in km s™!), total hydrogen density, neutral hydrogen density, and electron
density (in cm™3).

from a match to the continuum intensities from 70—160 nm and
to the hydrogen Ly« and Ly line intensities, and to maintain gen-
eral agreement with the observed carbon and oxygen line intensi-
ties shown in Figures 19 and 23.

Figure 8 shows the model C7 temperature distribution 7'(%),
the broadening (and turbulent-pressure) velocity ¥ (%), and the cal-
culated distributions of the total hydrogen density ny, the neutral
hydrogen density ny;, and the electron density .. These and other
functions are shown in Table 26.

14. CONVOLUTION OF THE CALCULATED PROFILES

As indicated earlier, the Curdt et al. and Brekke quiet-Sun ob-
servations used in this paper correspond to averages over network
and internetwork regions. Ideally, we should model such regions
separately and compare with observations from the separate re-
gions. However, an average model based on the average spectrum
is of interest given the extensive spectral data available for the av-
erage quiet Sun, from 67 to 173 nm, whereas only fragmentary
data have been published for separate network and internetwork
regions.

Even though we have included nonthermal broadening, the
lines calculated from our one-dimensional model are generally
narrower than the observed lines in the SUMER and HRTS atlases.
Also, some of the calculated multiplet lines have separate compo-
nents while the corresponding observed ones are blended together,
and many calculated lines have narrow central reversals that the
observed lines do not exhibit, not because the observations lack
good spectral resolution, but because they represent (1) a blend
of intensities from different spatial regions, (2) various motions
in these regions, and (3) instrumental broadening. In order to
compare the calculated and observed profiles, we apply to our



TABLE 26
ATMOSPHERIC PARAMETERS FOR MoODEL C7

h m T v De Prot ny Nyl Mg
(km) (g cm™?) (K) (km s~ 1) (dyn cm™?) (dyn cm™?) (em™3) (cm™3) (em™3)

6.80844E+04 1.178E—06 1.586E+06 3.400E+01 3.142E—-02 3.227E-02 6.233E+07 8.860E+00 7.491E+07
4.70093E+04 1.553E-06 1.410E+06 3.400E+01 4.131E-02 4.256E—02 9.217E+07 1.522E+01 1.108E+08
3.60795E+04 1.820E—06 1.294E+06 3.400E+01 4.827E—-02 4.986E—02 1.174E+08 2.164E+01 1.411E+08
2.66766E+04 2.112E—06 1.170E+06 3.400E+01 5.583E—-02 5.787E—-02 1.502E+08 3.152E+01 1.805E+08
2.11331E+04 2.325E—-06 1.080E+06 3.400E+01 6.127E—02 6.369E—02 1.786E+08 4.163E+01 2.147E+08
1.53920E+04 2.592E—-06 9.637E+05 3.400E+01 6.801E—02 7.102E—-02 2.221E+08 6.013E+01 2.669E+08
1.15962E+04 2.808E—06 8.650E+05 3.400E+01 7.333E—-02 7.694E—02 2.667E+08 8.348E+01 3.206E+08
8.97424E+03 2.986E—06 7.783E+05 3.400E+01 7.756E—02 8.180E—-02 3.135E+08 1.133E+02 3.768E+08
7.36082E+03 3.112E-06 7.117E+05 3.400E+01 8.044E—02 8.526E—-02 3.556E+08 1.455E+02 4.274E+08
5.76283E+03 3.256E—-06 6.293E+05 3.400E+01 8.355E—-02 8.920E—-02 4.177E+08 2.034E+02 5.021E+08
4.96864E+03 3.338E—-06 5.774E+05 3.400E+01 8.516E—02 9.145E—-02 4.641E+08 2.560E+02 5.578E+08
4.29586E+03 3.415E-06 5.243E+05 3.400E+01 8.653E—02 9.356E—02 5.193E+08 3.303E+02 6.242E+08
3.75271E+03 3.485E—-06 4.716E+05 3.400E+01 8.757E—-02 9.548E—02 5.842E+08 4.361E+02 7.022E+08
3.42499E+03 3.532E-06 4.329E+05 3.400E+01 8.810E—02 9.677E—02 6.403E+08 5.457E+02 7.695E+08
3.13379E+03 3.578E—-06 3.920E+05 3.400E+01 8.842E—02 9.803E—02 7.096E+08 7.082E+02 8.529E+08
2.97076E+03 3.606E—06 3.650E+05 3.400E+01 8.847E—02 9.879E—-02 7.625E+08 8.549E+02 9.165E+08
2.84440E+03 3.629E—06 3.413E+05 3.400E+01 8.840E—02 9.943E—-02 8.149E+08 1.022E+03 9.794E+08
2.76149E+03 3.645E-06 3.240E+05 3.400E+01 8.827E—-02 9.988E—02 8.571E+08 1.174E+03 1.030E+09
2.68810E+03 3.661E-06 3.073E+05 3.400E+01 8.808E—-02 1.003E-01 9.018E+08 1.353E+03 1.084E+09
2.62832E+03 3.674E—-06 2.925E+05 3.400E+01 8.785E—02 1.006E—01 9.451E+08 1.546E+03 1.136E+09
2.57823E+03 3.685E—06 2.790E+05 3.400E+01 8.758E—02 1.010E—-01 9.876E+08 1.757E+03 1.187E+09
2.53547E+03 3.695E—-06 2.667E+05 3.372E+01 8.748E—02 1.012E-01 1.032E+09 1.993E+03 1.240E+09
2.49556E+03 3.705E—-06 2.544E+05 3.332E+01 8.744E—02 1.015E-01 1.082E+09 2.279E+03 1.300E+09
2.45790E+03 3.715E-06 2.419E+05 3.289E+01 8.737E—-02 1.018E—-01 1.137E+09 2.632E+03 1.366E+09
2.41866E+03 3.725E-06 2.278E+05 3.238E+01 8.726E—02 1.021E—-01 1.205E+09 3.132E+03 1.448E+09
2.37819E+03 3.737E-06 2.120E+05 3.177E+01 8.710E—02 1.024E—-01 1.293E+09 3.873E+03 1.554E+09
2.34610E+03 3.747E—-06 1.981E+05 3.121E+01 8.692E—-02 1.027E-01 1.380E+09 4.740E+03 1.659E+09
2.32578E+03 3.754E—-06 1.886E+05 3.080E+01 8.677E—02 1.029E—-01 1.447E+09 5.502E+03 1.739E+09
2.30855E+03 3.760E—06 1.801E+05 3.041E+01 8.662E—-02 1.030E-01 1.513E+09 6.347E+03 1.819E+09
2.29437E+03 3.765E—-06 1.726E+05 3.006E+01 8.647E—02 1.032E-01 1.576E+09 7.241E+03 1.894E+09
2.28238E+03 3.770E—-06 1.660E+05 2.973E+01 8.633E—02 1.033E-01 1.637E+09 8.195E+03 1.966E+09
2.26969E+03 3.775E-06 1.586E+05 2.936E+01 8.615E—02 1.034E—-01 1.710E+09 9.482E+03 2.054E+09
2.25943E+03 3.779E—-06 1.523E+05 2.902E+01 8.599E—-02 1.035E-01 1.778E+09 1.082E+04 2.135E+09
2.25164E+03 3.782E—-06 1.472E+05 2.874E+01 8.586E—02 1.036E—-01 1.836E+09 1.209E+04 2.205E+09
2.24332E+03 3.786E—-06 1.416E+05 2.842E+01 8.569E—-02 1.037E-01 1.905E+09 1.377E+04 2.288E+09
2.23529E+03 3.789E—-06 1.358E+05 2.808E+01 8.552E—-02 1.038E—-01 1.982E+09 1.582E+04 2.379E+09
2.22774E+03 3.793E-06 1.302E+05 2.774E+01 8.531E—-02 1.039E-01 2.064E+09 1.831E+04 2.477E+09
2.22004E+03 3.797E—-06 1.240E+05 2.738E+01 8.506E—02 1.040E—-01 2.160E+09 2.165E+04 2.592E+09
2.21374E+03 3.800E—-06 1.187E+05 2.704E+01 8.483E—-02 1.041E-01 2.251E+09 2.531E+04 2.700E+09
2.20766E+03 3.803E—-06 1.132E+05 2.669E+01 8.457E—-02 1.042E—-01 2.353E+09 2.996E+04 2.821E+09
2.20192E+03 3.806E—06 1.078E+05 2.631E+01 8.430E—-02 1.043E—-01 2.465E+09 3.595E+04 2.953E+09
2.19652E+03 3.810E-06 1.023E+05 2.591E+01 8.401E—02 1.044E—-01 2.589E+09 4.375E+04 3.099E+09
2.19146E+03 3.813E-06 9.686E+04 2.549E+01 8.370E—-02 1.045E-01 2.727E+09 5.404E+04 3.259E+09
2.18608E+03 3.816E—06 9.064E+04 2.498E+01 8.332E—-02 1.046E—01 2.904E+09 7.053E+04 3.463E+09
2.18244E+03 3.819E—-06 8.612E+04 2.459E+01 8.303E—-02 1.046E—-01 3.049E+09 8.766E+04 3.628E+09
2.17874E+03 3.822E-06 8.122E+04 2.414E+01 8.269E—-02 1.047E—-01 3.225E+09 1.141E+05 3.827E+09
2.17528E+03 3.824E—-06 7.633E+04 2.366E+01 8.234E—-02 1.048E—01 3.422E+09 1.611E+05 4.049E+09
2.17232E+03 3.827E—-06 7.181E+04 2.319E+01 8.200E—-02 1.048E—-01 3.628E+09 2.501E+05 4.280E+09
2.16999E+03 3.829E—-06 6.800E+04 2.277E+01 8.170E—02 1.049E—-01 3.822E+09 4.054E+05 4.497E+09
2.16769E+03 3.831E-06 6.395E+04 2.229E+01 8.137E—-02 1.050E—-01 4.054E+09 7.644E+05 4.757E+09
2.16603E+03 3.833E-06 6.079E+04 2.189E+01 8.112E-02 1.050E—-01 4.255E+09 1.319E+06 4.984E+09
2.16456E+03 3.834E—-06 5.779E+04 2.149E+01 8.088E—02 1.050E—-01 4.468E+09 2.253E+06 5.222E+09
2.16329E+03 3.835E-06 5.502E+04 2.110E+01 8.065E—02 1.051E-01 4.684E+09 3.680E+06 5.464E+09
2.16229E+03 3.837E—-06 5.269E+04 2.075E+01 8.046E—02 1.051E-01 4.885E+09 5.494E+06 5.687E+09
2.16126E+03 3.838E—-06 5.014E+04 2.036E+01 8.025E—-02 1.051E-01 5.127E+09 8.397E+06 5.955E+09
2.16063E+03 3.838E—06 4.849E+04 2.009E+01 8.012E—-02 1.052E—-01 5.297E+09 1.095E+07 6.142E+09
2.16001E+03 3.839E—-06 4.680E+04 1.980E+01 7.999E—-02 1.052E-01 5.484E+09 1.428E+07 6.348E+09
2.15942E+03 3.840E—-06 4.514E+04 1.951E+01 7.986E—02 1.052E—-01 5.683E+09 1.832E+07 6.565E+09
2.15884E+03 3.841E-06 4.340E+04 1.919E+01 7.974E—-02 1.052E—-01 5.908E+09 2.352E+07 6.809E+09
2.15821E+03 3.842E—-06 4.145E+04 1.882E+01 7.960E—02 1.053E-01 6.185E+09 3.092E+07 7.107E+09
2.15757E+03 3.843E—-06 3.940E+04 1.840E+01 7.948E—02 1.053E-01 6.508E+09 4.068E+07 7.454E+09
2.15682E+03 3.844E—-06 3.687E+04 1.785E+01 7.935E—-02 1.053E-01 6.958E+09 5.605E+07 7.933E+09
2.15616E+03 3.845E—-06 3.458E+04 1.729E+01 7.931E-02 1.053E-01 7.433E+09 7.423E+07 8.434E+09
2.15550E+03 3.846E—-06 3.226E+04 1.670E+01 7.927E—-02 1.054E-01 7.985E+09 9.798E+07 9.013E+09
2.15473E+03 3.848E—-06 2.950E+04 1.598E+01 7.922E—-02 1.054E—-01 8.757E+09 1.349E+08 9.815E+09
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h m T V Pg Prot ny nyi ne
(km) (g cm™?) (K) (km s~ (dyn cm™2) (dyn cm™?) (cm™?) (em™?) (em™?)
2.15407E+03  3.849E—06  2.713E+04  1.533E+01 7.916E—02 1.055E—01 9.547E+09  1.763E+08  1.063E+10
2.15348E+03  3.850E—06  2.512E+04  1.478E+01 7.907E—02 1.055E—01 1.033E+10  2.210E+08  1.144E+10
2.15287E+03  3.852E—06  2.310E+04  1.422E+01 7.891E—02 1.055E—01 1.125E+10  2.769E+08  1.237E+10
2.15203E+03  3.854E—06  2.051E+04  1.346E+01 7.869E—02 1.056E—01 1.269E+10  3.809E+08  1.383E+10
2.15116E+03  3.857E—06  1.814E+04  1.272E+01 7.844E—02 1.057E—01 1.437E+10  5.412E+08  1.550E+10
2.15012E+03  3.861E—06  1.576E+04  1.192E+01 7.811E—02 1.058E—01 1.663E+10  8.787E+08  1.761E+10
2.14865E+03  3.867E—06  1.320E+04  1.098E+01 7.756E—02 1.060E—01 2.009E+10  1.749E+09  2.046E+10
2.14705E+03  3.876E—06  1.098E+04  1.027E+01 7.565E—02 1.062E—01 2469E+10  4.413E+09  2.274E+10
2.14516E+03  3.888E—06  9.115E+03  9.422E+00 7.338E—02 1.065E—01 3.187E+10  1.165E+10  2.325E+10
2.14193E+03  3.915E—06  7.950E+03  8.868E+00 7.239E—02 1.073E—01 3.784E+10  1.693E+10  2.432E+10
2.13800E+03  3.951E—06  7.248E+03  8.535E+00 7.238E—02 1.083E—01 4204E+10  1.954E+10  2.608E+10
2.13600E+03  3.971E—06  6.992E+03  8.401E+00 7.253E—02 1.088E—01 4388E+10  2.066E+10  2.686E+10
2.13400E+03  3.992E—06  6.870E+03  8.328E+00 7.288E—02 1.094E—01 4493E+10  2.118E+10  2.741E+10
2.13200E+03  4.014E—06  6.800E+03  8.279E+00 7.331E—02 1.100E—01 4565E+10  2.147E+10  2.787E+10
2.13000E+03  4.035E—06  6.768E+03  8.247E+00 7.381E—02 1.106E—01 4.612E+10  2.157E+10  2.826E+10
2.12600E+03  4.079E—06  6.740E+03  8.199E+00 7.486E—02 1.117E—01 4.685E+10  2.167E+10  2.891E+10
2.12000E+03  4.145E—06  6.718E+03  8.134E+00 7.649E—02 1.136E—01 4783E+10  2.176E+10  2.985E+10
2.11000E+03  4.259E—06  6.706E+03  8.033E+00 7.932E—02 1.167E—01 4944E+10  2204E+10  3.128E+10
2.09800E+03  4.401E—06  6.700E+03  7.901E+00 8.289E—02 1.206E—01 5.153E+10  2.258E+10  3.293E+10
2.08300E+03  4.587E—06  6.694E+03  7.729E+00 8.761E—02 1.257E—01 5.438E+10  2.351E+10  3.498E+10
2.05500E+03  4.963E—06  6.686E+03  7.403E+00 9.719E—02 1.360E—01 6.042E+10  2.583E+10  3.883E+10
2.02400E+03  5.430E—06  6.680E+03  7.031E+00 1.091E—01 1.488E—01 6.843E+10  2.916E+10  4.307E+10
1.98900E+03  6.034E—06  6.674E+03  6.617E+00 1.247E—01 1.653E—01 7.917E+10  3.447E+10  4.826E+10
1.94600E+03  6.910E—06  6.667E+03  6.118E+00 1.475E—01 1.893E—01 9.543E+10  4.371E+10  5.526E+10
1.89400E+03  8.221E—06  6.660E+03  5.542E+00 1.817E—01 2.253E—01 1.210E+11 6.005E+10  6.450E+10
1.82000E+03  1.074E—05  6.652E+03  4.776E+00 2.480E—01 2.942E—01 1.730E+11  9.843E+10  7.969E+10
1.72200E+03  1.589E—05  6.643E+03  3.939E+00 3.832E—01 4.353E—01 2.864E+11 1.916E+11 1.027E+11
1.61700E+03  2.546E—05  6.633E+03  3.165E+00 6.368E—01 6.975E—01 5.170E+11  4.012E+11 1.267E+11
1.52000E+03  4.136E—05  6.623E+03  2.576E+00 1.061E+00 1.133E+00 9.256E+11 7.956E+11 1.423E+11
1.39800E+03  8.131E—05  6.610E+03  1.804E+00 2.151E+00 2.228E+00 2.012E+12  1.880E+12  1.438E+l1
1.29900E+03  1.463E—04  6.598E+03  1.390E+00 3.923E+00 4.009E+00 3.780E+12  3.641E+12  1.489E+11
1.21400E+03  2.461E—04  6.576E+03  1.159E+00 6.640E+00 6.742E+00 6.488E+12  6.322E+12  1.760E+11
1.14300E+03  3.830E—04  6.531E+03  9.900E—01 1.038E+01 1.049E+01 1.028E+13 1.009E+13 1.995E+11
1.10100E+03  4.997E—04  6.474E+03  8.959E—01 1.356E+01 1.369E+01 1.360E+13 1.340E+13  2.104E+11
1.06500E+03  6.299E—04  6.400E+03  8.235E—01 1.712E+01 1.726E+01 1.742E+13 1.722E+13  2.091E+11
1.03200E+03  7.814E—04  6.315E+03  7.647E—01 2.126E+01 2.141E+01 2.198E+13  2.179E+13  2.021E+11
1.00300E+03  9.476E—04  6.225E+03  7.193E—01 2.580E+01 2.596E+01 2.711E+13  2.693E+13 1.903E+11
9.71000E+02  1.177E—03  6.100E+03  6.885E—01 3.206E+01 3.225E+01 3.445E+13  3.428E+13 1.727E+11
9.46000E+02  1.400E—03  5.969E+03  6.722E—01 3.813E+01 3.835E+01 4.193E+13  4.178E+13 1.513E+11
9.00000E+02  1.947E—03  5.720E+03  6.411E—01 5.306E+01 5.335E+01 6.097E+13  6.086E+13 1.162E+11
8.54000E+02  2.753E—03  5.430E+03  6.079E—01 7.504E+01 7.543E+01 9.092E+13  9.085E+13  8.055E+10
8.00000E+02  4.240E—03  5.090E+03  5.634E—01 1.156E+02 1.162E+02 1.495E+14  1.495E+14  5.458E+10
7.50000E+02  6.480E—03  4.840E+03  5.201E—01 1.768E+02 1.775E+02 2.405E+14  2.404E+14  4.762E+10
7.00000E+02  1.011E—02  4.640E+03  4.738E—01 2.759E+02 2.769E+02 3.914E+14  3.914E+14  5.159E+10
6.60000E+02  1.461E—02  4.510E+03  4.390E—01 3.990E+02 4.004E+02 5.825E+14  5.825E+14  6.424E+10
6.15000E+02  2.234E—02  4.435E+03  4.064E—01 6.102E+02 6.120E+02 9.059E+14  9.058E+14  9.163E+10
5.60000E+02  3.778E—02  4.400E+03  3.755E—01 1.032E+03 1.035E+03 1.545E+15 1.545E+15 1.467E+11
5.25000E+02  5.282E—02  4.410E+03  3.609E—01 1.444E+03 1.447E+03 2.156E+15  2.155E+15 1.996E+11
490000E+02  7.376E—02  4.435E+03  3.501E—01 2.017E+03 2.021E+03 2.994E+15  2.993E+15  2.718E+11
4.50000E+02  1.077E—01  4.485E+03  3.420E—01 2.945E+03 2.951E+03 4324E+15  4322E+15  3.871E+11
4.00000E+02  1.715E—01  4.590E+03  3.381E—01 4.690E+03 4.699E+03 6.729E+15  6.726E+15  6.034E+11
3.50000E+02  2.701E—01  4.700E+03  3.412E—01 7.387E+03 7.401E+03 1.035E+16  1.034E+16  9.337E+11
3.00000E+02  4.211E—01  4.805E+03  3.667E—01 1.151E+04 1.154E+04 1.578E+16  1.577E+16  1.433E+12
2.50000E+02  6.500E—01  4.907E+03  4.919E—01 1.774E+04 1.781E+04 2381E+16  2379E+16  2.182E+12
2.00000E+02  9.933E—01  5.010E+03  6.882E—01 2.702E+04 2.721E+04 3.552E+16  3.549E+16  3.308E+12
1.75000E+02  1.223E+00  5.080E+03  7.918E—01 3.319E+04 3.350E+04 4303E+16  4299E+16  4.102E+12
1.50000E+02  1.500E+00  5.165E+03  9.003E—01 4.060E+04 4.109E+04 5.178E+16  5.173E+16  5.132E+12
1.25000E+02  1.831E+00  5.288E+03  1.023E+00 4.942E+04 5.017E+04 6.156E+16  6.150E+16  6.596E+12
1.00000E+02  2.223E+00  5.431E+03  1.153E+00 5.979E+04 6.092E+04 7.251E+16  7.244E+16  8.748E+12
7.50000E+01  2.683E+00  5.607E+03  1.286E+00 7.186E+04 7.350E+04 8.441E+16  8.434E+16  1.233E+13
5.00000E+01  3.213E+00  5.826E+03  1.434E+00 8.570E+04 8.804E+04 9.687E+16  9.680E+16  1.909E+13
3.50000E+01  3.567E+00  6.006E+03  1.522E+00 9.489E+04 9.772E+04 1.040E+17  1.040E+17  2.729E+13
2.00000E+01  3.944E+00  6.231E+03  1.601E+00 1.047E+05 1.081E+05 1.107E+17  1.106E+17  4.258E+13
1.00000E+01  4.208E+00  6.397E+03  1.651E+00 1.116E+05 1.153E+05 1.149E+17  1.148E+17  5.893E+13
0.00000E+00  4.482E+00  6.583E+03  1.696E+00 1.188E+05 1.228E+05 1.188E+17  1.187E+17  8.397E+13
—1.00000E+01  4.765E+00  6.780E+03  1.763E+00 1.261E+05 1.305E+05 1.223E+17  1.222E+17  1.206E+14
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h m T v De Prot ny nyy ne
(km) (g cm™) (K) (kms™) (dynem™)  (dyn cm™?) (cm™) (cm™) (cm™)

—2.00000E+01 5.055E+00 7.020E+03 1.835E+00 1.336E+05 1.385E+05 1.251E+17 1.249E+17 1.828E+14
—3.00000E+01 5.351E+00 7.280E+03 1.912E+00 1.411E+05 1.466E+05 1.274E+17 1.271E+17 2.794E+14
—4.00000E+01 5.651E+00 7.590E+03 1.986E+00 1.489E+05 1.548E+05 1.287E+17 1.283E+17 4.465E+14
—5.00000E+01 5.954E+00 7.900E+03 2.000E+00 1.570E+05 1.631E+05 1.303E+17 1.296E+17 6.910E+14
—6.00000E+01 6.261E+00 8.220E+03 2.000E+00 1.654E+05 1.715E+05 1.315E+17 1.305E+17 1.050E+15
—7.00000E+01 6.570E+00 8.540E+03 2.000E+00 1.738E+05 1.800E+05 1.326E+17 1.311E+17 1.547E+15
—8.00000E+01 6.882E+00 8.850E+03 2.000E+00 1.823E+05 1.886E+05 1.336E+17 1.315E+17 2.196E+15
—9.00000E+01 7.197E+00 9.120E+03 2.000E+00 1.909E+05 1.972E+05 1.351E+17 1.322E+17 2.929E+15
—1.00000E+02 7.515E+00 9.380E+03 2.000E+00 1.995E+05 2.059E+05 1.366E+17 1.328E+17 3.808E+15

calculated lines the Gaussian convolution in wavelength described
below. We determine the width of this convolution from a compari-
son of the calculated and observed spectra.

Figure 9 shows the prominent multiplet of C mr that has six
line components between 117.49 and 117.64 nm. This is the 4/2
line in Table 10. The SUMER observed profile is plotted in green.
The dashed curve in red is the result of convolving the calcu-
lated profile with a Gaussian profile function having a FWHM
of 0.015 nm. Lesser convolution applied to the calculated pro-
file would give a separate emission peak just longward of the
bright central peak that would not agree with the observed par-
tial blending of these two line components. The dashed curve in
blue is the calculated profile with zero convolution. This convolu-
tion was applied to all of the calculated line profiles compared
here with the SUMER atlas lines.

These calculated profiles are determined using the broadening
velocity distribution shown in Figure 8 (derived from Table 1)
and listed in Table 26. The peak intensity at 117.571 nm is formed
in the transition region where the temperature and broadening ve-
locity are roughly 52,690 K and 20.75 km s, respectively. Fig-
ure 10 shows the corresponding unconvolved and convolved
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Fic. 9.—Observed 117.49-117.64 nm C m multiplet ( green solid line) com-
pared with the convolved calculated profile (red long-dashed line), and with the
unconvolved calculated profile (blue short-dashed line). These results use V(h)
both for nonthermal broadening and as a turbulent pressure contribution. The
scale on the right shows the brightness temperatures in K corresponding to the
intensities on the left. The 0.015 nm FWHM convolution shown here was applied
to all of the calculated lines that we show in comparison with the SUMER atlas
data.

profiles calculated with zero broadening velocity, but with the
same C7 model atmosphere that uses the turbulent pressure ve-
locity listed in Table 26.

While the intrinsic broadening is masked to a large extent by
the convolution, the 20.75 km s~! broadening velocity gives a
better result in this case than zero broadening. It would clearly be
better to determine the broadening velocity distribution by com-
paring models of separate internetwork and network regions with
observations of these regions with high spatial and spectral reso-
lution. Since systematic data for these separate regions is not yet
available, only the quiet-Sun averages are considered here.

Figure 11 shows the 9/1 multiplet of C 1 with six line compo-
nents between 132.88 and 132.96 nm. As before, the SUMER
profile is plotted in green, and the broken red and blue curves are
the calculated convolved and unconvolved profiles, respectively.
The unconvolved calculated profiles have central reversals as a
result of the initial outward increase of the line source function
followed by a decrease in the optically thin region. The central in-
tensity of the 132.88 nm component is formed in the midchro-
mosphere where 7 = 6660 K and ' = 5.54 km s~ .

Figure 12 shows the corresponding unconvolved and con-
volved profiles with zero broadening velocity, based on the same
model atmosphere.

Differences can be seen between the unconvolved profiles in
Figures 11 and 12, but the convolved profiles are almost the
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Fic. 10.—Profiles as in Fig. 9, using the same model atmosphere, but with
zero broadening velocity.
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Fic. 11.—Observed 132.88-132.96 nm C 1 multiplet (green solid line) com-
pared with the convolved calculated profile (red long-dashed line), and with the
unconvolved calculated profile (blue short-dashed line). These results use V(%)
both for nonthermal broadening and as a turbulent pressure contribution. The
scale on the right shows the brightness temperatures in K corresponding to the
intensities on the left.

same. Thus, we cannot distinguish between zero broadening
and 5.54 km s~! broadening from these SUMER atlas profiles.
Observations of separate internetwork and network regions with
high spatial resolution are needed to determine V(%) in the mid-
chromosphere.

15. HYDROGEN LINES

Figure 13 shows the contribution functions for the line centers
of the hydrogen Lyman lines 2/1,3/1,4/1,6/1,9/1,12/1,and 15/1,
the Balmer lines 3/2, 4/2, and 5/2, and the Paschen line 4/3, de-
fined in the same way as for the continuum contributions shown in
Figure 2. The central intensity of the He (3/2) line is formed in the
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Fic. 12.—Profiles as in Fig. 11, using the same model atmosphere, but with
zero broadening velocity. (A detailed plot of the blue curve with finer wavelength
spacing shows that the three line components are each almost symmetric.)
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Fig. 13.—Line-center contribution functions for hydrogen Lyman, Balmer,
and Paschen lines.

chromosphere, but the central intensities of the H3, H~, and P«
lines have substantial contributions from the photosphere. For
these subordinate lines the photospheric contributions become
much greater at wavelengths displaced from line center. The
central intensities of the resonance lines are formed mainly in
the transition region, but Figure 13 shows that there are upper-
chromospheric contributions to the central intensities of the
highest Lyman lines. For wavelengths displaced from line cen-
ter, chromospheric contributions become substantial.

In this paper we do not discuss the Balmer and Paschen lines
other than show their line-center contribution functions in Fig-
ure 13. For a non-LTE study of these lines in the visible spec-
trum, see Przybilla & Butler (2004b). For non-LTE studies of the
infrared hydrogen lines, see Rutten & Carlsson (1994), Carlsson
& Rutten (1994), and Avrett et al. (1994a).

In Figure 14 we show the contribution functions for Ly wave-
lengths displaced from line center. Ly« is a strong centrally re-
versed emission line, centered at 121.567 nm, with blue and red
peak intensities near 121.55 and 121.59 nm, respectively. The
emission from these peak wavelengths contributes as much or
more to the Ly« net radiative losses than does the contribution
from the line center. As indicated in this figure the blue-peak in-
tensity at 121.55 nm is formed in the upper chromosphere. The
dI/dh distributions, normalized to unity at maximum, are plotted
in the bottom panel of this figure. The contributions from two
other wavelengths in the blue wing and three wavelengths in
the red wing are also shown. The chromospheric origin of a large
part of the Ly« emission is consistent with the interpretation dis-
cussed earlier that Lyman-line cooling is significant in the upper
chromosphere.
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FiG. 14.—Contribution functions for wavelengths in the center and wings of
the Lya line. The blue peak intensity is at 121.55 nm. Each dl/dh distribution rela-
tive to the maximum value is plotted in the bottom panel.

Figure 15 shows the frequency-independent Ly« line source
function S(2/1) and the Planck function at 121.567 nm plotted
against height. The values of the line-center optical depth 7(2/1)
are shown at the top. The source function has a maximum in the
upper chromosphere because of an overpopulation of the n = 2
level of hydrogen relative to LTE. The reason for this overpop-
ulation is that in the Balmer (n = 2) continuum the Planck func-
tion B at chromospheric heights is much larger than the mean
intensity J, which is formed in the photosphere. Since B enters
the recombination rate and J enters the photoionization rate, the
n = 2 number density is larger than it would be for J = B.

The frequency-independent source function S in Figure 15 is
given by

2hv3 [c?

= 9

(gom1/gima) — 17 ®)
where n; and n, are the number densities for levels 1 and 2, and
g, and g, are the corresponding statistical weights. In LTE the
first term in the denominator of this equation is exp (hv/kT), so
that S becomes the Planck function. The frequency-dependent
source function for the Ly« line is equal to S in the Doppler core
of the line but for strong lines approaches the monochromatic
mean intensity in the far wings, according to the equations of
partial frequency redistribution (PRD).

Figure 16 shows the extended wings of the Ly« line over the
wavelength range 118—125 nm. Our treatment of Stark broaden-
ing is approximate, which may account for some of the differences
between the observed spectrum (in green) and the calculated one
(in red).
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Fic. 15.—Ly« frequency-independent source function S (red solid line) and
line-center Planck function B (black dashed line) vs. height (bottom) and line-
center optical depth (fop).

Figure 17 shows the central part of the Ly« line, from 121.48
to 121.65 nm at disk center. The green curve, from the SUMER
atlas data file, has reduced spectral resolution at these peak in-
tensity values due to instrumental modulation. The circular data
points represent a typical quiet-Sun profile from the Solar Max-
imum Mission (SMM) observations of Fontenla et al. (1988;
J. M. Fontenla, private commumication). These intensities in
the line wings are affected by scattered light from the brighter

70 E erriersrrael S L RRLILAALLLLLLLLLLLLL AR 8800
| 8200
B0 s | 7700
: | 7200
| e800

o
o

-| 6400
-| 6100
-| 5800

-] 5500

LOG I (ERG/CM?/S/SR/NM)
o

w
o

| 5200
5000
4800

2.0k
E -| 4600

- 4400

1.0 o e
T T T T T T T T T T T T T
118 119 120 121 122 123 124 125
WAVELENGTH (NM)
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line in the wavelength range 118—125 nm.
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compared with SUMER, SMM, and OSO 8 observations.

line core. The A and V symbols indicate typical network and cell
profiles observed by Bocchialini & Vial (1994, their Fig. 38b)
with the LPSP instrument on OSO § (Artzner et al. 1997). We
show in this figure the published intensities without attempting
to assess the instrumental uncertainties.

The profile that we compute from model C7 is shown in red.
We find that the computed profile is generally insensitive to the
detailed temperature distribution but that the intensities in the core
of the line generally increase and decrease as the total pressure in
the transition region is increased and decreased (see Fontenla et al.
1991), which occurs as the height of the transition region is shifted
inward or outward, respectively. As indicated in Table 26, the total
pressure at the base of the transition region (7' = 7950 K, h =
2142 km) is 0.107 dyn cm~2 for model C7. We could obtain better
agreement in Figure 17 by moving the transition region inward,
and this should also improve the agreement with the millimeter
observation in Figure 3, but because of practical time constraints
we have not continued further modeling adjustments for this
paper.

The other Lyman lines depend on the height of the transition
region and the transition region pressure in the same way. The
Ly line is shown in panel 10 of Figure 23 in § 17, and other
panels of Figure 23 show higher Lyman lines. The observed Ly
line has a small but noticeable central reversal, as shown by
Warren et al. (1998) and Meier (1995), but we have not been able
to reproduce this feature in model C7 (for the calculated profile
before convolution) while satisfying other constraints.

We calculate explict Lyman lines up to » = 15 and then ap-
proximate the series of higher lines as they merge into the Lyman
continuum. We have done this in a simple way and hope to im-
prove it in the future on the basis of the careful analysis of non-
LTE line merging by Hubeny et al. (1994).

For detailed studies of the temporal variations of the hydrogen
Lyman lines and Lyman continuum, see Curdt & Heinzel (1998),
Curdt et al. (1999), Kariyappa et al. (2001), and Wilhelm &
Kalkofen (2003).

Griffiths et al. (1999) carried out a study of line and continuum
emission observed with the SUMER spectrograph covering a
wide range of temperatures in the transition region. Their results
indicate the presence of structures that extend from the chromo-
sphere, through the entire transition region, and up into the corona.

MODELS OF THE SOLAR CHROMOSPHERE

253
TABLE 27
C 1-1v LINE ForMATION DEPTHS AND TEMPERATURES
T A

Index (K) Ion Line (nm) Panel
68000 Cwv 2/1 154.8 41
60790 Cm 8/3 69.1 40
55020 Cm 6/3 124.7 39
52690 Cm 4/2 117.6 38
46800 Cm 3/1 97.7 37
39400 Cu 9/1 68.7 36
34580 Cu 5/1 90.4 35
32260 Cu 4/1 103.6 34
29500 Cu 3/1 133.5 33
10980 Cu 15/3 80.0 32
10980 Cu 12/2 80.7 31
10980 Cu 14/3 81.0 30
7248 Cu 6/1 85.8 29
6623 Cu 15/4 94.6 28
6623 Cu 10/3 1324 27
6623 Cu 13/3 106.6 26
6623 Cu 8/2 101.0 25
6610 Cu 15/5 109.3 24
15760 Ci1 11/1 119.3 23
6740 Ci1 51 165.7 22
6686 Ci1 18/1 94.6 21
6680 Ci1 /1 156.1 20
6667 Ci1 10/1 127.7 19
6660 Ci1 9/1 133.0 18
6643 Cr1 15/1 112.2 17
6643 Ci1 10/2 146.3 16
6633 Ci1 12/1 115.8 15
6633 Ci1 13/1 114.0 14*
6633 Cr1 112 1359 13
6623 Ci1 12/2 131.1 12
6610 Cr 14/1 112.9 11
6610 Ci1 13/2 128.8 10
6531 Ci1 14/2 127.5 9
6531 Ci1 11/3 160.3 8
6400 Cr1 17/4 143.2 7
6225 Ci1 12/3 154.2 6
5969 Cr1 15/2 126.6 5
5969 Ci1 13/3 151.1 4
5430 Cr 6/1 161.4 3
4640 Ci1 14/3 149.3 2
4510 Cr1 15/3 148.1 1

Nortes.—Depth index and temperature at the height of the maximum line—

center contribution to the strongest line component (or to the strongest component
not obscured by blending), and the wavelength of this component, and the panel
number in Fig. 19, where the calculated and observed profiles are compared. The
contribution plots in Fig. 18 are in the same order.

* Includes C116/2 and C 1 11/3 and 14/5.

They suggest that much of the emission at transition region tem-
peratures is coming from an intermediate layer in a continuous,
stratified solar atmosphere and not from so-called unresolved fine
structures. They show spatial intensity distributions from the
C 1 continuum (near 124 nm), and the Lyman continuum (near
78.8 nm) and from lines of O 11—v, N 11—v, and Fe xi1. Their anal-
ysis indicates that the electron number density in the transition
region lies between 1.1 x 10? and 7.4 x 10°, which is consistent
with the range of values listed in Table 26.

16. CARBON LINES

In Table 27 we list 41 transitions of C 1-1v (and three additional
ones in the footnote). This list includes all of the transitions given
in Tables 4, 8, and 10. In each case we give the depth index, from
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Fic. 18.—Line-center contribution functions d//dh for the C 1-1v lines listed in
Table 27. Intensities at wavelengths displaced from line center originate deeper in
the atmosphere, as discussed in § 16.1. These functions include continuum as well
as line contributions, thus, e.g., accounting for the contributiions to the weak 6/3
line of C 1 from the low chromosphere.

Table 26, and the temperature corresponding to the maximum
contribution to the line-center intensity. Plots of these contribution
functions are shown in Figure 18. The wavelength for each tran-
sition in Table 27 is the wavelength of the strongest line compo-
nent (or the strongest component not obscured by blending), and
both the depth index and temperature of the maximum of the con-
tribution function are for that component.

The 41 panels of Figure 19 compare the calculated spectrum
(in red) with SUMER observations (in green) or with HRTS ob-
servations (in brown). We compare with SUMER profiles for
wavelengths below 148 nm and with HRTS profiles for longer
wavelengths.

For 4 < 148 nm our calculated profiles are convolved with a
Gaussian profile function having a FWHM of 0.015 nm, as dis-
cussed in § 14. For longer wavelengths we use 0.008 instead,
since the HRTS data in the Brekke atlas have less spatial averag-
ing by roughly a factor of 2.

It should be noted that in Figure 19 the largest differences be-
tween computed and observed intensities (panels 36 and 40) occur
at short wavelengths in the Lyman continuum where our computed
continuum intensitites are smaller than observed.

16.1. The C n 133.5 nm Multiplet

The C 11 3/1 transition in panel 33 of Figure 19 consists of the
multiplet lines at 133.45 and 133.57 (=133.566+133.571) nm.
This well-studied UV multiplet is discussed at length by Judge
etal. (2003). They consider the full range of SUMER observations
of these lines, and they compare with radiation hydrodynamic sim-
ulations, and with a one-dimensional, time-independent simula-
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tion. Neither of these show good agreement with the observations,
but our calculated emission in panel 33 of Figure 19 is well below
the observations and not in good agreement either.

The Judge et al. radiation hydrodynamic calculations require
further development to apply fully to the upper chromosphere
and transition region where these lines are formed. Their one-
dimensional, time-independent calculation required the specifica-
tion of a semiempirical atmospheric model, and the VAL model A
was chosen. The VAL models introduced an ad hoc plateau in the
lower transition to account for the observed hydrogen Lyman
lines, assuming local statistical equilibrium. The earlier study by
Lites et al. (1978) using OSO & observations also used a VAL
model and found the results to be extremely sensitive to the tem-
perature and extent of the plateau near 20,000 K. As discussed in
§ 3, the introduction by Fontenla et al. of energy transport in the
transition region by particle diffusion in addition to thermal con-
duction removes the need for this plateau. Judge et al. did con-
sider this modification but concluded that this multiplet “should
be formed under conditions of higher optical depth than is likely
to occur in models in which the line can be formed by diffusion of
energy down from the corona (e.g., Fontenla et al. 1990 and ref-
erences therein).”” The calculations reported here include such
an energy-balance transition region. We show in detail where
these lines are formed, based on model C7, but our results are
provisional, given the limited agreement shown in panel 33 of
Figure 19.

It should be understood that while the Fontenla et al. papers
determined the effects of H, He 1, and He 1 diffusion, the possible
effects of carbon and carbon-ion diffusion have not been inves-
tigated in any detail. Thus, our calculations using model C7 as-
sume local statistical equilibrium for all atoms and ions except H,
He 1, and He 1.

The profiles calculated from a one-dimensional model can have
detailed features that do not appear in observed profiles, due to
spatial averaging, temporal averaging, and instrumental resolu-
tion. The 133.45 and 133.57 lines that we calculate are centrally
reversed emission lines. The 133.45 line is almost symmetric, but
the combined 133.566+133.571 line is asymmetric with a higher
blue peak. In panel 33 of Figure 19 the convolved profiles are
compared with the observed ones.

We avoid the complexity of the stronger 133.566+133.571
blend and consider the 133.45 nm component. Contribution func-
tions are determined at three wavelengths: line center, the blue
peak 0.005 nm from line center, and the blue wing 0.01 nm from
line center. We plot in Figure 20 the dI/dh contributions for these
three wavelengths, showing that while the line center is formed in
the transition region, there is an upper-chromospheric contribu-
tion to the peak intensity. In the line wing, 0.01 nm from line cen-
ter, the chromospheric contribution from the deeper layers becomes
roughly as important as the transition-region contribution.

Figure 20 also shows the Planck function versus height at
133.45 nm and the calculated frequency-independent source
function for the C 1 3/1 line transition. We assume CRD (see § 11)
and assume that the fine-structure levels are collisionally coupled
so that the three lines have a common source function. Values of
the line-center optical depth are indicated at the top of the graph.
While line-center optical depth unity occurs in the upper chromo-
sphere, the line center intensity is formed in the transition region.

We also plot in Figure 20 the net radiative cooling rate for the
line transition (see eq. [21] of VAL). This function represents the
net emission for the line as a whole and is consistent with the in-
dicated contribution functions for different parts of the line. Thus,
the C i 133.5 nm multiplet has contributions from both the chro-
mosphere and the transition region.
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Fic. 19.—Calculated and observed profiles for the C 1—1v lines in the SUMER and HRTS wavelength ranges, ordered by the panel indices in Table 27.

Judge et al. point out that the center-to-limb behavior of these
lines indicates that they are formed in the chromosphere rather
than in the transition region, since the observed integrated in-
tensity does not increase abruptly at the limb in the manner of an
optically thin transition-region line. The results in their Figure 9
show increases at the limb that conflict with observations. They
give the results of two calculations, a radiation-hydrodynamic
simulation and a semiempirical determination based on a VAL
model that includes a transition-region plateau.

The center-to-limb behavior that we obtain with model C7 is
displayed in Figure 21 and indicates that the integrated intensity
has only a moderate increase at the limb. This figure shows the
133.45 nm profile at disk center (fractional radius f = 0), and at
fractional radii 0.95, 0.97, and 0.99. Lites et al. found from OSO
& observations that the wavelength-integrated line intensities are
limb-brightened primarily because the lines become broader
near the limb rather than because of the outward temperature in-
crease. Figure 21 shows this property along with the increase in
central intensity from center to limb.

The calculated ratio of the 133.45 to 133.57 components in
panel 33 of Figure 19 is closer to the observed value of about 1:1.4
than to the 1:2 ratio corresponding to the optically thin limit.

The Judge et al. paper is a study of the origin of basal emission
from stellar atmospheres and is based on a comparison between
simulations and observations of the C i1 133.5 nm multiplet. They
discuss the issue of magnetic versus acoustic heating in relation to
earlier work reviewed by Schrijver (1995) and based on the pre-
vailing assumption that these multiplet lines are formed in the

transition region. It is beyond the scope of the present paper to
comment on the issue of acoustic versus magnetic heating of the
chromosphere. We only point out here that only the centers of
these lines are formed in the transition region while the intensi-
ties in the line wings originate in the upper chromosphere. For a
general discussion of “where is my line formed?”’ see the review
by Rutten (2007).

We note again, as shown in panel 33 of Figure 19, that our
calculated C 1 line intensities are much smaller than observed.
Many of the C 11 lines in other panels of this figure show similar
disagreements. We have not attempted a study of various alterna-
tive rates and cross sections that might lead to better agreement.

16.2. C m

Feldman et al. (1999) present high spatial resolution solar im-
ages in the C m 97.70 nm line that show a wealth of small-scale,
looplike structures. They find that looplike structures seen in tran-
sition region lines with length scales of 10”-20" straddle the chro-
mospheric network and have no chromospheric counterpart near
their apparent footpoints. See also Feldman et al. (2001) for solar
images in the C 1 line at 103.70 nm, C m at 124.74, C1v at 154.82,
Or1at 130.22, O m at 70.3, O v at 140.1, and O vr1 at 103.76.

17. OXYGEN LINES

In Table 28 we list the 43 transitions of O —v1 in the SUMER
and HRTS wavelengths ranges, including all the transitions given
in Tables 13, 16, 18, 20, and 22. In each case we give the line wave-
length and the depth index and temperature for the maximum of
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the line-center contribution function as in Table 27 for C +—1v. The
43 contributions functions are plotted in Figure 22. Note that the
O v 2/1 contribution function at line center shows a chromo-
spheric continuum-opacity contribution that is larger than the
contribution due to line opacity in the transition region.

The 25 panels of Figure 23 show the calculated and observed
profiles of the O 1—v1 lines, and those of other lines at nearby wave-
lengths, compared with the SUMER observations.

As in Figure 19 for the carbon lines, the largest differences be-
tween the calculations and observations occur at short wavelengths
in the Lyman continuum where the calculated continuum is below
observed values.

18. COMMENTS ON THE OXYGEN LINE COMPARISONS
18.1. 01

Panel 4 of Figure 23 shows 20 individual lines of O 1 (corre-
sponding to transitions 18/1, 18/2, 18/3, and 20/4), four hydrogen
Lyman lines (7/1, 8/1,9/1, and 10/1), and two He 1t lines (14/2 and
15/2). The wavelengths are listed in Table 29 for reference.
These Lyman lines are included as explicit background lines as
described in § 8 and are therefore taken into account in the O 1
and He 1 calculations. These particular O 1 and He 1 lines have
not been included as explicit background lines. Thus, they do not
affect the hydrogen calculations, but this is a minor inconsistency.
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Hydrogen Lyman lines also appear in panels 5, 6, 7, and 10 of
Figure 23.

The resonance lines of O 1in the Sun and stars have been stud-
ied in detail by Carlsson & Judge (1993), who provide references
to earlier work. They discuss the Bowen fluorescence mechanism
in which the Ly line excites the coincident O 1 13/1 line (see
panel 10 of Fig. 23), leading to subsequent emission in the 7/1,
7/2, and 7/3 triplet lines (panel 11) and in the 6/1 and 6/2 doublet
lines (panels 3 and 2). At solar chromospheric densities collisional
excitation is also a major contributor to the emission in these and
other lines.

It is important to include PRD (see § 11 and the Appendix) in
the calculation of the Lyg line at 102.57 nm because of its
strong interation with the O 1line at 102.58 nm. Carlsson & Judge
treated the Lyman lines in CRD with only Doppler broadening
and zero damping wings as an approximation to PRD. Improved
non-LTE calculations have been carried out by Koncewicz &
Jordan (2007) that include PRD for Ly(3 and other lines. They
present model calculations for five cool stars: o Tau, 3 Gem,
Procyon, € Eri, and the Sun. Using the radiative transfer code
developed by Uitenbroek (2001) they extended the earlier work
of Miller-Ricci & Uitenbroek (2002) to study the effects of PRD,
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and the effects of cross-redistribution (XRD), on the profiles of
the O 1resonance triplet (130.2, 130.5, 130.5 nm; panel 11). XRD
refers to generalized PRD in multiplets with a common upper
level in which there is coherent photon conversion: excitation in
one of the multiplet lines followed by coherent de-excitation (in
the atom’s rest frame) in one of the other lines. Miller-Ricci &
Uitenbroek found that XRD causes the calculated O 1triplet lines
to have narrower wings than ordinary PRD. Many previous cal-
culations have shown PRD profiles to have narrower wings than
those calculated using CRD.

We have not included XRD but show in Figure 24 the triplet
profiles computed with PRD, which we use for the model C7

results, compared with the broader CRD profiles, and with the
SUMER spectrum. The computed PRD profiles have narrower
wings than the CRD profiles, as expected, and are in better agree-
ment with the observed profiles. It is not apparent that yet nar-
rower profiles would be in better agreement with the observations.

Both the Koncewicz & Jordan calculations and ours include
(1) PRD for Ly, (2) its radiative excitation of the coincident O 1
line, and (3) the effect of this excitation on the other O 1 emission
lines. Their calculations and ours differ in their use of the VAL
model C and our use of model C7. The two calculations also un-
doubtedly differ in some of the adopted rates and cross sections.
But our Figure 24 shows calculated profiles that are generally
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consistent with the observations, while they find disagreements
that they believe support the idea of a two-component atmosphere.
While further study of the O 1 lines is clearly needed, our purpose
here is an overview of the H, C —1v, and O —vimodel calculations,
and we defer a more detailed study to a future paper.

18.2. O

We have shown in Table 25 the close wavelength correspon-
dence between the 13/1 transition of O 1 having components be-
tween 30.342 and 30.380 nm and the He u resonance line at
30.379 nm. We include this photoexcitation of O m by He .

Bhatia et al. (1982) and Kastner et al. (1983) provide a detailed
analysis of this Bowen (1935) fluorescence mechanism that sub-
stantially affects the solar oxygen line spectrum. See also Keenan
& Aggarwal (1989).

Table 25 also shows the components of the O n1 4/1 transition
along with the O 11 4/1 line components. Panel 14 of Figure 23
shows the computed and observed profiles. As noted in § 4.25
the O m results in panel 14 are based on the collision strengths of
Aggarwal & Keenan (1999). In Figure 25 we add to the results
shown in panel 14 the O m profiles calculated with the CHIANTI
results instead (using the van Regemorter collision rates for those
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not in the CHIANTI list). The O 1 results in Figure 25 are the
same as before and have not been recalculated from the CHIANTI-
determined O 1 profiles. The Aggarrwal & Keenan collision
strengths appear to give better agreement with the observed
profiles.

183.01v

For the O 1v line at 140.1 nm (panel 19 of Fig. 23), we give
76,330 K in Table 28 for the temperature where the maximum
contribution to the line center occurs. This is half the value used

by Doschek & Mariska (2001) based on the ionization equilib-
rium calculations of Arnaud & Rothenflug, but given the dif-
ferent ways of determining the peak temperature this factor of
2 may not be significant.

184.0v

The O v lines at 121.83 and 137.13 nm in panels 22 and 23
have been studied by Brekke (1993b) in a determination of red-
shifts, and downflows in the transition region, and by Keenan et al.
(1995) with careful attention to relevant atomic data, in order to
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determine electron densities from the ratios of these lines observed
in solar and stellar spectra.

The 121.83 nm line is part of a multiplet that includes the much
weaker forbidden line at 121.39 nm. (The upper levels of these
two lines have the energies 82,079 and 82,385 cm™! in Table 22.)
We have not included this forbidden line since it does not appear
in the SUMER spectrum of the average quiet Sun, but Pinfield
et al. (1998) detected this line using SUMER observations taken
with high spatial resolution. From the ratio of the two line inten-

line center optical depth
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Fic. 20.—Planck function, line source function, and net radiative cooling rate
for the C 1 133.45 nm line vs. height, and the contribution functions dI/dh for line
center, the blue peak, and the blue wing of the line.
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Fic. 21.—Calculated profiles of the C 1 133.45 nm line at four disk positions:
fractional radii f* = 0 (disk center), and f = 0.95, 0.97, and 0.99 approaching
the limb.

sities they determined an electron density of log n, = 8.5 £ 0.15.
Figure 22 indicates that there are two local maxima for the peak
contribution to the central intensity of the O v 2/1 line. The one at
depth 98 (h = 1143 km, T = 6531 K) appears in Table 28 and is
due to the influence of the background continuum. The other local
maximum (smaller than the first by the factor 0.634) occurs at
depth index 28 where 7 = 188,600 K, and log n, = 9.2. This
higher value seems inconsistent with the measurement, and we
hope to resolve this problem in the future.

18.5.0 w1

Vial et al. (1980) used the LPSP instrument on OSO & to mea-
sure the O vi 103.19 nm resonance line at the quiet-Sun center
and quiet-Sun limb and in and above an active-region prominence
at the limb. Warren et al. (1997) used SUMER observations to
measure Doppler wavelength shifts and nonthermal broadening in
the O v1 103.19 and 103.76 nm lines and the C 1 lines at 103.63
and 103.70 nm. The upper limit of the broadening velocity in our
Table 1 is based on their value of 34 4= 3 km s~! for O vi. Warren
& Winebarger (2000) present a SUMER spectroheliogram in the
103.19 line taken with high spatial resolution (=1.5") showing
small-scale looplike structure in a quiet region near Sun center.

19. LIMITATIONS AND FURTHER NEEDED WORK

Even though this paper presents improvements over earlier
chromospheric modeling, the C7 model should be viewed as an
interim version rather than a definitive one. In this section we
discuss various deficiencies that need further attention.
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TABLE 28
O 1-vi LINE FormATION DEPTHS AND TEMPERATURES

T A
Index (K) Ion Line (nm) Panel
324000 O 2/1 103.2 25
227800 Ov 6/3 717.5 24
212000 Ov 5/3 137.1 23
13200 Ov 4/2 76.0 21
6531 Ov 2/1 121.8 22
90640 O 31 79.0 20
76330 O 2/1 140.1 19
55020 Om 5/1 70.2 18
52690 Om 4/1 83.5 14
36870 On 7/3 67.3 17
36870 Omn 572 71.9 16
36870 On 5/3 79.7 15
29500 On 4/1 83.4 14
39400 O1 18/2 93.2 4
29500 O1 13/1 102.6 10
23100 O1 14/1 98.9 12
23100 (O 14/2 99.0 12
6800 O1 71 130.2 11
6706 O1 72 130.5 11
6667 O1 7/3 130.6 11
6660 Or1 13/2 102.7 10
6660 O1 15/1 97.6 5
6652 (O 14/3 99.1 12
6652 O1 11/1 103.9 8
6652 O1 1572 97.3 5
6652 O1 16/1 95.1 7
6643 Or1 1172 104.1 8
6643 O1 13/3 102.8 10
6643 O1 17/1 93.7 6
6643 O1 17/2 93.9 6
6643 O1 15/3 97.4 5
6643 O1 15/4 115.2 9
6633 O1 19/4 99.9 13
6633 O1 18/1 93.0 4
6633 O1 11/3 104.2 8
6633 O1 20/4 922 4
6633 O1 16/2 95.2 7
6633 O1 16/3 95.3 7
6623 O1 18/3 93.1 4
6623 O1 17/3 93.9 6
6400 Or1 6/1 135.6 3
6400 O1 6/2 1359 2
4485 O1 7/4 164.0 1

Note—Depth index and temperature at the height of the maximum line-center
contribution to the strongest line component (or to the strongest component not
obscured by blending), and the wavelength of this component, and the panel num-
ber in Fig. 23, where the calculated and observed profiles are compared. The con-
tribution plots in Fig. 22 are in the order listed above.

19.1. Modeling Limitations

The modeling carried out here consists of two relatively distinct
parts. The first involves the lower chromosphere up to the heights
where the 110 nm C 1 continuum is formed. The second involves
the top of the chromosphere and the onset of the transition region.
The overall temperature distribution that we derive from a fit to the
observations depends on the chosen turbulent pressure distribu-
tion, which we attempt to determine by comparing calculated
and observed Doppler line widths, but these calculated widths
depend in turn on the model temperature distribution. The iter-
ations that this determination requires converge without diffi-
culty, but the velocity distribution is very approximate because
we are not comparing with high spatial resolution observations.

MODELS OF THE SOLAR CHROMOSPHERE 263

2/1 0-VI
6/3 0-v
5/3

4/2

2/1

3/1 0-IV
2/1

5/1 0-III

&

|

\ \b

4/1
7/3 0-1I
5/2
5/3
4/1

F
>
—+
—+
R
1
+ 18/2 0
S [{ 13/1
| 14/1
| 14/2
L ) 7/1
- B 7/2
— —ii | 7/3
= e 13/2
= R — 15/1
g + = 14/3
— i 11/1
| i 1572
el 16/1
—ll— 11/2
———— 13/3
L ———| 17/1
—l———)———— — 1772
e 15/3
——ll——— 15/4
—~—agli—— | 19/4
——e R —— 18/1
———— 11/3
4 ——et—— 20/4
—l——— 16/2
1673

18/3
17/3
6/1
6/2
7/4

i

@(
[

1000 2000 3000
height(km)

FiG. 22.—Line-center contribution functions d//dh for the lines of O 1—vi listed
in Table 28. As noted for C 1—1v in Fig. 18 these functions include continuum as well
as line contributions.

These exist, and their use should improve the results reported
here.

The lower-chromosphere temperature distribution normally
can be determined by increases or decreases at particular depths
needed to cause the calculated intensities formed at those depths
to match observations as well as possible. The temperature dis-
tribution at the top of the chromosphere and onset of the transition
region is more complicated to obtain since the hydrogen Lyman
line and continuum optical depths are temperature sensitive. We
have chosen to work with height as the independent variable,
which, in this second case, presents some difficulties since chang-
ing the turbulent pressure velocity or the temperature in the low
chromosphere causes a change in the gradient of the total den-
sity, requiring the transition region to be repositioned in height
in order to keep the transition-region emission the same. Increases
in either the temperature or the turbulent pressure velocity in the
low chromosphere can cause excessive emission from the tran-
sition region (directed inward as well as outward), leading to over-
ionization of hydrogen in the upper chromosphere. A better
choice in the modeling is to use column mass or optical depth at
the head of the Lyman continuum as the independent variable
in place of height.

A larger issue in semiempirical modeling is whether a turbulent
pressure velocity distribution, derived from nonthermal velocities,
is the most appropriate function to use in the pressure-balance
equation or whether other forces need to be included (as well,
or instead), as suggested by Fontenla et al. (2007).

As discussed in § 12 and shown in Figure 1, our model C7
calculations do not adequately match the observed slope of the
hydrogen Lyman continuum. Further work is needed to solve this
problem.
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Fic. 23.—Calculated and observed profiles of the lines of O 1—v1 in the SUMER wavelength range, ordered by panel numbers b in Table 28.

We have attempted in this paper to see how well a single model
can account for the average quiet-Sun spectrum, despite the differ-
ences between internetwork and network regions that could be
modeled separately, particularly for a better understanding of non-
thermal velocities.

We have ignored time-dependent effects (and magnetic fields)
despite the extensive recent published research on dynamical
models.

19.2. General Non-LTE Line Calculations

As discussed in § 7, we have adopted the view that for the pur-
pose of computing photoionization rates, all lines in the spectrum
should be taken into account, using rough non-LTE approxima-
tions when necessary, rather than ignoring lines that cannot be
properly calculated. This applies (1) to the large numbers of UV
absorption lines whose central intensities are formed at chromo-
spheric heights and would show central emission in LTE, contrary
to observations, and (2) to the large number of coronal emission
lines at short wavelengths (e.g., <50.4 nm) that influence the
ionization of helium and other elements, which in turn affect
the spectrum in the SUMER wavelength range (e.g., the influ-
ence of He mon O 11 discussed in §§ 8 and 18.3). The uncertain
non-LTE effects in the UV lines lead to uncertainties in the de-
partures from LTE in the lowest levels of Si1. Thus, the 4400 K
observed minimum brightness temperatuere near 160 nm may
or may not represent the average minimum kinetic temperature.
As noted earlier, temperature fluctuations should cause the ob-
served 160 nm minimum temperature to be higher than the submil-
limeter value, due to the nonlinear dependence of the intensity on

temperature at 160 nm versus the linear dependence at submillimeter
wavelengths. These problems have not been adequately resolved.

19.3. Rates and Cross Sections

In attempting to construct a model based on the EUV contin-
uum and lines of H, C —1v, and O —v1, we have used many sim-
plifying approximations instead of undertaking a detailed study
of all available data affecting the calculation of each of these
11 atoms and ions. Hence, our results should be regarded as an
overview that needs to be followed by detailed studies. Figures 19
and 23 show cases in which our calculate lines have essentially no
emission, contrary to observations. We have made only a few at-
tempts (e.g., Fig. 25) to study the effects of using the alternative
rates and cross sections that have been published. Further work is
clearly needed.

The SUMER atlas includes emission lines of H, He 1, C 1-1v,
N 1-v, O 1—v1, Ne 1, v—vmi, Na v, vii-ix, Mg 1, v—x, Al 1v, vii—x,
Si v, vi-1x, x1, P v, S 1—v1, ix—xi1, Cl 1, v, vi1, Ar 1, v—vii, K xm, xi,
Cam, v—x, Mn vn, Fe 1, 1, vir—xi1, and Ni . From this list, we have
calculated line profiles for He 111, N 1—1v, Ne 1—vim, Mg 11, Si 1-1v,
S 1-1v, and Ca 11 in addition to H, C 1-1v, and O v (see Avrett
et al. 2006 for our S 1 results). We hope to refine the model C7
calculation by including further atoms and ions and comparing
these additional results with observations.

20. CONCLUSIONS

It should be noted that our results have been discussed through-
out this paper, particularly in §§ 2, 15, 16, and 18. Here we add
only some concluding remarks.
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TABLE 29
LiNE TRANSITIONS BETWEEN 92.0 AND 93.2 nm
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FiG. 25.—Same as panel 14 of Fig. 23 but with the additional profiles (blue
short-dashed line) showing the results based on the CHIANTI collision strengths
for O m vs. those based on the Aggarwal & Keenan (1999) values.

Computing a detailed spectrum from a specified set of at-
mospheric parameters, including realistic treatments of physical
processes, is a difficult task, but one of general importance in
astrophysics. Only limited information can be obtained from ob-
served spectra without carrying out spectrum synthesis calcula-
tions for comparison with the observations. This paper gives the
results of calculations that are compared with the observed solar
extreme-ultraviolet spectrum. The calculations are more exten-
sive than in previous papers, but only generally match the obser-
vations. The atmospheric specifications consist principally of the
temperature as a function of height, and the calculations produce
highly detailed spectra that can be compared with the observa-
tions. Many physical processes, and many uncertain rates and
cross sections, are involved in the calculations. In the present ap-
plication we find a temperature distribution from our attempt to
obtain a best fit to the observations, thus determining a semiem-
pirical model. Other physical constraints can be added to deter-
mine a theoretical model, but similar computational procedures
would be involved in calculating the spectrum from given atmo-
spheric parameters. The calculations here are one-dimensional
and time-independent, as well as semiempirical, but spectrum cal-
culations at least as detailed as those shown here are required in
dynamical and multidimensional applications as well.

We derive in this paper an atmospheric model for the solar
chromosphere and transition region broadly consistent with the
spatially and temporally averaged spectrum of the quiet Sun in
the extreme ultraviolet. We have made many approximations,
and there are many uncertainties in the rates and cross sections
used in the calculations, but the differences between the calcu-
lated and observed results seem within the bounds of these approx-
imations and uncertainties, so that we seem to have determined a
reasonable atmospheric model for the average quiet Sun. Given the
inhomogeneous structures observed in various lines at the solar
limb, it is perhaps surprising that a one-dimensional model can give
rough agreement with disk-center profiles of lines formed through-
out the chromosphere and up to temperatures of order 300,000 K in
the transition region. Perhaps this result indicates that the spectrum
along the vertical line of sight gives information about the basic
stratification of the atmosphere and is relatively independent of
small-scale filamentary and loop structures.

We have used observations of the quiet Sun at disk center, but
we could have obtained a similar model from observations of the
full disk at the same spectral resolution at times of minimum ac-
tivity (since limb structures have little influence on the flux from
the full disk). Thus, we have essentially modeled the solar spec-
trum as if it were the spectrum from a star or other unresolved
astronomical source. See Mauas (2007) for a review of semi-
empirical modeling of stellar chromospheres.

The solar atmosphere has both spatial structure and temporal
variations. The intensity differences between network and inter-
network regions of the quiet Sun are equivalent to brightness tem-
perature differences of a few hundred K. Similar variations of
brightness temperature with time are observed at high spatial
resolution in these two regions. While time-dependent model-
ing is of great interest in understanding the basic physics of the
atmosphere, time-independent modeling may adequately describe
many general properties of the atmosphere.

The methods described here can be used to obtain separate
models for typical network and internetwork regions, based on
detailed SUMER spectra of these regions. Such observations have
recently been obtained (W. Curdt 2007, private communication).
Detailed modeling of active regions should be carried out as well.
The spectra from specific regions of the internetwork and net-
work will not have the line broadening produced by spatial av-
eraging and will provide better turbulent velocity data, perhaps
helping to discriminate between different atmospheric heating
mechanisms.

Having reliable models of the different quiet and active com-
ponents of the solar atmosphere would allow us to calculate the
solar flux at any wavelength, line or continuum, at high spectral
resolution, based on the pattern of activity on the solar disk ob-
served at any time. Such calculated spectral irradiances would be
highly useful in studies of how solar radiation affects the Earth’s
upper atmosphere, particularly at short wavelengths.

With improved rates and cross sections, and a better treatment
of lines in the photoionization integrals, we should be able to use
the solar EUV spectrum for detailed abundance determinations.
Przybilla et al. (2003) give an overview of CNO atomic model
data for quantitative spectroscopy and abundance determinations.

How important are the temporal variations at given locations?
The average quiet-Sun model presented here is based on obser-
vations that represent averages of internetwork and network re-
gions, but the observed temporal variations are rather small: in
general, the brightness temperature variations observed at high
spatial resolution, away from active regions, do not exceed a few
hundred degrees. They do not have the thousand-degree varia-
tions of the shock-wave models published to date. Some phys-
ical effects such as recombination times longer than dynamical
fluctuation times may cause the observed brightness temperatures
to vary less than the kinetic temperatures. Such effects have been
studied for hydrogen by Carlsson & Stein (2002) and by Leenaarts
& Wedemeyer-Bohm (2006). See Judge (2005) for a study of the
time dependence of atomic level populations in evolving plasmas,
and Gnat & Sternberg (2007) for a general study of time-dependent
ionization in radiatively cooling gas.

The simplest view is that the kinetic temperature variations in
the atmosphere are not much greater than the brightness temper-
ature variations determined from observations. This is contrary
to the view expressed, e.g., by Wedemeyer et al. (2004) that chro-
mospheric emission lines do not necessarily imply an outward in-
crease in average temperature, but can be explained by the presence
of substantial spatial and temporal temperature inhomogenities.
But Occam’s razor might be applicable: simple explanations are
more likely to be correct than complicated ones.
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Carlsson (2007) asks the relevant question: “Is the internet-
work chromosphere wholly dynamic in nature or are the dynamic
variations only minor perturbations on a semi-static state similar to
the state in semi-empirical models (e.g., Kalkofen et al. 1999)?”

There is considerable interest in dynamical modeling as a way
to understand how the chromosphere is heated, but it is reason-
able to require of such modeling that (1) the predicted intensity
fluctuations should not greatly exceed observed values and (2) the
spectrum calculated from the model should generally agree with
observed spectrum, not just from limited regions, but from the so-
lar atmosphere as a whole.
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Final note—The computer input and output files that produced
the results reported here may be obtained from the first author. The
Pandora computer program is available from the website http:/
www.cfa.harvard.edu/~avrett. The second author has retired and
is no longer available for assistance.

We thank Philip Judge (the referee), Juan Fontenla, Petr
Heinzel, and Werner Curdt for many helpful comments on this

paper.

APPENDIX

Here we summarize the equations we use to include partial frequency redistribution (PRD) in our calculations of the hydrogen Ly«
and Ly lines and other strong resonance lines. Also, we summarize the basic method we use to construct linear equations to solve the
coupled equations of radiative transfer and statistical equilibrium.

When complete frequency redistribution (CRD) can be assumed, the radiative transfer equation for thej > i line transition, in terms
of the Einstein 4- and B-coefficients, is

dl,

dS ¢1/[ (niBij -

I’lij[)[,, + njAj,-]. (Al)

Other sources of absorption and emission are ignored here for simplicity but are included later. In this equation s represents length in
the direction of the intensity /7, and ¢, is the line absorption profile function, normalized so that

/ Gpdv = 1. (A2)

To include PRD we adopt the corresponding equation from Hubeny (1985):

dl, hv
ds E(by[_(niBij

— poiBi) 1, + midj; + niBy(R, — J)]. (A3)
According to Oxenius (1965) and Hubeny & Lites (1995) the stimulated emission term #;8;; (which is often negligible) is multiplied
by p, = ¥,/¢,, the ratio of the emission and absorption profile functions. We will specify p, later in this derivation.

The final part of equation (A3) includes the integrated mean intensity,

- / by dv, (A4)

and the redistributed mean intensity,

1
R = / Ry dud/, (AS)

where J, is the mean intensity, or the angular-average of the intensity 7,,.

In equation (A3) we do not include the cross-redistribution term discussed in detail by Hubeny & Lites. See also Uitenbroek (2001).
Hubeny & Lites show that cross redistribution involving the hydrogen Ha line has an effect on the Ly profile, but only in the wings
where the Ly( intensity is a factor of 10 smaller than the central values and where there are comparable uncertainties in line-broad-
ening parameters and other opacities. Our main concern is to account for the width of the Ly line core as well as the overall intensity
and for simplicity we ignore cross redistribution.

The redistribution function R,/ ,, in equation (A5) is approximated as

=TRY,+(1-Doydy, (A6)

where R is the redistribution function describing coherent scattering in the atom’s rest frame (Hummer 1962) and T' is the co-
herence fractlon (see Yelnik et al. 1981; Heinzel & Hubeny 1985; Cooper et al. 1989) given by
6/
;= R ) A7
/ 6R + 5Stark + 6VdW + 6res ( )
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where the denominator is the total damping parameter for the line, and where g = 3, - jAp/4m is the radiative damping parameter and
Op = Aji/4m (i.e., by includes only 4;;). Thus, equation (A7) becomes

A
Dji=——2>—-. (A8)
D<At + dii
where dj; is 47 times the sum of the Stark, van der Waals, and resonance damping parameters.

Sublevels and explicit radiative transitions need to be taken into account, so that for the hydrogen Ly« line,

Azpis
I'(Lya) = —2°* A9
( ya) A2pls + d21 ’ ( )

where 4,15( = 6.265 x 10% s71) is used for the 2p to Ls transition, rather than 4;( = 4.699 x 10® s~') for the combined sublevels. For
the Ly( line, the corresponding equation is

Aspis
I'(L = L . A10
(Ly) Aspis + Azpas + d3g (A10)

It should be noted that, due to Stark broadening, d»; and d3; have a slight dependence on frequency, which we neglect here for
simplicity. -
Substituting R, ,, from equation (A6) into equation (A5) gives the following equation for the term R, — J in equation (A3):

R, —J =TQR!-J), (A11)
where
1
Rl = —/RE,VJy/dZ//. (A12)
bu ’
The Rl,l, , function has the normalization f R Ldv' = ¢,. In the line wings, R ~ J,, since Rll , has a maximum at v/ = v and J

varies gradually with v/. We evaluate the functlon RY  using the approx1mate method of Gouttebroze (1986). See also Uitenbroek
(2001). We have compared these results with the more accurate numerical evaluation of Adams et al. (1971) and have found that the
Gouttebroze approximation is generally adequate for the purposes of the calculations presented here.

We then write the radiative transfer equation (A3) as

dl, I I
— = -k, -5, Al3
o= =i, = 50) (A13)

where the line absorption coefficient is given by

hv
= ou(niByy — p,n;B;;) (A14)
and the line source function is

(njA,-,-/nl-B,j) + F(R}/I — j)

Sf _ Al5
1 — pu(n;Bji/ni Byy) (A13)
In the case of CRD for which p, = 1 and " = 0, this expression reduces to
2h 3 2
Sk = _ 2 (A16)

(mig;/mig) — 1’

where g; and g; are the statistical weights of the two levels.
We now use the statistical equilibrium equations to express #;/n; in equation (A15) in terms of J for this line transition. The
statistical equilibrium equation for level j can be expressed in the form

}’lj(Aj,‘ +Bj,'.7+X) = n,(B,jj + Y), (A17)

where the X and Y terms include the effects of all collisional and other radiative transitions from level j to level i (directly or through
other levels or continua). In the simplest case of a two-level atom with no continuum, X = C;; and Y = Cj;, where Cj; and Cj; are the
collisional excitation and de-excitation rates. In general, X = > (Ripand Y = Z, (n1/n;)Ry; where R, represents each transmon rate

from n to m except for the radiative rates from j to i and from 7 to j that appear in equation (A17).
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From equation (A17) we can write

&@7 j-l-QB/

—Jted A8
nmB; l4+ea+J (A18)

where J = J/o, B' = af, o = 2hv*/c?, B = exp(—hv/kT), €; = X/Aj;, and e = (Y/4;)(g//3g))- Note that g;/3g; = C;;/C;; and that B'
is the Planck function when stimulated emission is negligible. Substituting this result into equation (A15) gives

J+ 6B +TR —J)(1+e+JT)

S = e = Bt (= + ) (A19)
which expresses S in terms of J and of other quantities that are either known or which can be treated iteratively.
For p, = 1 and I" = 0 in the case of CRD, this equation reduces to
J 4+ &B’
S Tra-fa (420
or to
J +¢eBS
st = e (A21)
where
€e=¢€ — fe (A22)
and
BS = (e2/e)B'. (A23)

In the two-level case, €] = €, = C21/421, € = (1 — 8)Cy1/A421, and BS = B,, the Planck function at the line frequency v.
Equations (A21)—(A23) define the functions S, ¢, and B in general. We call S the frequency-dependent line source function and
St the frequency-independent component line source function. In general,

L_ 2hv3 /c? (A24)
(mig;/mig) — 1’
whereas, from equation (A16), St = S’ only for CRD.
Equation (A19) may be written as
J+eBS+f,
Sﬁ _ +eB° 4+ f, ’ (A25)
1+e¢,
where
fu=T@®R, =1 +e +T) (A26)
and
& =¢c+ (1 —p )T + Be). (A27)

We now obtain an expression for p, in this equation (and earlier in eq. [A3]). The emission profile 1), that appears in p, = 1,/¢, is
determined by the equation

ndjihy = bylndji + niBy(R, — J)]. (A28)
See Hubeny et al. (1983). Thus,
i By -
py=1+220 R ]), (A29)
nj Aji

so that we replace equation (A27) by
€&, =€+g,, (A30)
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where

B .
g, =~ LTR) ~ )T + Be). (A31)

n; A

For the purpose of solving equation (A25) for J and S%, we consider g, and f, to be given. Their dependence on J, R, and n;/n; is
treated iteratively.
The radiative transfer equation (A13) can be used to express J,, in terms of S, using lambda-operator notation, as

J, = A {SL}. (A32)
which can be written in discrete form as

I =3 WS (A33)
J

where the i and j subscripts refer to depths and & to frequency. At any given frequency, J at each depth i depends on S’ at all depths
J. The weighting coefficients Wl‘}( depend on the optical depths determined from integrals (over geometrical depths) of the sum of
kL in equation (A14) and any other absorption and scattering coefficients at line frequencies v. Then we can write

J= / ¢, A {SEYdv. (A34)

This formal solution of the transfer equation, expressing .J in terms of S, can be combined with equation (A25), which was derived
from the statistical equilibrium equation, giving an integral equation for SZ which depends on frequency as well as depth. However, it
is much easier to solve an integral equation (as a set of simultaneous equations) for the frequency-independent component line source
function S, given by equation (A21), which depends only on depth. For this purpose we write equation (A25) as

St =a,S" +b,, (A35)
where
1+¢
v = A36
“W=T (A36)
and
fo
b, = . A37
Tte (A37)

Then from equations (A21) and (A34),

_ f(bVAV{aVSL + bu}dV +eBS

SL
1+e

: (A38)

providing a set of simultaneous linear equations for the values of S* at each depth, given the functions a, and b,. From S, we can
obtain SZ from equation (A35), and then J,, RY, and J from equations (A32), (A12), and (A4).

We note that b, and to a lesser extent a,, depend on RLI and on J and these in turn depend on J,. Hence we need to alternate between cal-
culating S” from equation (A38) at each depth, and calculating J, from equation (A32) at each frequency and depth, in order to obtain the
functions @, and b, in equation (A35).

In this way we reduce a highly nonlinear problem to the solution of a set of linear simultaneous equations for S* together with
iterative determinations of J,,.

Now we return to the radiative transfer equations (A3) and (A13) which included only the absorption and emission due to the given
line transition. The general form of equation (A13) is

dl,
ds

= —ry(l, = S}) = Kyl = S)), (A39)
where k;, and S} represent the absorption coefficient and source function due to other lines and to various continua, including the
effects of scattering. Both «} and S are treated as given functions in the calculation of SZ. Then

dI,
== i, —S,), A40
o= ) (A40)

where the total absorption coefficient is

Ky = K-+ K (A41)
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and the total source function is

LQL * Quk
_ K:VSV +K/VSI/

Sy
L *
Ky + K,

(A42)

Equation (A19) for S£ and equations (A20)—(A3 1) are unchanged, but now J,, and J in equations (A32) and (A34) depend on S, rather
than SZ, i.e., they depend on

B kL(a, St + b,) + Ky Sy

S, A43
KL+ Kk ( )

Now we let

L
, Kydy
= Ad4
@)= (A44)
and
b = b+ RS, (A45)
A

so that S* is given by equation (A38) with a, and b, replaced by @/, and b/, respectively. In this way we have included the effects of
other lines and continuum processes in the radiative transfer equation. From S we obtain S, and then obtain the mean intensity from

Ju = Au{Su}v (A46)

instead of from equation (A32), in order to redetermine g, and b),.

After S* is calculated for a given j > i line transition, the number density ratio n;/n; is determined from equation (A24).

Only a givenj > i transition is discussed above. In the case of a multilevel atom, each radiative transition can be solved in this way,
given the X and Y coupling terms in the statistical equilibrium equation (A17). This is the so-called equivalent-two-level-atom ap-
proach for solving multilevel problems. Iterations are required to correctly determine these coupling terms.

Another basic method of solution consists of simply iterating between equations (A25) and (A34) for St and J, instead of com-
bining these equations as described above. This approach ordinarily converges very slowly. The ALI, or accelerated-lambda-iteration,
method avoids slow convergence by analytically combining the diagonal part of the lambda operator with other terms; this is referred
to as a preconditioning of the lambda operator. In addition, direct acceleration of the solution is often necessary. An advantage the ALI
method in multilevel problems is that it can be applied to the set of statistical equilibrium equations (A17), with J for each j to i
transition expressed in terms of n;/n;. See Hubeny (2003) for a comprehensive review.

A disadvantage of the ALI method is that in the case of strong line transitions, convergence cannot always be obtained in a rea-
sonable number of iterations. An example is given by Avrett (2007b) of a simple problem that cannot readily be solved by the ALI method.
That paper discusses a hybrid method in which preconditioned lambda iterations are used for the relatively weak radiative transitions, and
the above simultaneous equations are solved for strong transitions, such as the hydrogen Ly« and Ly lines. Such a hybrid method is used
to obtain the results given in this paper. A similar hybrid method is described by Hubeny & Lanz (2003) with the strong lines treated by a
linearized combination of equations (A25) and (A34) and weak lines treated by the ALI method.
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