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Abstract. The emission lines of Mg I at 7.4, 12.2, and 12.3 um are now known to be formed
in the upper photosphere; the line emission is due to collisional coupling of higher levels with
the continuum together with radiative depopulation of lower levels. These combined effects cause
the line source functions of high-lying transitions to exceed the corresponding Planck functions.
However, there are uncertainties in a) the relevant atomic data, particularly the collisional rates
and ultraviolet photoionization rates, and b) the sensitivity of the calculated results to changes
in atmospheric temperature and density. These uncertainties are examined by comparing twelve
calculated Mg I line profiles in the range 2.1-12.3 um with ATMOS satellite observations. We
show results based on different rates, and using different atmospheric models representing a range
of dark and bright spatial features. The calculated Mg profiles are found to be relatively insen-
sitive to atmospheric model changes, and to depend critically on the choice of collisional and
photoionization rates. We find better agreement with the observations using collision rates from
van Regemorter (1962) rather than from Seaton (1962). We also compare twelve calculated hy-
drogen profiles in the range 2.2-12.4 um with ATMOS observations. The available rates and cross
sections for hydrogen seem adequate to account for the observed profiles, while the calculated
lines are highly sensitive to atmospheric model changes. These lines are perhaps the best available
diagnostics of the temperature and density structure of the photosphere and low chromosphere.
Further calculations based on these infrared hydrogen lines should lead to greatly improved models
of the solar atmosphere.
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1. Introduction

The Spacelab-3 ATMOS experiment of Farmer and Norton (1989) has obtained
high quality disk-center solar spectra in the infrared wavelength range A = 2.1-
16.5 pm. These spectra include profiles of many atomic and molecular lines that
originate from a wide range of depths in the photosphere, and provide the best
observations available for determining the structure of the photosphere.

In this paper we compare calculated infrared profiles for both magnesium and
hydrogen lines with the ATMOS observed profiles. The line profile calculations for
these atoms must account for departures from LTE and are consequently more
complex than LTE calculations of molecular lines. However, the Mg and H lines are
formed over a greater range of depths than strong lines of CO and other molecules.
Also, the H and CO lines have opposite temperature sensitivities, as shown in
Sections 5 and 6.
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The magnesium results given here represent a continuation of the results given in
(1) our two previous papers, Chang et al. (1991, 1992); and (2) the extensive paper
of Carlsson, Rutten, and Shchukina (1992a, hereafter CRS). See also Carlsson,
Rutten, and Shchukina (1992b) and the paper of Rutten and Carlsson (1993) in
these proceedings.

The hydrogen calculations reported here may be compared with the recent re-
sults of Carlsson and Rutten (1992, 1993).

2. Mg I Atomic Data

CRS have tested the sensitivity of their computed line profiles to changes in the
various atomic data used in their calculation. They find that the results are most
sensitive to changes in the Einstein A coefficients, but these are relatively well-
established values. For high-l Rydberg lines the dipole matrix elements are essen-
tially hydrogenic (see Hoang-Binh, 1993), while for low-/ transitions the A coeffi-
cients have been independently calculated by several groups, giving values that are
in very good agreement with each other.

The atomic processes that are next in importance are the bound-bound tran-
sition rates due to collisions with electrons. We and CRS both adopt the collision
rates compiled by Mauas et al. (1988) for transitions between the low-lying levels.

For the remaining high-lying permitted transitions CRS use the impact pa-
rameter approximation of Seaton (1962). They assume no intersystem collisional
coupling except for the intersystem rates given by Mauas et al. For each of the for-
bidden transitions within the singlet and triplet systems CRS assume “a collision
strength of 5% of the closest permitted transition.”

The procedure we use for the remaining high-lying permitted transitions is a
choice of either 1) the same Seaton impact parameter formulae, or 2) the approx-
imation by van Regemorter (1962) which gives collision rates that are larger by a
factor of 3 or so. The rate that is calculated in either of these cases is proportional
to the oscillator strength, f, of the transition. We treat all forbidden transitions
in the same way as the remaining permitted transitions, but assume that f = 0.1.
This way of treating the collision rates for forbidden transitions differs from that of
CRS, and may partly explain why our computed profiles shown in Section 3 agree
only approximately with those of CRS when we use the Seaton formulae. Another
possible difference is that CRS included levels up to n = 9 while we have included
additional hydrogenic levels up to n = 15.

Inelastic collisions with hydrogen atoms appear to have a much smaller effect
than those with electrons, as discussed by CRS. For completeness, however, we have
included the Mg-H collision rates from Kaulakys (1985) for transitions between the
high-! (hydrogenic) levels of Mg I.

The calculated line profiles are also sensitive to the choice of photoionization
rates. We find that different ways of treating photoionization from the 3p 3P0 level
can significantly affect the solution. This rate depends on the photoionization cross
section and on the radiation intensity in the A < 251 nm wavelength region. We
and CRS use similar cross section data. We use the results of Ueda, Karasawa,
and Fukuda (1982) and CRS use the slightly higher values from Moccia and Spizzo

https://doi.org/10.1017/5S0074180900124581 Published online by Cambridge University Press


https://doi.org/10.1017/S0074180900124581

MODELING THE INFRARED MAGNESIUM AND HYDROGEN LINES 325

I I I ° [ |
5400 |— _
5200}— -
T | _
5000}— —

4800 L | | | | |

250 240 230 220 210 200
A (nm)

Fig. 1. Observed disk-center brightness temperature of the quiet Sun averaged over 0.5-nm
intervals (dots), compared with calculated brightness temperatures averaged over 10-nm
intervals.

(1988). The A < 251 nm spectrum is filled with absorption lines, and both cal-
culations use line opacity sampling based on the line lists of Kurucz (1991). CRS
assume LTE in computing the A < 251 nm radiation intensity. We show the results
of assuming either a) approximate LTE, or b) that photons absorbed at line wave-
lengths are scattered so that the resulting mean intensity in the photoionization
rate is less strongly coupled to the local Planck function than in LTE.

From a study of non-LTE line blanketing effects in the Sun, Anderson (1989)
suggested the following expression for the depth-dependent scattering albedo o for
a given line: 0 = 1/(1+ C/A), where C/A = Q x (ne/1.1 x 1014)(1/500)3. Here n.
is the electron number density at the given atmospheric depth, A is the wavelength
of the line in nm, and the parameter Q has the value 1 for ions, and 0.12 for atoms.
An atomic line at A = 250 nm formed at a depth where n. = 10!3 cm~3 would have
a scattering albedo o = 0.9986. The scattering results we give in this paper use the
value @ = 0.12. Our results assuming approximate LTE for the photoionizing lines
are based on the value Q = 104, for which & = 0.0009 in the above example.

We need to determine which of these two approximations (Q = 0.12 or 10 for
scattering in the photoionizing lines) gives calculated mean intensities vs. depth in
the range A < 251 nm in better agreement with those in the solar atmosphere. The
only comparison that can be made is between the calculated and observed emergent
intensities in this wavelength range.

Figure 1 shows the brightness temperature corresponding to the observed disk-
center intensity of the average quiet Sun plotted vs. wavelength. These are rocket
observations by Kohl, Parkinson, and Reeves as tabulated by Vernazza, Avrett, and
Loeser (1976). Figure 1 also shows the brightness temperatures corresponding to
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our calculated emergent intensities, averaged over 10 nm intervals, for the scattering
(@ = 0.12) and LTE (Q = 10*) line approximations discussed above. This com-
parison suggests that the @ = 0.12 scattering approximation for the photoionizing
lines is better than assuming LTE for these lines.

3. Effect of Different Atomic Parameters

Scattering in the photoionizing lines is a non-LTE effect that enhances the emission
in the Mg I 12 um line. We find that using the Seaton collision rates with scattering
in the A < 251 nm lines gives excessive 12 pm emission, and that we obtain better
agreement with the observations by using the larger van Regemorter collision rates.
We will refer to these two cases as Se-Sct and VR-Sct, respectively.

Assuming LTE for the photoionizing lines tends to decrease the 12 um emission
so that using the Seaton rates gives better agreement with the observations in this
case. Assuming LTE and the larger van Regemorter collision rates gives much less
emission than is observed. These two cases are designated as Se-LTE and VR-LTE.

Figure 2 shows the observed ATMOS profiles for two Mg lines, and the computed
profiles corresponding to the four cases referred to above. The two lines are the
7i—6h line at 811.6 cm~! (12.32 um) and the 6g-5f line at 1406.6 cm™! (7.11 pm).
The solid curve is the observed line in all four panels. The dotted profiles in panels
a and c are the VR-Sct results, while the Se-LTE results are plotted with long-short
dashes. These are the two cases in closest agreement with the observations. Panels
b and d show the Se-Sct and VR-LTE results as long-dash and short-dash profiles,
respectively. These results seem clearly inconsistent with the observations.

The profiles in Figure 2 correspond to disk center. Figure 3 shows the 7¢g-6f
line at 848 cm~! (11.79 pm) at pu = 0.14 close to the solar limb. Here we compare
the profile observed by Brault and Noyes (1983) with the computed VR-Sct and
Se-LTE profiles (dots and long-short dashes, respectively). The VR-Sct results here
are closer to the observations.

Given the results shown in Figures 1-3, we adopt the VR-Sct case for the purpose
of further comparisons with the ATMOS profiles. The Se-LTE results in Figures
2 and 3 represent our attempt to duplicate the CRS calculations. However, CRS
match the observed 12 um line almost exactly while our Se-LTE profile is not a
close fit. The results shown above therefore should not be regarded as a comparison
of our results with those of CRS, but rather a comparison of the effects of using
van Regemorter vs. Seaton collision rates, and of using scattering vs. LTE for the
photoionizing lines.

4. Atmospheric Models

The computed profiles shown in Figures 2 and 3 were based on the atmospheric
model for the average quiet Sun given by Maltby et al. (1986), hereafter called
model C. Figure 4 shows the temperature as a function of height for this model
and two others, A and F, discussed by Avrett (1985) and tabulated by Fontenla,
Avrett, and Loeser (1992). In the upper photosphere and low chromosphere these
three models have been constructed to account for the range of quiet-Sun Ca II H
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Fig. 2. Disk-center ATMOS profiles (solid lines) for the 811.6 and 1406.6 cm™' Mg lines

compared with the calculated results in four cases: Se-LTE (long-short dashes), VR-Sct
(dots), Se-Sct (long dashes), and VR-LTE (short dashes).
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Fig. 3. Profile of the 848 cm™! line at u = 0.14 observed by Brault and Noyes (solid
line) and the calculated profiles in the two cases: Se-LTE (long-short dashes) and VR-Sct
(dots).

line profiles observed at high spatial resolution by Cram and Damé (1983). Models
A and F give H-line profiles that roughly match the profiles observed in the faintest
10% and the brightest 10% of quiet areas, while model C gives a computed H-line
profile that roughly agrees with the observed spatially-averaged profile. Deeper in
the photosphere, model C accounts for a range of infrared observations, as discussed
by Maltby et al. (1986), and agrees with the model of Holweger and Miiller (1974)
derived from an analysis of a large number of lines throughout the visible spectrum.
The models have an increase in temperature in the low chromosphere to account for
the emission in the cores of the Ca II H and K lines and to account for the increase
in the observed brightness temperature for A > 150 pm in the far infrared and for
A < 160 nm in the ultraviolet. Models based on the CO lines, however, do not. show
a chromospheric temperature rise — see Ayres, Testerman, and Brault (1986). Note
that the differences between models F and C occur deeper in the atmosphere than
the differences between models A and C. The variations of models A and F relative
to C are not well established. Very few unambiguous diagnostics are available to
determine the properties of these colder and hotter component models. As shown in
the next section the calculated infrared Mg lines have very little sensitivity to the
differences between models A and F. However, a number of the hydrogen profiles
shown later in Section 6 are highly sensitive to the differences between the three
atmospheric models, and should be useful in obtaining improved models.

5. Calculated Mg I Lines

The Mg I term diagram in Figure 5 shows the lines considered in this section. These
are the prominent Mg I lines that appear in the Farmer and Norton (1989) atlas.
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Fig. 4. Temperature vs. height for models A, C, and F.

The solid lines in panels a through [ of Figure 6 are the observed profiles. The
profiles computed from models A, C, and F are those plotted with short dashes,
dots, and long dashes, respectively. All of these lines except those in panels h and
i were discussed earlier by Chang et al. (1991, 1992).

From a theoretical viewpoint, the 958 cm~! 7f—63D line in panel i is similar to
the 848 cm~! 7¢g-6f line in panel j, except that the 958 line is weaker, with three
weak emission components instead of two blended pairs of stronger components in
the case of the 848 line. The computed emission peaks in the 958 line are evidently
too large. The 812, 818, 848, and 958 lines are successively weaker multiplet transi-
tions between the n = 7 and n = 6 levels. As noted below, the emission we calculate
is too small for the 812 line and too large for the 848 line. Correcting this disparity
may also reduce the difference between the computed and observed 958 profiles.

The 7Th-5g magnesium line in panel h is evident only as a broad depression. The
two narrower features at 2166.03 and 2166.1 cm~! are CO lines. Only in this panel
of Figure 6 are the model A, C, and F results well separated, showing that the CO
lines are much more sensitive to model changes than the Mg I lines.

In our calculations the groups of hydrogenic sublevels 5f, g, 6f, g, h, and 7f, g,
h, 7 in Figure 5 are each treated as single levels for the purpose of computing the
non-LTE departure coefficients, b,. Thus, the n’ — n line source function (n’ > n)
is
_ 2hv3/c? (1)
~ (ba/b,) exp(hv/kT) — 1

for the 1407 and 1356 lines in panels f and g, and for the 848, 818, and 812 cm~!
lines in panels j, k, and I. We account for the v dependence of S, in equation (1)
between the different multiplet lines. Note that exp(hrv/kT) varies by the factor
1.01 between 848 and 812 cm~! for T = 5000 K. Nevertheless, the central emission
we calculate for the 812 line is less than observed, the calculated emission peaks

Sy
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Fig. 5. Mg I term diagram showing the lines discussed in this paper.

for the 848 line tend to be higher than observed, while we obtain good agreement
with the intermediate 818 line. CRS treat these sublevels as distinct levels, but
they assume very large collision rates for nl’-nl transitions to obtain essentially a
common b,, for each group. Thus we would expect the relative behavior of their
calculated 812 and 848 lines to be similar to ours. However, they report very close
agreement with the observations for both lines (see Rutten and Carlsson, 1993).
The differences between our calculation and theirs need to be examined further.

We conclude from the present study that the infrared Mg lines are relatively
insensitive to the choice of atmospheric parameters, but are highly sensitive to some
of the atomic parameters used in the calculation, particularly the bound-bound
collision rates and the degree of scattering in photoionizing lines. When we adopt
a high degree of scattering for these lines, to be consistent with UV observations,
we find that the van Regemorter collision rates give better agreement with infrared
Mg observations than do the smaller Seaton values.

6. Hydrogen Lines

We have also computed the profiles of the infrared hydrogen lines that appear
in the Farmer and Norton atlas. Because space is limited here we do not include
a description of the various rates and cross sections used in our 15-level hydrogen
calculation. These details will be provided in a forthcoming paper by Chang, Avrett,
and Loeser (in preparation). Here we simply note that our rates and cross sections
for hydrogen are basically the same as those described by Carlsson and Rutten
(1992).

The hydrogen and magnesium calculations differ in that the hydrogen results
show much less sensitivity to changes in the rates and cross sections. The profiles
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Fig. 6. Profiles of the 12 Mg I lines indicated in Figure 5. ATMOS observations (solid

lines) compared with the profiles calculated from model A (short dashes), model C (dots),
and model F (long dashes).
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we show in Figure 7 below are essentially unaffected by changes in the bound-
bound collision rates by factors of 2 to 4 (which occur when we use either the
van Regemorter or Seaton rates instead of the values from Johnson 1972 that we
use otherwise). Adopting LTE instead of scattering for the photoionizing lines also
causes only small changes in the calculated hydrogen lines.

We show profiles for the hydrogen line transitions between levels with the fol-
lowing n’-n principal quantum numbers: 5-4, 6-4, 7-4; 6-5, 7-5, 8-5, 9-5, 10-5;
7-6, 8-6, 9-6; and 9-7. In each case we compare the disk-center profiles for models
A, C, and F with the observed ATMOS profile. The results are shown in panels a
through ¢ of Figure 7.

The striking difference between these hydrogen profiles and those for Mg I in
Figure 6 is the sensitivity of the hydrogen lines to the different atmospheric models.
The model F profiles differ substantially from those calculated from models A and
C. Note that except for the 7-6 and 9-7 lines, the model F central intensities are
smaller than those for models A and C even though the model F temperatures are
larger. In contrast, the CO-line model F intensities in Figure 6h are larger. The
hydrogen lines behave in this way because the upper level number densities are
highly sensitive to temperature. At 500 km, for example (see Fig. 4), the calculated
number densities of the n = 4 level are 3.2x10! (A), 1.3x102 (C), and 1.1x103 (F)
cm™~3 for models A, C, and F, respectively, and the values of 7(5-4), the 5—4 line
center optical depth, are 0.023 (A), 0.21 (C), and 1.5 (F) at this height.

The 2586 cm™! line of Mg I in Figure 6¢ is also a 54 transition (see Fig. 5), but
the lower-level number density at 500 km in this case is about 1.7 x103 for all three
models while the central optical depth of the Mg I 2586 line is 0.041 (A), 0.044 (C),
and 0.047 (F) in the three cases.

For both H and Mg I, the n = 4 number density is closely related to the ion num-
ber density, because this level is so close to the continuum (0.85 eV in both cases).
The proton number density is highly sensitive to the temperature in this region
where hydrogen is almost completely neutral. In contrast, almost all magnesium is
ionized so that the Mg II number density varies little with temperature.

In Figure 7d the 6-5 calculated profile for model C (and for model A) has a
weak central emission feature which is due to bg > b5 (see equation 2) in the upper
photosphere and temperature minimum region, and not due to the chromospheric
temperature rise. This calculated emission feature is analogous to the central peaks
of the Mg I 6g-5f line at 1407 cm~! (Fig. 6f). The central optical depth mo(6-5)
of this hydrogen line has the value unity near 200 km in model C. The observed
profile clearly does not show the central emission that we calculate in this case.

The deep absorption in the 6-5 model F profile is due to the much larger values
of ns, causing 79(6-5) = 1 to occur near 800 km in the low chromosphere, and
causing bg &~ bs &~ 1 in the upper photosphere. Furthermore, we find that bs < bs
in the low chromosphere, which prevents the line source function from increasing
as T increases in the 500-800 km region. We calculate a residual intensity at line
center for model F of about 0.90, which is too low compared to the observed value
of about 0.925. (The narrow central absorption feature in Figure 7d is not part of
the solar line, but is due to H2O absorption within the observing instrument.) We
stated earlier that 74(5-4) = 1.5 for model F at 500 km. 79(5—4) = 1 occurs near
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Fig. 7. Profiles of 12 hydrogen lines. ATMOS observations (solid lines) compared with
the profiles calculated from model A (short dashes), model C (dots), and model F (long
dashes).
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850 km, where the temperature is about 1200 K above the minimum value. The 5-4
model F profile (Fig. 7a) does not have a central emission feature because bs/bs &
0.8 at 850 km. The 79(7-6) values at 500 km are 0.030 (A), 0.22 (C), and 1.3 (F)
which are similar to the 79(5-4) values of 0.023 (A), 0.21 (C), and 1.5 (F) at the
same height. However, the 7-6 profiles in Figure 7i bear no resemblance to the 5-4
profiles in Figure 7a. These differences are due to two effects: 1) the line opacity is
a much smaller fraction of the continuum opacity at 808 cm~! than at 2468 cm~!,
and 2) at and just above the temperature minimum region the model calculations
show that b5/bs < 1 while b7/bg > 1. The model F profiles of the 5-4 and 6-5
lines do not show a central emission feature because of the b/ /b, < 1 effect. All
three computed 7-6 profiles show central emission due to both the chromospheric
temperature rise and b/, /b, > 1.

The observed profile in Figure 7i shows a central H(7-6) emission feature to-
gether with a strong Mg I (6d ! D-6p! P) absorption line just redward of the H(7-6)
line center, and an emission line due to Si I (7i[71]-6A[63]) in the blue wing. The
H(7-6) central emission we calculate is too large except perhaps for model A.

The 6-4 and 7-4 lines in Figures 7b and 7¢ are weaker than the 5-4 line but are
less sensitive to atmospheric model changes. The 7-5, 8-5, 9-5, and 10-5 lines are
weaker versions of the 6-5 line. The 8-6 and 9-6 lines are not only weaker than the
7-6 line but are less affected by the chromospheric temperature rise; the non-LTE
effects giving central emission for models A and C are reduced in model F due to
the higher densities.

Finally we consider the 9-7 line in Figure 7l. At 500 km the 74(9-7) values are
0.007 (A), 0.04 (C), and 0.2 (F), but bg/b7 = 1.05 (A), 1.03 (C), and 1.00 (F)
in the three cases. The model A profile shows weak non-LTE emission while the
model F emission is due to the chromospheric temperature rise. Both of these effects
influence our model C profile, which matches the observed H(9-7) line rather well.
The absorption feature at 884.35 cm~! is a blend of two solar OH lines.

The 8-7,9-8, 10-9, ... lines at wavenumbers 524.6, 359.7, 257.3, . . . are emission
lines, mainly due to the temperature rise. Brault and Noyes (1983) measured the
profile of the 8-7 line at 4 = 0.14 near the limb and found the central emission to
be 1.15 times the continuum. We compute 1.29 for model C, which is substantially
larger. Boreiko et al. (1993) have detected the disk-center 8-7 line in emission
from ground-based observations and have obtained profiles of the 12-11, 13-12,
14-13, and 16-15 emission lines from measurements at balloon altitudes. They
find the central emission of the 14-13 line relative to the continuum to be about
1.10. Our calculated 14-13 profiles have central values 1.03 (A), 1.13 (C), and 1.30
(F), showing that only the model C result is consistent with the Boreiko et al.
measurement.

7. Conclusions

We have compared ATMOS profiles of the Mg I and H lines in the 2.2-16.7 um
range with theoretical profiles calculated from three given atmospheric models cor-
responding to faint, average, and bright regions of the quiet Sun. The calculated
Mg I profiles have only minor differences due to these three models, but are quite
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sensitive to the atomic rates and cross sections on which the calculation depends.
The results suggest the possibility of using these detailed comparisons to accept or
reject various alternative rates and cross sections.

The hydrogen profiles are less affected by uncertainties in the atomic data but
are quite sensitive to changes in the atmospheric model parameters. We have in-
terpreted the calculated results but have not made any changes in the atmospheric
models to get better agreement with the observations.

The results shown here represent only the first step in utilizing the ATMOS
infrared spectra to redetermine the structure of the solar photosphere and low
chromosphere.
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