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ABSTRACT

We repoxt our progrags in computing theoretical solar chromospheric and
photosplexic models for use in analyzing OSO 8 spectra, We have updated the Vernazza,
Avrett, and Loeser (1976) solar model and produced self~consistent non~LTE number
densities for HI, He I, He T, C1, Mg 1, All, SiY, and § . These number dengities
bave been used In the caleulation of a theoxeiieal solar specirum from 90 to 250 nm,
inoluding approximately 7000 lines in noa~LTE. ‘More than 60, 000 lines of other
elements were treated with approximate sonree functions.
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THE CALCUILATION OF
THEORETICAL CHROMOSPHERIC MODELS AND
FREDICTED QS0 I SPECTRA

NASA Grant NSGE-7054

Progress Report No, 1

1. INTRODUCTION

The OS0 8 experviment has observed radiation from different regions on the golar
disk and, through spectrum scans, has probed a range of depths in the atmosphere
from the eorona to the upper photosphere, These observations, together with earlier
Skylab and rocket cbhservations, should lead to a new and greatly improved understand-
ing of the structure and behavior of the solar atmosphere and of the heating of the
coronza, as well as to significant advances in our theoretical understanding of high-
temperature plasmas.

The variation with depth of temperature, densily, and other atmogpheric param-~
eters at a given point on the disk can be defermined from the emexrgent spectrum.
However, the computations necessary to derive these parameters require a major
effort. We have developed a two~stage procedure for computing theoretical solar
chromospheric and photospheric spectra. In the first, we construct a solar model
hased on the non-LTE compuier program PANDORA (see Avrett and Loeser, 1969;
Avrett, 1071; Vernazza, Avrett, and Loeser, 1973).

In the second stage of the spectrum caleulation, we make use of a spectrum-
synthesis program written by Kuruez (1974) and based upon hig model atmosphere
program ATLAS (1970), which includes data for 300, 000 lines computed by Kuruez and
Peytremann (1975). The statistical-equilibrium number dengities from ithe model
calculation are used to determine the non-LTE line source fimctions of the abundant
eleménts, while the less abundant ones are treated with approximate source fimetions,

.603~066



In the next scetion we describe our current solaxr model; and in section 8 we out~
line various developments in the spectrum synthesis program, especially the {reatment
of lines merging into continua and non-LTE modifications to the basic programs. In
sections 4 and § our spectrum calculations are described. Tinally, we discuss further
work to remedy shortcomings in the most recent calculations.



2. B MODEL

We com:tiuct a golar model by choosing a temperature-height distribution such
that the computed emergent intensity is in best agreement with chserved line and con-
tinuum gpectra in the ultraviolet, visible, and infrared speciral regions, PANDORA
is used to solve the radiative-transfer and statistical~equilibrium equations ©. “sydrogen,
helium, carbon, silicon, and other important constiiuents. The modei caleu: cion is
lterative in that only one atom can be computed al a time, while others are weld fixed.
Thus a self-consistent solution is found by cycling through the atoms several times,
updating the number densities with each calculation,

Vernazza, Avrett, and Loeser (1976) have completed a detailed study of the solax
continuous spectrum redward of 125 nm. They have constructed a temperature-density
model, which is a representation of the quiet solar atmosphere in the height range
between the photosphere and the chromosphare-corona transition region. We have
revised and improved that model to obiain ihe texperature~-height welation showa in
Figure 1. 'The model is self-consistent in M I, He I, He @, CI, Mg I, AlL, Sil, and
H .

We expect to further revige this model by studying the differences between our
calculated spectrum and the rocket and OSO cbgervations all through the uliraviolet
and the Skylab spectra below 140 nm.
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Figure 1. The temperature-height relation for our revised solar model,



3., SPECTRUM SYNTHESIS PROGRAM

We have continually improved our spectrum synfhesis programe during the course
of thig regearch. The bagie spectrum gynthesis program works as follows, TFora
given model aimosphere tabulated at 40 depths, we compute number dengities and parti-
tion functions for all atoms and ions. Then we read the magnetic tape thal lists the gf
valuesg caleunlated by Kurnez and Peyiremann (19756), and compute a line opacity spec-
trum at each deplh, The expressions for radiative, Stark, and van der Waalg broaden~

ing are

— — 2 a
Ig= lassical = 2,223E13/A° , A wavelength innm

= 5 .

4/10 $/10
Ty = 458-9 (xB)410 I+ 0,42 3, + 0,85 Npry] (@/10000%/10

where
N 9%, 2
(2)= 280,07 [Zoer

9 2
Bege = R Zoge /Eup ?

Z ot is the charge plrs 1, Eup is the upper level energy, and R is the Rydherg energy.

Next the contintum opacities, source functions, and intensities are evaluated at several

points in the Wé.velength. interval. The continuum quantities are interpolated to each

point in the spectrum; the line opacity is added; the source function ig approximated
by

[{ic + 0)Sy oy + £ Sppel/ 6+ 04 £) 5




and the emergent spectrum is computed, Hoxe k and ¢ are the continmous absorption
and seattoring coefficients, £ io the line absoxption coofficlent, 8, . is the continuum
source fonction including scattering, and 8ino is the lino source function, which is

agsumed to be the Planck function.

The following improvements have been made. We have computed mean gquare
radil for the 4p ovbitals of the iron group atome and ions, and produced an interpola~-
tion formula

(r%)= (46 = A + B)/(Z + 1)

whore A is the atomic number and Z ig the chaxge, This expression is uged for
van der Waals broadening of all ivon group atoms, assuming that the strong lines ave
all resonance lines with a 4p upper state,

There is now provision for additions, deletions, and eorrections to the table of
gf values and for use of individual "real" radiative, Stark, and van der Waals damping
constants for each line,

To resolve the contribution of individual lines to blends, we now compute, in
addition to the spectrum, the central infengily for each line in isolation.

We automatically produce spectrum plots with identifications.

The two most important advances as fax as improving the appearance of the cal-
culated gpectrum have heen {reatment of lines mergmg into continua and the develop-
ment of a procedure for computing thousands of lines in non-LTE.

One of the chvious faults in the preliminary calculations made one year ago was
that strong disconfinuities appeared at the C I, 8i %, AlI, and Mg I edges, whereas
the real spectrum makes smooth transitions from one continuum to another because
in the real spectrum there are numerous lines that gradually merge into each contin-
uum. In rewriting the opacity roubines to include departures from LTE as discussed
below, photcionization continua were put in for level-to-level transitions rather than



for texm~to-torm transitions as was the case previougly, Thus, for example, for C1I
and 81 I, fonization from the neutral ground term 9p to the ionized ground torm p
actually forma 6 continugz, BPO ~2p 1/2° 3130 - 2133 /2 31’1 - ?‘P 1/2? 8p 1™ 2P3 /o
3:92 . 1/2 31’2 ---2]5"3 /o0 Each of these continua hag a series of lines converging
up to its The lines mexge into 2 quasi~contimmm af an upper energy or upper quantum
aumber determined by Stark broadening, because lines are io longex visible when tho
Stark width exceeds the line spacing. In practice, at each depth in the atmogphere,
we compute the energy at which individual lines are no longer visible and extend each
continuum redward at a constant level to this point, This technique smooths the
trangition from one continuum to another even if no lines are included explicitly.

Foxr Al T and Mg I we were able to compute Rydherg series to high n (80), and to
find or estimate the radiative, Stark, and van dex Waals broadening for each line.
For Si X and C Ithere is so much ennfiguration inferaction that extrapolated energy
levels can he off by up to 2 em™t waless great effort is made to include the interaction
effects, sowe were not able to compute the series. For 51 I, however, energy levels
have been chserved up ton = 56 although many of them were unclassified. We were
able to pick out the interacting levels by estimating the mutual repulgion, so we could
agsign each level to an IS series. Then we estimated LS £ values by extrapolating
each gevies. 'Thege fvalues will be correct for many of the lines but wrong for the
strongly inferacting lines. However, the total £ values spread over all transitions
ghould be correct as configuration interation only redistributes the line strengths.

- To demonsirate the improvement in the new calculations we show in Figure 2
sample old and new spectra caleulated around the §i I edge at 198 nm. The old cal~
culation predicted an abrupt digcontinuity, and the new one, a gradual slope, in agree-
ment with the chgexvations.

To treat the non-LTE effects we have rewritien ATLAS (Kurucz, 1970) routines
for partition functions and for continuous opacity from H1I, He ], He II, C I, Mg J,
Al and SiIto produce non-LTE populations, opacities, and source functions.
We have added a new line opacily routine that produces non~-LTE opacity and a souxce |
function for each C I, Mg I, AlL and 8iIline. The changes were accomplished by
inserting departure coefficient b's as follows.
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" Partition functionss

U= g0 ~D yb;0

where £ and Ei are the statistical weight ond enexgy for each levels
Boltzman factors:
N U : U
where N and I\Ti arve the total and level number densities;
Stimulated emigsion:

b
1o WV/KT g up ohv/kT
Pio

where up ¢&.4 i refer to the upper and lower levels, For ionization, up refers tothe
ground state of the ion,

Source functions:
‘ 3 -1 5. 3|b -1
Sty 2% e _ T g® [F;_g v/ :ﬁ |
¢ o D

In practice, b's are calculated only for the lowest 6 to 10 terms, o for higher levels
b's are agsumed to have the game value as the b fox the lowest lsvel of the ion.



4, COMPUTING TIME AT NCAR

This work on spectrum synthesis has been exceedingly difficult, wvequiring inno-
vations and much more sophisticated programing than originally envisioned. Further-
more, caloulation of the spectrum in non~-LTE requires a great deal of computer time,
even for debugging. Because of limited funds provided by the grant for computing,
we have to use free computing where available. Fortunately we have been able fo use
the CDC 7600 ot the National Center for Atmospherio Research through eollaboration
with Oran R. White of the High Altitude Ohservatory. A conaiderable inconvenience of
working at NCAR is that to check the calculations we must bring magnetic fapes hack
to Cambridge to plol the spectra becauge NCAR does not have plotting facilities,
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5. SPECTRUM CALCULATION

We used the model deseribed in section 2 and the program described in section 3
to compute the theoretical solar spectrum from 90 {o 250 nm including non-LTE effects
forHI, Hel, CI, Mg, AlL, SiT, andH . We computud approximately 7000 lines
in non~LTE, More than 60000 lines of other elemenis were treated with approximate
guiiree functions.

In Figure 3 weo show an enlaxrgement of Figurve 2b with line identifications. Of the
many lines included in the caleulation, only those with residual intensities less than
0. 99 are indicated. 'There are numeyous non-~-LTE S I lines in this region. The lines

that show up prominently with trianguiar shapes in both the obgerved and caleulated
gpectra are Sil resonance lines.

In Figure 4 we ghow 2 small region of chromospheric gpectrum at 149,3 nm where
the lines appear in emigsion.

11



Figure 3, The calculated specirum compared to the Harvard rocket spectra of Kohl,
Parkinson, and Resves for the region 197.6 to 199, 1 nm. The obgerved
and computed spectra are not plotied on the same vextical scale; the two
geales are linear but arbitrary. This figure shows approximately the same
wavelength region ag Figure 2b but enlarged to shew detail and with line
identifications added, The identifications al the top of the figure include:
the last three digits of the wavelength, the element identification and charge
(atomic numbex before decimal point, charge after; thus 14.00= SiIand
28,01 = Ni X), then, the lower energy level in cm'ﬁ,, and finally the fraction
of the full scale in per mil for the center of each line if it were in isolation.
Thus strong lines have small central intensities and weai lines have values
near the continuum, which is indicated. The numercus Si I lines are com~
puted in non-LTE,

12
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6. FURTHER WORK

We expoect to make a number of itaprovemenis over the next two months, then
return to NCAR for another iteration on the speetrum. Several problems that we
expect to correct are the following,

C I, Mg I, Al I, and Si II lines are computed too weak because they were not
bagsed on non~LTE resulis, Work is underway to calculate departure coeificients for
these iona, |

Many highly ionized lines do not appear in the caleulation. We are adding the
coronal approximation to treat such lines. '

Thexe are many moleculay lines in the obsexved spectrum. We ave adding
molecular lines to our line list.

Ioxr many lines like Fe II we use an approximate scattering source function in
the chromogsphere, but emission coves still appear in the ealeulation, contrary to
ohservation. We are developing a more accurate procedure for dealing with these
lines. '

19
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