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ABSTRACT

The sunspot spectrum shows many molecular lines,
of which some have been identified. These lines are
formed farther out in the sunspot atmosphere than the
atomic lines or the continuum, and are thus useful
for probing the outer layers. Photographic spectro-
grams were obtained for three different sunspots under
carefully selected seeing conditions, showing molecular
absorption lines due to MgH, CaH, and TiO. Analysis
led to estimates of the effective rotational temper-
atures of each; in the case of CaH, no definite con-
clusions could be drawn. Predicted rotational temper-
atures and observational f-values were calculated on
the basis of model umbral atmospheres due to several
authors. A new model was derived from the molecular
lines measured here, and shown to differ widely from
previous models. The usefulness of photographic
spectra for this purpose is seriously questioned, and

suggestions are made for new observations.
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INTRODUCTION

It has been known for a long time that the sunspot
spectrum shows many lines due to molecular absorption.
Some of the molecular species known to be present are
seen only in the sunspot spectrum, while others are
seen in the disk spectrum as well, and are strengthened
or weakened in the spot (Moore et al., 1966). From
time to time, many authors have claimed to find
molecular band heads of various improbable molecules,
but the claims are extremely dubious (see, for example,
Babcock, 1945). At high dispersion, the sunspot spectrum
is exceedingly complex; it is doubtful that the true
continuum is often reached except in the red and the
infrared, where fewer weak lines are present, However,
for several molecules, individual absorption lines can
be picked out; and only if a rotational analysis and
comparison with laboratory data can be made is it
possible to prove the existence of a given molecule.

The structure of the sunspot atmosphere is highly
uncertain, due primarily to problems involving the
effects of magnetic fields on theory (Chitre and Shaviv,
1967) and of scattered light on the observations.
Models computed by various authors differ widely,
according to the computational procedure and type of

data employed. To date, the primary observational
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material involved in model construction has been the
atomic lines and continuum radiation, both of which
are highly susceptible to contamination by small amounts
of scattered light from the disk.

Makita (1968) has made a short investigation of
the compatibility of various models with the Ti0O spectrum
near A5250, but otherwise no author has incorporated
molecular data in a comprehensive manner. In parti-
cular, the very outermost layers of the umbral atmo-
sphere are highly uncertain, due to the small contri-
bution to the atomic spectrum and continuum radiation
from the layers with optical depth less than 0.1.

Figure 2 shows some results of calculations
described later. Contribution functions are shown
for TiO, CaH, and MgH, and for weak Fe I lines of
excitation potentials 0.0 and 4.5 eV, for the principal
model of Zwaan (1965).

It may be seen that MgH corresponds approximately
to weak Fe I lines with excitation potential 4 ev, and
that CaH corresponds roughly to weak Fe I lines with
excitation potential 0 eV, These two molecules must
therefore tell us approximately the same information
as the atomic spectrum; this provides a sort of check
of reliabilitylof the molecular data. However, the

TiO is formed much farther out in the atmosphere. Not
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shown here is the contribution function for the molecule
ZrQ; it corresponds to a case about half-way between
TiO and CaH.

Since the.contribution function for TiO has an
appreciable magnitude at very small optical depths, it
is uﬁiquely gualified to yield information about those
layers,

The use of the molecular spectrum, although highly
desirable from a theoretical standpoint, is difficult
to put into practice for several reasons., First is
the difficulty in obtaining spectra suitable for rota-
tional analysis. The contrast between umbra and
surrounding penumbra and disk is very great in visible
wavelengths, making scattered light a serious problem
for both spectroscopy and photometry. It is difficult
to estimate even roughly the amount of light scattered
into the spot spectrum in the atmosphere of the Earth
and the equipment.

Fortunately, for obtaining rotational temperatures
the total amount of scattered light is irrelevant, as
long as it remains constant while the spectrograms
are being taken. In particular, there must be no
systematic change in the amount of scattered light
as a function of rotational quantum number J. The

f-values calculated from comparison of observation



4
with calculation will be affected by scattered light,
but this is a relatively minor consideration, since
precise f-values from laboratory work are lacking.

Since the dispersions employed for satisfactory
resolution of these weak rotational lines are very
large, and hundreds of Angstroms of spectrum must be
covered to obtain a suitable range of J, the following
are necessary:

(a) the best seeing--stability is most important;

(b) a large, stable sunspot must be present;

(c) the use of film is desirable, so that large
numbers of plateholders need not be loaded
and handled during hurried exposures.

A second important difficulty, even with the best
observational material, involves the uncertainty in
continuum level and the possibility of undetected
blends. To insure accuracy, a special measuring pro-

cedure must be employed, which will be discussed

later.
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I, OBSERVATIONS

I made several'attempts to record the spectra of
all the molecules found in sunspots, using the same
spot, and under the same seeing conditions., This
proved impossible; however, overlapping regions were
obtained for two cases,

All spectra were taken with the 150-foot tower
and 75-foot pit spectrograph at Mt. Wilson. Fifth-
order spectrograms were taken between AA5000--5500
at reciprocal dispersion of 10.8 to 12.9 mm/A on
Plus-X Pan film, with exposure times from 20 to 30
seconds, Fourth-order spectrograms were taken between
AN6200~~7000 on Aerecon Plus-X film, with exposure
times from 5 to 10 seconds. In all cases, a mask
was used to permit exclusion of scattered light in
the instrument; during the last 15% of each exposure,
the slit was lengthened to record the disk spectrum
for purposes of identification and comparison.

Photographs in white light were taken of each
spot on 35mm film at intervals during taking the
spectrograms, to provide definite information on the
possible deterioration of seeing conditions and the
amount of scattered light., Exposures were 1/10 second
through an NGl filter on Panatomic-X; since the purpose

was essentially photometric, I made no effort to use



6
a wide field or eliminate every last dust particle
on film and filter. Subsequent evaluation of the
white-~light photographs led to discarding spectrograms
taken when seeing had deteriorated significantly, thus
preserving the criterion that there must be no change
in the amount of scattered light over a wide range
in wavelength,

All spectrograms were developed in D-19 for 12
to 15 minutes and traced on the Cal Tech microphoto-
meter,

Two of the sunspots chosen were old, round spots
which had been stable for several days and showed no
significant internal structure other than granulation
in the umbra. One large spot (of 10/28/68) was in an
old group, which was highly active at the time, but
nonetheless remained stable during observation. Since
all the umbras were symmetrical (aside from the small
effect of viewing angle), I made no effort to orient
the spectrograph slit in any particular direction.

In each case, the slit leﬁgth was about 80% of the
width of the umbra, and was centrally positioned. All
spots were near meridian passage at the time of obser-
vation (0.25 to 0.5 R from the center of the disk);
usable observations are listed in Table 1. The umbral
~area in solar hemispheres and the approximate amount

of scattered light are listed.
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Table 1
Date Area,s.h. % Scat. AN Molecules
9/27/68 | 33x107° 10-15 | 6750--7000 caH A
10/28/68 | 100 10 5000--5500 MgH, TiO
1/ 7/69| 42 50 5000--5400 Ti0
20-30 | 6240--6560 CaH B

!

Spectrograms taken in the red are less susceptible
to contamination by scattered light than in the green,
due to the decreased contrast between umbra and disk.
There is, however, greater interference from atmospheric
lines; accordingly, spectrograms in the red were taken
at higher solar altitudes when possible,

Intensity calibration was by means of a deposited-
metal step-filter placed across the length of the slit,
This method is subject to some uncertainty, but the

error is not important in this case.
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IT. HISTORY OF SPOTS OBSERVED

The following descriptions are derived from the
data compiled by ESSA (1968, 1969) and from observa-
tions made during the course of this investigation.

The spot of 9/27/68 first appeared at the limb of
the sun on 8/28/68, near the position of an old group.
At the time of observation, it was a single round
umbra associated with a small amount of pore structure,
aged 30 to 45 days. It was located at about 13° N,
30° E, with cos @ = 0.88., Two days after observation,
it began to break up.

The spot of 10/28/68 appeared as a newly develop-
ing group on 9/2/68, on the visible disk. After
showing some activity, it turned into a single iso-
lated spot around 10/4/68. Reappearance at the limb
on 10/22/68 showed it to be enormously active again.
At the time of observation, it was a large and complex
group, with a single large preceding umbra, aged 56 days.
It was located at about 14° S, 0° longitude, with
cos @ = 0,95, After observation, the size and com-
plexity slowly dwindled until final disappearance
on 12/1/68.

The spot of 1/7/69 first appeared as a newly
developing group on 12/15/68, on the visible disk,

After some initial activity, it settled down to being
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a single round spot with a few occasional pores asso-~
ciated, At the time of observation, it was a single
umbra, aged 23 days, with some nearby pore structure.
It was located at about 25° N, 10° E, with cos & = 0.87,
After observation, it remained rather stable and
quiescent until disappearance on 2/11/69.

- It may bekseen from the foregoing descriptions
that the spots of 9/27/68 and 1/7/69 had similar
Sizes, ages, and histories, while that of 10/28/68
is quite‘different. Nevertheless, except for total
amount of scattered light, the spectral region
AA5000--5400 recorded both 10/28/68 and 1/7/69 shows
nearly identical results for rotational temperature
for TiO. This is in accord with the idea that a
sunspot umbra has essentially the same structure,
regardless of size, shape, or history. No conclusions
about ébsolutevline strengths are possible on the basis

of this data, however,
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ITIT. ANALYSIS

For a gas composed of molecules all at the same
temperature, the strengths of the rotational lines

are given by Herzberg (1950):

log(W_/s.) = ¢ - O.625TFV(J) (1)

where
W_ = equivalent width of line J

SJ = theoretical line strength

o

<

2
I

rotational term values
T = temperature
C = nearly a constant

It is therefore possible to obtain what should
be called the "effective rotational temperature"
Teff,rot = T, Py plotting log(WJ/SJ) against
FV(J) = BVJ(J+1) - DVJ2(J+1)2 and measuring the slope.
This has been applied to the solar disk and sunspot
spectrum by several authors (Laborde, 1961; Makita,
1968; Schadee, 1964),

In practice, several difficulties arise. First
is the difficulty in measuring WJ in a spectrum as
complex as that of a sunspot. A reasonable method is
employed by Makita (1968). Here, a minimum value for
WJ is obtained by assuming that the local continuum

is the true continuum; a maximum value is obtained
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by assuming the true continuum is at the level of the
highest continuum present nearby (thus enters subject-
ive judgment). If enough lines can be measured this
way, it can be expected that at least a few measure-
ments will be accurate., One then draws a straight
line through the maximum envelope of the minimum
measurements, and a straight line through the minimum
envelope of the maximum measurements, Ideally, these
lines would coincide and have the same slope. Also,
for any lines having the same local and overall con-
tinuum, the measurements should lie close to both
envelopes. In practice, some overlap is unavoidable.

This method of treating the W_'s is susceptible

J
to two main sources of error: first, the minimum
WJ's are easily increased by blends with lines which
are not seen in the disk spectrum; second, the maximum
WJ's may be decreased because the true continuum is
not reached anywhere near the line. It may therefore
be expected that a few lines will lie outside the
envelopes drawn, Only subjective judgment or addi-
tional data can eliminate these bad points. Despite
these shortcomings, Makita's method has been adopted
here as being probably more reliable than any other,

A second difficulty in applying Equation (1) is

that the theoretical SJ values may be difficult to
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obtain with sufficient accuracy, particularly for
low J values. Formulas for SJ are given in many places
for various types of transitions (Herzberg, 1950;
Mulliken, 1931; Schadee, 1964). It will be shown here
that the relative strengths of P, Q, and R branches
for CcaH are clearly at variance with observation, and
very bad for the lowest J values. The rotational
temperatures obtained for this molecule are thus
highly doubtful.

A third difficulty in applying Equation (1) is
that the quantity C is nearly constant only for small
ranges of wavelength and temperature.. Therefore, much
caution must be used when relating the measured T,
to a theoretical calculation based on some model
atmosphere,

It should also be noted that the slope obtained
from a plot of log(WJ/SJ) against F_(J) is proportional
to 1/T. Therefore, when averaging several Tor'S

r
obtained from different data, one should take a harmonic

mean.,

Figure 1 shows microphotometer tracings for three
lines included in the list of good lines described
later. The line due to CcaH A(0,0) Q2(13) is typical
of those for which the local and overall continuum

levels appear identical. The other two examples show
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CaH A(0,0) Q,(13)

Fel \ 6916.96

A 6916.686

CaH B(hl)F}(ZU

X 6390.00
01 R p

TiO P (55)

A5220.66

Figure L. Typical tracings of good quality lines,
Residual intensities at the centers of the

molecular lines are (from top to bottom) 0.74,
0.82, 0,78,
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the manner in which the continuum levels are deter-
mined and the wings of the lines extended.

Table 6 lists the lines observed for TiO and
CaH, along with laboratory and measured wavelengths,
Quality is indicated as follows:

1: 1line is definitely present, but equivalent

width is difficult or impossible to measure;

2: line is imperfect but usable;

3: line is of highest quality.
All lines measured in the laboratory which are hope-
lessly blended with atmospheric, atomic, or other
molecular lines are omitted from Table 6.

The measurements actually made in this investi-

gation will now be discussed.

A, The Molecule TiO

A few prior measurements of TiO have been made
(Hitchcock, 1965; Makita, 1968). However, Hitchcock's
analysis has been shown faulty (Schadee, 1966), and
Makita's covers only 34 lines in a limited wavelength
range, Fortunately, in this case, the rotational
quantum numbers are large and there is apparently no
difficulty with the SJ. Phillips' (1969) reclassi-
fication of this ol system as a 3A --3A transition

does not affect the Sz appreciably for these high
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quantum numbers., However, it should be noted that

a change of J by one unit would change Te by about

r
80° K. Such a systematic shift would be more impor-
tant than slight errors in the measurements for WJ.

TiO lines in the ol band from AA5209--5300 were
measured for the spots of 10/28/68 and 1/7/69; 123
and 93 lines, respectively, were measured for those
two dates. Wavelengths were taken from Christy (1929).
In each case, 20 lines were recorded on more than one
exposure (different lines on different dates), and
therefore were measured twice as a check on internal
consistency and constancy of scattered light from
one exposure to the next. This also constitutes a
check on the positioning and (photoelectric) guiding
of the spots during each exposure. The two indepen-
dent measures generally agreed to within a few per
cent, the principal differences being due to continuum
uncertainty.

For each date, Ty, Was obtained by finding the

envelopes for maximum and minimum plots for P and R

branches separately and together. Results are in

Table 2,
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Table 2
Date | Ter
10/28/68 3530 #* 300° K
1/ 7/69 3430 % 300° K

These measures agree well within the standard
deviation; therefore, I shall adopt the average value
3480 % 300° K for TiO. This value is somewhat higher
than Makita's (1968) value 3030 * 270° K. If I
restrict consideration to the wavelength range which
Makita had available, I obtain Top = 3420 % 300° K
for the data of 10/28/68. This seems to indicate
that the disagreement is not due solely to the regions
of the spectrum employed.

The good agreement between the values obtained
for the two spots observed here indicates there was
little difference between the structures of their
upper atmospheres, although they differed in umbral
area by a factor of 2,5, A comparison of the absoiute
line strengths is impossible here, because of the
greater amount of scattered light on 1/7/69.

A list of the 26 best TiO lines measured is
presented in Table 7. Equivalent widths (all are in ma)
in parentheses.indicate lines of slightly lower quality,

In those cases where only one eguivalent width is
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listed, the overall and local continuum levels appeared
to be identical. This does not necessarily mean that
the single measurement is more reliable,
Using these 26 lines only, rotational temperatures
were 3660 and 3630° K for the spots of 10/28/68 and
1/7/69, respectively, with about the same error limits

as for the whole set of data.

B. The Molecule MgH

A plot of log(WJ/SJ) against FV(J) has been made
by Laborde (1961) for MgH in the disk and spot spectrum,
and by Schadee (1964) in the disk only. I am unable
to reproduce Laborde's measurements, since many of
his lines seem to be badly blended with unidentified
sunspot lines on my spectrograms. Laborde's final
plot is of only a few lines from each branch, which
scatter almost imperceptibly around a straight line,
in sharp contrast to the large scatter found here
and (for TiO) by Makita.

For the spot of 10/28/68, 80 lines between
AN5021--5209 were measured; there were 13 repeated
measurements. Wavelengths were taken from Moore et al.
(1966) and from Watson and Rudnick (1927) . The larger
amount of scattered light on 1/7/69 would have intro-

duced serious problems for MgH, since its spectrum
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is also seen in the disk, at a drastically different
Ter' Therefore, the MgH lines were not measured for
the spot of 1/7/69.

In the accbmpanying figures (see APPENDIX), it
may be seen that log(WJ/SJ) for the Q branch appears
to lie slightly below the P and R branches for low J
values. This may be a real effect (which would indi-
cate an inaccurate formula for the SJ), or merely
observational accident. Fortunately for these purposes,
the apparent error has little or no effect on the
results, which are that Top = 3930 * 400° K for MgH.
This value is not very different from the results of
Laborde, namely T, = 3730 # 300° K,

It is difficult to find good, sharp MgH lines
in the sunspot spectrum, due to the presence of many
blends and strong atomic lines in the range AA5000--
5200. The nine best are listed in Table 7. The range
of FV(J) is quite large, although nine lines are
barely enough to determine anything. These few lines
imply Tepr = 3970 % 400° K for MgH, which is little

different from the value previously determined.

C. The Molecule CaH

The interpretation of the Cal spectra is more
|

difficult than for TiO or MgH. The two lowest-lying
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electronic transitions are A (Zn)__x (22) and
B (22)——X (ZS). In each case, both (0,0) and (1,1)
bahds were observed; these were analyzed separately.
Wavelengths were taken from Hulthén (1927),.

For A(0,0), it is clear from‘the plots that the
values for log(WJ/SJ) are much too high for the lowest
quantum numbers. This effect has been observed in
laboratory absorption spectra by Liberale and Weniger
(1969), although they failed to mention it explicitly.
Also, for the highest J-values, the Q branch falls
noticeably below the P and R branches, as for MgH.
However, for the highest J~values, all seem to con-
verge. This leads to discrepancies in the rotational
temperatures obtained from individual branches, and
correspondingly higher error. Taking the data at
face value, I obtain T__ = 3850 % 550° K for CaH
A({0,0).

For the A(l,1l) bands, as for A(0,0), the values
of log(WJ/SJ) for low J are too bigh; furthermore,
the Q branch lies below the P and R branches for all
J. Again taking the data at face value, I obtain
Tor = 4660 * 580° K for CaH A(1l,1). It is to be
expected that Ter for the (1,1l) band will be greater
than for the (0,0) band, since the higher vibrational

level will be more highly populated at larger T in
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the umbral atmosphere, and will therefore weight the
higher rotational levels preferentially. However,
this observed difference of 810° K is much larger
than calculations show possible. It is evident that
a revision of these results awaits laboratory deter-
mination of SJ values.

The same situation is found in the B bands, which
arise from the same ground level and should therefore
yield the same rotational temperature as the A bands.
In B(0,0) and (1,1), the R branch lies above the P
branch for the very lowest J values, then falls
rapidly to lie below it for intermediate and higher
values, Taking the face value of the data again,

I obtain Ter = 4860 % 400° K for B(0,0) and Ter =

3910 £ 500° K for B(l,1). Here, the temperatures

are higher for the (0,0) than for the (1,1) bands,

just opposite to the situation for the A bands., I

must conclude that an understanding of the CaH spectrum
in sunspots awaits detailed analysis of the intensity
anomalies as seen in the laboratory.

A list of the best CaH lines measured is provided
in Table 7. The comments about the entries for TiO
apply here, also.

When only the best lines for CaH are considered,

\
the situation with respect to the A bands improves,
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as far as rotational temperatures are concerned. For
A(0,0), Ter = 3520 % 300° K, and for A(1,1), Ter =
3350 % 400° K. Calculations show that these bands
should agree within about 50° K; therefore, I shall
average these values and adopt T_ . = 3450 #* 300° K
for CéH.

Even considering only the best lines, the B bands

remain an enigma. The clear disagreement between P

and R branches, coupled with the too-large W measures

J
for P branch lines of large J, suggests laboratory
misidentification. The structure of the B bands

should be reinvestigated from scratch.

D. The Molecule ZrO

The rotational lines of ZrO have long been
accepted as present in the sunspot spectrum (Moore
et al,, 1966). I attempted to identify and measure
enough lines of ZrO in the region AN6470--6490 to
obtain a rotational temperature' and f-value estimate.
The lines present in the spectrum were compared with
the laboratory wavelengths of Lagerquist et al. (1954).
Lines were present which agreed reasonably well with
laboratory wavelengths, but which formed no particular
pattern of intensity as a function of branch and

rotational qu%ntum number. There were also several
|
|
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unaccountable gaps in the sequences of identified lines,
which is an unallowable situation.

Calculations described later show that the number
abundance of Zr0O is from 0.04 to 0.0l times that of
TiO for the model umbral atmospheres considered. In
order to be present in detectable amounts, then, the
f-value for ZrO would have to be much greater than
for the very similar molecule TiO. I conclude that
the presence of detectable amounts of ZrO in the

sunspot spectrum is highly doubtful.
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IV. THEORETICAIL CALCULATIONS

The general expression for the equivalent width
of a molecular line formed in an atmosphere is given

by Schadee (1964):

0

WJ = %352 xz(felfv)fg%f gx(z) Nan dz (2)
(]
where
felfv = f-value for the transition, hereafter
called simply f
gx(z) = weight function
N,yvg = humber of molecules/cm3 in electronic

state n, vibrational state v, and
rotational state J
z = physical altitude
In the cases considered here, essentially all
the molecules are in the ground electronic state.

Other formulas needed are given by Herzberg (1950):

Ny

= —exp(-G(v)he/kT) 5
N l"’z}e{XP(—G(i)flc/kT) = u(T) (3)
1
N hcB
T kTV (23+1) exp(-0.625 F_(J)/T) (4)

nv
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where

By

It

rotational constant

It

G(v) vibrational term value for state v

In these calculations, the integration was performed
in steps of log Pg; combining all these yields
log P
WJ _ 7rhe2 2 max u(T) dz

£S5, " m_ck v Ngy (P) =3~ FTog 7 9109 Py
log P

o

min (5)

The overall procedure was as follows:

(a) at each level in the integration, compute
the partial pressures of the relevant atomic
and molecular species (see, for example,
Tsuji, 1964), taking ionization into account:

(b) perform the integration through the atmo-

sphere to obtain WJ/fS for appropriate

J
values of J for each molecule considered;

(¢) from these values, calculate a theoretical
effective rotational temperature; by compar-
ison with observed values for WJ/SJ, find
f-values,

Values for the molecular equilibrium constants

were taken from Tsuji (1964). The species considered

were:

-+

L]

. . . +
(a) atomic and ionic: H, He, 0, Ca, Ca , Mg, Mg
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ti, Tit, zr, zrt, c:
(b) molecular: H,, OH, CO, H,0, CaH, CaO, MgH,
MgO, TiO, Zro0.

I found that, for these purposes, sufficient accuracy
was obtained without complicated iterative procedures.
The elemental abundances were taken from Goldberg
et al., (1960), and the molecular constants from
Herzberg (1950).

Calculations were carried out for a number of
published model atmospheres for the sunspot umbra.
In some cases, it was necessary to calculate physical
altitudes from the authors' published values for P
and T as a function of optical depth. Values for the
absorption coefficient for the H ion were taken from
Chandrasekhar (1946) and Geltman (1965) and used for
this purpose. For those cases where calculation of
hydrostatic pressure was required (see Table 3), the
iterative procedure of Weidemann (1955) was used.

The equation for hydrostatic equilibrium, assuming
the opacity is due entirely to H , and neglecting

ionization of H, becomes

dp_ _ mg (1+4B) P +2PH,

= ble (6)
dat o(Pe PH
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where

B number abundance of He nuclei

il

oK = absorption coefficient of H

Multiplying each side by Png and integrating,

T
Pg PH+2PH2 1/2
Pg(‘t) = 2mHg(l+4B) T x 5 ar (7)

o

This equation is easily integrated, and converges
rapidly. I assumed B = 0.16, for convenient comparison
with the atmospheres of Zwaan (1965). It should be
noted that Makita (1968) found no dependence of Ter
on the He abundance, so this is of little importance,
except for small corrections to the pressures.

Electron pressures were derived from the tables
of Zwaan (1965) and Vardya (1961).

The models tested for Ter and f-values are listed,
with brief descriptions, in Table 3.

The quantities ATer = Ter(observed) - Ter(cal—
culated) for TiO and MgH and the f-values for TioO,

MgH, and CaH A are the easiest quantities to consider
when evaluating these various models. They are listed

in Table 4.
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Table 3

Model Name Description

Zwaan, 0.48, hyd. A hydrostatic model based on
a solar model with the tem-
perature reduced by adding
0.48 to @ at each point.
(Zwaan, 1965)

Zwaan, 0.48, sub-hyd. Like 1., but with pressures
reduced by a factor of 4,

Zwaan, 0.35, hyd. Like 1., withda® = 0.35.

Zwaan, 0,35, sub-hyd. Like 3., but with pressures
reduced by a factor of 4.

Van't Veer, 1966 A model with sub-hydro-
static pressures, derived
from wings of Na and Mg
resonance lines,

(Vvan't veer, 1966)

Makita, 1963 A "2-~component" model based
on photoelectric photometry
and atomic spectra.

(Makita, 1963)

Fricke and Elsasser A model with sub-hydro-
static pressures, extended
here to log T = -4 by the
author. "

(Fricke and Elsasser, 1965)

Henoux, 1968 A model based on the ©-7T
relation from infrared con-
tinuum photometry of Henoux,
with hydrostatic pressures
calculated by the author.
(Henoux, 1968)

Webber, 1969 A new model, based on
molecular spectra at small
optical depths, calculated
in this investigation.
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The value of Top = 3450 *£300° K adopted for
the CaH A bands is just sufficiently questionable
to warrant ignoring it in this table. 1In all the
models tested, the rotational temperature for CaH
was found to be intermediate between that of TiO and
that of MgH (see Figure 2). Since (as will be shown)
the measured temperatures of TiO and MgH are prob-
ably slightly high, the number of 3450 for CaH is
probably close to the correct value, purely by
chance, |

The contribution functions (integrand of
Equatién (2) ) for the three molecules considered
here are shown in Figure 2 for the principal model
of Zwaan (1965), along with the contribution
functions for weak Fe I lines with excitation
potenﬁials of 0.0 and 4.5 eV calculated by Zwaan.
This model was chosen for Figure 2 because it is
generally representative of the depths of formation
of the atomic and molecular lines, and the atomic
functions had already been calculated. 1In each case,
the contribution functions have been normalized to
a maximum of 1.0 for easy comparison,

In a cool model such as this one, the cut-off
of the contribution function for large optical depth

is due primarily to the weight function for CaH and
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MgH; there are significant amounts of those two
molecules present at higher temperatures, but they
contribute little to the observed spectrum. The
effect will be even more pronounced for those mole-
cules which are most stable at higher temperatures,
such as CoO.

The cut-off in the contribution for small optical
depth is due primarily to the drop in density of the
atmosphere as a whole, although the change in mole-
cular equilibrium with temperature is also important.
For these reasons, it is to be expected that the
contribution functions for the high-temperature
molecules will be quite similar. Therefore, the
rotational temperatures obtained from such molecules
will be nearly the same, clustering about a maximum
value.

I must conclude, then, that the spectra of high-
temperature molecules in sunspots will yield little
additional information, although it will be of course
satisfying to see the prediction verified. The real
contribution molecules can make is to the understand-
ing of the outermost layers, where the rotational
temperature of TiO in particular does not depend on
the cut-off dﬁe to the weight function to any signi-

ficant degree.
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V. CONSTRUCTION OF A MODEL

In attempting to contruct a new model using the
molecular observations made here, three principal
criteria were employed. First, it was required that
the effective rotational temperatures obtained from
the final model for TiO and MgH agree with the
observations exactly. Secondly, according to Zwaan
(1965), the observed strengths of the atomic lines
cannot be adequately accounted for by a model which
is substantially hotter than Zwaan's hydrostatic
model with A® = 0.48, through the region 0.1 ¢T < 1.
This requirement is reasonable and justifiable.
Thirdly, for T >»1 the model must not be substantially
hotter than the temperature distribution found by
Henoux (1968). Henoux's results are derived from
photoelectric measurements of the infra-red continuum,
and are thus much less subject to contémination from
photospheric scattered light than other types of
data.

A beginning was made by extending the ©-T relation
of Henoux to an optical depth of 0.0001 in a smooth
fashion., New @-T relations were derived from the
original by a parametric expression of the arbitrary

form

O(r) = &) [a+blogz + ellog2)?] + d (8)
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and the parameters a,b,c,d were adjusted in an attempt
to satisfy the criteria listed above. Pressure dis-
tributions were assumed to be hydrostatic and were
calculated as described in Section IV.
It was foﬁnd to be impossible to construct a
model satisfying all these criteria. A model which

predicts exactly the observed Te for TiO and MgH is

r
listed in Table 5. This model is several hundred
degrees hotter for P »0.01 than the previously
mentioned criteria for the atomic and infra-red

data would allow. Furthermore, the f-values found

for TiO and caH from this model are unreasonably

large.

The objection about f-values may be easily removed
by assuming pressures which are sufficiently sub-
hydrostatic. However, the predicted Ter depends
almost entirely on the @-7 relation, and is virtually
uncoupled from any assumptions about the pressure.

There are then two possibilities to account for
these discrepancies, Either the atomic and continuum
conclusions are incorrect, or the Tef found from these
observations are all too high. The first possibility

is beyond the scope of this paper; the second will

be discussed briefly.
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In the first place, the difficulties in measuring
the molecular lines have already been noted. The
scatter of points is large, as seen on the graphs.

The lines drawn represent the slopes of the adopted
envelopes. A slope implying a temperature 300° K
less than the adopted one in each case would not be
entirely unreasonable, although the good agreement
between the TiO measures for the two separate dates
is difficult to understand if such is the case.

It should be noted in passing that Wilson's
(1968) tentative model agrees with my @-Trelation
near T = 0.1, and is in good agreement with the eff-
ective temperature (i.e., T at T = 2/3) of Chitre and
Shaviv (1967). However, his temperature gradient
is too small to account for the 450° K difference
between the Ter for TiO and MgH observed here, and
thus cannot be quoted as supporting evidence.

I must conclude that the Ter obtained from
photographic spectra in this manner are probably not
reliable enough for definite conclusions to be drawn.
Nevertheless, the potential utility of these molecules
for probing the outer layers of the sunspot atmosphere
cannot be doubted. Greater accuracy in measuring
equivalent widths is essential, as is increased

laboratory data.
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VI. OBSERVATIONAL PROGRAM SUGGESTIONS

The hundreds of lines measured in this inves-
tigation represent only a small fraction of the mole-
cular features in sunspots in these regions of the
spectrum. It is therefore clear that a comprehensive
attempt should be made to identify and measure these
features. An extension of the present theoretical
calculations should be made, taking into account
every single element and all reasonable diatomic and
triatomic molecules for which good estimates of the
équilibrium constants can be made. A compilation of
all laboratory measurements for molecular lines should
be made, arranged in order of wavelength.,

A second subject needing investigation is whether
or not the structure of the umbral atmosphere varies
with size, shape, or history of the spot. This is
very difficult to determine by means of even the best
photoelectric photometry for absolute fluxes, or by
atomic spectroscopy, because of contamination by
scattered light from the disk, However, Teor from the
molecular spectra is independent of the total amount
of scattered light, and so can be determined with
reasonable accuracy regardless of spot size.

It should be noted in this connection that it is

unnecessary to measure each time the large number of
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lines measured here. This investigation has esta-
blished which lines of TiO and CaH are particularly
useful, in that they are practically free from unknown
blends or continuum uncertainty.

A third subject is the variation of T,y and
absolute line strength with position on the disk.
Ideally, one should obtain first-class spectra with
a minimum of scattered light for a single, stable
spot as it crosses the disk. 1In practice, this is
probably impossible; but if it is established first
that the variation in Ter between different spots is
negligible or predictable, such an investigation
would become possible,

Finally, as previously noted, photographic
spectra are probably of insufficient accuracy to
permit conclusions of greater reliability than those
presented here. Photoelectric spectra with carefully

calibrated equipment are urgently needed,



(b)

Figure 3. (a) shows the spot of 10/28/68 at 14:55 U.T.
(b) shows the spot of 1/7/69 at 16:42 U.T. See text
for comments on the quality of the photographs.
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Table 5

Tsooo =) Log Pg Log Pe z (km)
.0001 1.646 3.21 -2.15 0
.0002 1.614 3.36 -1.97 42
.0004 1.577 3.52 -1.78 85
.0007 1.547 3.65 -1.62 122
.001 1.529 3.73 -1.53 144
.002 1.490 3.89 -1.33 191
.004 1.448 4.05 -1.12 238
.007 1.415 4.18 ~-.95 277
.01 1.389 4.26 -.83 302
.02 1.348 4.41 -.62 352
.04 1.298 4.56 -.39 403
.07 1.252 4.68 -.19 446
.1 1.223 4.76 -.06 473
.2 1.154 4.90 .22 529
.4 1.080 5.04 ‘.50 588
.7 1.022 5.15 .72 640
1. .963 5.22 .93 674
2, .860 5.33 1.40 734
4, .764 5.39 2.04 777
7. .710 5.43 2.45 807
10. .683 5.46 2.66 826
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Table 6

et et i s

Wavelength measurements: TiO lines

Identification A(lab) A(meas) Quality
R, (70) 5211.77 5211.76 3
R, (69) 12.14 12.13 2
P, (48) 12.41 12.41 2
P, (50) 12,79 12.79 2
R, (71) 12.88 12.87 2
R, (70) 13,63 13.63 2
P, (49) 13.88 13.89 2
P, (51) 14.30 14.30 3
R, (72) 14.42 14 .41 2
R, (72) 14.86 14.85 2
P, (50) 15.40 15.39 2
P, (52) 15.86 15.84 2
R, (73) 15.99 15.98 2
R4 (72) 16.73 16.71 1
P5(51) 16 .94 16.95 3
R, (74) 17.59 17.59 2
P, (53) 17.76 17.76 2
R, (74) 18.08 18.08 1
R4 (73) 18.30 18.32 1
P, (52) 18.50 18.51 3
P, (54) 19.03 19.03 2
R, (75) 19.21 19.21 3




Wavelength measurements:

Table 6 (cont.)

40

TiO lines

Identification

A(lab) A (meas) "Quality
P, (54) 5219.38 5219.37 2
R3(74) 19.91 19.90 2
Pl(55) 20.66 20.63 3
R, (76) 21.39 21.36 2
R3(75) 21.56 21.53 3
Pl(56) 22,27 22 .26 2
Rl(77) 22 .55 22,52 2
R2(77) 23.10 23.08 i
P1(57) 23.98 23.99 2
Pl(58) 25.67 25.67 1
Rl(79) 25,99 26 .00 2
P, (58) 26.11 26.12 2
Pl(59) 27 .40 27.41 1
P, (59) 27.87 27.87 2
Pl(60) 29.16 29,17 3
'R1(81) 29,55 29 .55 2
P, (60) 29,65 29.65 2
P2(6l) 31.46 31.47 2
Rl(83) 33.22 33.21 1
P2(62) 33.29 33.29 2
P3(6l) 33.74 33.75 2
P3(62) 33.57 33.57 1
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Table 6 (cont,)

Wavelength measurements: TiO lines

Identification A(lab) A (meas) Quality
R3(83) 5235.68 5235.68 2
R2(84) 35.78 35.79 2
Pl(64) 36.43 36 .45 2
P3(63) 37.42 37.42 1
R3(84) 37.56 37.57 2
R, (85) 37.70 37.71 3
Pl(65) 38.34 38.34 2
P3(64) 39.30 39.30 2
R3(85) 39.48 39.48 2
R2(86) 39.65 39.65 2
Pl(66) 40.26 40.25 2
P3(65) 41.20 41.21 3
R3(86) 41,42 41.44 2
R2(87) 41.64 41.64 1
Pl(67) 42 .21 42 .20 2
R, (88) 43.65 43.65 1
Pl(68) 44 .16 44 .17 2
P3(67) 45,11 45.11 3
R3(88) 45,37 45,34 2
P2(69) 46 .87 46 .86 2
Rl(90) 46,94 46 .94 1
R3(89) 47 .45 47 .45 1




Wavelength measurements:

Table 6 (cont,)
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TiO lines

Identification A(lab) A (meas) Quality
R2(90) 5247.,75 5247 .74 1
P1(7O) 48.22 48.19 3
P2(70) 48 .92 48,92 2
Rl(9l) 49,03 49.02 1
R3(9O) 49.51 49.51 1
R2(9l) 49 .84 49 .84 2
P2(71) 50.96 50.99 2
R3(9l) 51.61 51.59 2
Pl(72) 52.33 52.32 3
P2(72) 53.11 53.09 1
R3(92) 53.70 53.72 2
R2(93) 54.15 54.12 2
Pl(73) 54 .44 54 .44 2
P2(73) 55.24 55.22 1
Rl(94) 55.43 55.41 1
R3(93) 55.88 55.87 1
R2(94) 56.31 56 .30 2
P1(74) 56 .58 56 .56 3
P2(74) 57.43 57.37 2
.P3(73) 57.43 57.44 2
R (95) 57.60 57.61 1
R3(94) 58.02 57.99 2




Wavelength measurements:
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Table 6 (cont,)

TiO lines

Identification A(lab) A(meas) Quality
R2(95) 5258.53 5258.50 3
Pl(75) 58.74 58,72 3
Rl(96) 59.85 59.83 2
R3(95) 60.25 60,27 1
Pl(76) 60.94 60.94 2
R3(96) 62.50 62.51 2
P, (77) 63.15 63.16 1
R3(98) 67.08 67.10 2
P3(78) 68.51 68.53 1
P3(79) 70.80 70.82 1
P2(80) 70.93 70.94 2
R3(100) 71,77 71.78 3
Pl(82) 74 .61 74 .59 2
P3(81) 75.47 75.49 2
R3(102) 76,58 76 .58 2
Pl(83) 77.05 77.06 2
P3(82) 77 .87 77.86 2
P2(83) 78.08 78.08 2
Rl(lO4) 78.67 78.70 2
Pl(84) 79.46 79.50 2
R2(104) 79.76 79.78 1




Wavelength measurements:

Table 6 (cont.)
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TiO lines

Identification A(lab) A (meas) Quality
P, (84) 5280.52 5280.54 2
R3(104) 81.51 81.53 1
P3(84) 82.71 82.72 2
P, (85) 83.01 83.00 1
R, (106) 84.83 84.83 1
P, (86) 85;49 85.50 3
Pl(87) 86 .92 86 .91 1
R2(107) 87.39 87.39 2
P, (87) 88.02 88.02 2
Rl(108) 88.83 88.83 1
R3(lO7) 89.13 89.13 2
Pl(88) 89.44 89.44 2
R, (108) 89.99 89.99 1
P3(87) 90.20 90.20 2
P2(88) 90.57 90.58 1
P, (89) 92.01 92.00 2
P3(88) 92.77 92,75 2
Rl(llO) 94,09 94.09 1
R3(109) 94,35 94.37 1
Rl(112) 99.48 99.48 1
Pl(92) 99.88 99.88 1
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Table 6 (cont.)

Wavelength measurements: CaH A(0,0) lines

Identification A (lab) A (meas) Quality
Rl(36) 6764 .08 6764.09 1
Rl(35) 68.95 68.99 2
Rl(34) 73.79 73.81 2
Rl(32) 83.44 83.47 2
Rl(3l) 88.29 88.32 2
R2(3O) 92 .13 92.13 2
R, (29) 96 .67 96 .64 2
Rl(29) 98.00 98.00 2
R2(28) 6801.15 6801.15 2
R1(27) 07.69 07.71 2
R, (26) 10.13 10.15 1
Rl(26) 12,53 12.55 2
R2(25) 14,58 14.59 2
Rl(25) 17.37 17.41 2
R2(24) 19.02 19.03 2
Rl(24) 22 .24 22 .24 3
R2(23) 23.45 23.46 2
Rl(23) 27.07 27.10 1
R, (21) 32.26 32.22 1
Q, (43) 35.31 35.29 2
Ql(42) 36.17 36.16 2
R, (20) 36.61 36.62 2




Wavelength measurements:
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Table 6 (cont,.)

CaH A(0,0) lines

Identification A (lab) A (meas) Quality
R, (21) 6836 .83 6836 .81 2
Q, (41) 40.18 40.16 2
R, (19) 40.93 40.90 2
Q, (41) 43.05 43.03 2
R, (18) 45.20 45.18 1
R, (19) 46 .51 46 .52 2
Q, (40) 46 .84 46 .83 3
Q,(39) 48.04 48.03 1
R, (17) 49.47 49 .47 1
Q, (39) 50.59 50.60 2
R, (18) 51.36 51.34 2
R, (16) 53.69 53.69 2
Q, (38) 54.23 54,24 2
Ry (17) 56 .24 56 .27 2
Ry (16) 61.11 61.14 3
Q, (35) 63.15 63.16 1
Q, (35) 64.86 64.84 2
Q, (34) 66 .65 66 .67 3
R, (11) 74.19 74.18 2
Q, (31) 77.91 77.92 1
R, (10) 78.14 78.12 2
R, (12) 80.73 80.77 2




Wavelength measurements:
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Table 6 (cont.)

CaH A(0,0) lines

Identification A(lab) A{meas) Quality
Ry (7) 6889.44 6889.36 2
R, (10) 90.68 90.62 2
R, (5) 96 .51 96 .46 1
Q, (24) 97.41 97.37 2
Q,(24) 98 .82 98.79 3
Q,(23) 6901.58 6901.56 2
Q, (22) 02,08 02,02 2
R, (3) 03.01 03.04 2
Q, (20) 06.29 06 .32 2
Q, (21) 06 .86 06 .95 2
R, (6) 11.22 11.19 1
Q, (19) 11.79 11.75 2
Q, (14) 15.87 15.84 2
Q, (17) 16 .37 16 .36 2
Q, (13) 16 .96 16 .95 3
Q, (15) 20.57 20.59 2
Q,(12) 26.26 26.23 2
R, (3) 27.54 27.57 2
Q, (11) 28.00 27.98 2
Q, (8) 32.81 32.79 2
Q, (6) 35.65 35.68 2
Q, (5) 37.02 37.08 2




Wavelength measurements:
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Table 6 (cont,)

CaH A(0,0) lines

Identification A(lab) A(meas) Quality
P, (5) 6939.,30 6939.31 2
P1(5) 56 .08 56.11 1
P, (10) 62.20 62,18 2
P, (11) 66,34 66.29 2
Pl(9)v 66 .76 66.74 2
Pl(lo) 69,58 69.57 3
P, (12) 70.34 70.29 2
Pl(ll) 72 .45 72.43 2
Pl(l2) 75.28 75.31 2
P, (14) 77.91 77.94 1
Pl(13) 78.13 78.16 2
Pl(l4) 80.95 80.95 2
Pl(ls) 83.74 83.75 2
Pl(l7) 89.23 89.26 2
Pl(l9) 94.48 94 .51 2
Pl(21) 99.47 99.49 2




Wavelength measurements:
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Table 6 (cont.)

CaH A(1l,1) lines

Identification A{(lab) A(meas) Quality
Rl(32) 6773.25 6773.25 2
R2(3l) 77 .26 77.28 2
R, (30) 81.52 81.51 2
Rl(30) 82.43 82 .45 3
R2(29) 85.78 85.82 2
Rl(29) 87.06 87.11 2
R2(28) 90.05 90.07 2
Rl(28) 91.69 91.72 2
Rl(27) 96 .35 96 .34 2
Rl(26) 6800.98 6800.99 1
R, (23) 11.20 11.21 1
R2(22) 15.39 15.39 1
Rl(21) 24,18 24 .23 2
Rl(20) 28.85 28.86 3
Rl(l9) 33.54 33.53 2
R, (17) 35.98 35.96 2
Rl(18) 38.18 38.19 3
Rl(l6) 47 .48 47.50 2
Rl(15) 52.14 52.18 2
Q, (34) 60.61 60.63 2
R, (10) 63.06 63.07 2
Q,(32) 63.25 63.29 2




Wavelength measurements:
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Table 6 (cont,)

CaH A(1l,1) lines

Identification A(lab) A (meas) Quality
Q, (33) 6863.58 6863.58 2
’R2(6) 77.28 77.29 2
Ql(27) 78.31 78.30 2
Q, (24) 86.29 86 .26 2
Ql(24) 86 .36 86 .41 2
Q2(23) 88.33 88.31 2
Ql(22) 91.45 91.42 1
Q, (21) 92.05 91.96 2
Q, (17) 97.98 98.00 2
Q, (16) 99.21 99.18 3
Ql(18) 6900.45 6900.44 2
Q, (13) 01.78 01.74 2
Q, (12) 02.28 02,24 2
Rl(4) 05.66 05.73 2
Q1(15) 06 .40 06 .46 2
Ql(9) l6.17 16.17 2
Ql(S) 21.60 21.65 1
Ql(4) 22 .90 22 .93 1
Pl(S) 38.71 38.70 2
P, (10) 44.70 44.70 2
P, (11) 48 .85 48.82 2
Pl(lO) 52.18 52.20 2




Wavelength measurements:
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Table 6 (cont.)

CaH A(l,1l) lines

Identification A (lab) A (meas) Quality
Pl(ll) 6955.05 6955.07 3
P2(l4) 60.44 60.42 2
Pl(13) 60.84 60.85 2
Pl(l4) 63.69 63.70 1
Pl(lS) 66 .52 66 .50 2
P2(16) 67.57 67.54 3
Pl(16) 69.29 69.26 2
P1(18) 74 .65 74 .67 2
Pl(l9) 77.23 77.26 2
P2(20) 80.46 80.43 2
Pl(21) 82.17 82.18 2
P2(21) 83.41 83.39 2
P1(22) 84 .54 84.53 2
P2(22) 86 .22 86.21 1
P1(23) 86 .84 86 .82 1
P2(24) 91.53 91.59 2
Pl(26) 93.10 93.12 3
P2(26) 96 .43 96 .43 2
Pl(28) 96 .76 96 .80 1
Pl(29) 98.49 98.50 2
Pl(30) 7000.05 7000.09 1




Wavelength measurements:
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Table 6 (cont.)

CaH B(0,0) lines

Identification A (lab) A (meas) Quality
R2(21) 6237.10 6237.09 2
Rl(23) 38.03 38.03 2
R1(22) 43,52 43.50 3
R, (19) 48 .47 48 .47 2
Rl(2l) 48,96 48.98 1
Rl(l9) 59.80 59.80 2
R1(17) 70.43 70.44 2
R, (15) 70.71 70.70 2
Rl(l6) 75.69 75.67 2
R, (14) 76 .13 76 .12 2
Rl(lS) 80.82 80.84 1
R, (13) 81.49 81.47 3
R1(14) 85.93 85.94 2
R2(12) 86.76 86.76 2
R, (11) 91.95 91.95 2
R2(10) 97.06 97.06 3
Rl(ll) 6300.72 6300.75 1
R2(8) 06,98 06 .96 2
Rl(9) 10.14 10.15 2
‘R2(7) 11.78 11.77 2
R, (6) 16 .48 16 .46 2
R, (5) 21,07 21.06 1




Wavelength measurements:
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Table 6 (cont.)

CaH B(0,0) lines

Identification A {(lab) A {meas) Quality
R, (4) 6325.53 6325,52 1
R, (4) 31.57 31.58 1
P, (4) 56 .15 56 .16 2
P, (4) 57.90 57.85 1
P, (5) 59.28 59.27 1
P, (5) 60.46 60.43 2
P, (6) 62.20 62.21 2
P, (7) 64.94 64.95 2
P, (7) 65.14 65.11 2
P, (8) 67.26 67.23 3
P, (8) 67.53 67.53 3
P, (9) 69.22 69.20 2
P, (9) 69.94 69.96 2
P, (10) 72.20 72.21 1
P, (11) 72.70 72.70 2
P, (38) 73.85 73.86 3
P, (12) 74 .23 74.22 2
P, (11) 74.33 74.31 2
P, (37) 74.73 74.72 2
P, (12) 76 .24 76 .25 2
P, (35) 76 .41 76 .40 2
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Table 6 (cont.,)

Wavelength measurements:

CaH B(0,0) lines

Identification A(lab) A (meas) Quality
P, (14) 6376 .84 6376 .84 2
P, (34) 77.23 77.22 3
P, (31) 79.38 79.39 2
P, (30) 80.01 80.01 2
P, (18) 80.41 80.44 1
P, (29) 80.56 80.56 2
P, (15) 81,21 81.22 2
P, (16) 82,57 82.59 3
P, (41) 82,79 82.80 2
P, (40) 83.43 83.43 2
P, (17) 83.80 83.81 3,
B, (18) 84.89 84,91 3
P, (37) 85.36 85.38 2
P, (36) 85.99 86 .01 2
P, (35) 86 .57 86 .60 2
P, (34) 87.14 87.16 2
P, (33) 87.63 87.66 1
P, (22) 87.99 88.02 1
P, (32) 88.08 88.10 1
P, (23) 88.41 88.39 1
P, (31) 88.47 88 .48 1




Wavelength measurements:
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Table 6 (cont.)

CaH B(l,1) lines

Identification A (lab) A (meas) Quality
R2(23) 6238.76 6238.75 2
Rl(23) 50.36 50.38 2
Rl(22) 55.31 55.32 1
R, (19) 59.45 59.44 2
Rl(21) 60.25 60.25 2
R2(18) 64.62 64.60 1
R2(l7) 69.79 69.80 2
R2(l6) 74.93 74.91 2
Rl(18) 75.03 75.04 2
R, (15) 80.05 80.04 1
Rl(l6) 84.79 84.80 2
R, (14) 85.11 85.07 1
Rl(lS) 89.61 89.63 1
R2(13) 90.13 90.12 2
Rl(l4) 94 .40 94 .41 2
R, (12) 95.09 95.06 1
R1(13) 99.14 99.14 1
Rz(ll) 99,99 99.97 2
Rz(lO) 6304.82 6304 .80 2
Rl(ll) 08.43 08.42 2
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Table 6 (cont.)

Wavelength measurements: CaH B(l,1l) lines

Identification A{lab) A (meas) Tauality
R2(9) 6309.59 6309.55 3
Rl(8) 21.82 21.85 1
Rl(6) 30.31 30.34 1
Rl(4) 38.29 38.27 1
Rl(3) 42,06 42 .06 1
Rl(2) 45.66 45,66 1
Pl(2) 55.74 55.73 1
Pl(S) 65.39 65.40 2
P2(5) 66.10 66 .06 2
Pl(6) 68.28 68.28 1
P2(6) 68.59 68.56 1
P2(7) 70.90 70.87 2
P, (8) 73.04 73.02 2
Pl(8) 73.52 73.51 1
P2(9) 75.07 75.06 2
Pl(9) 75.90 75.91 2
P, (10) 76 .98 76,95 2
Pl(ll) 80.24 80.25 2
P2(12) 80.41 80.35 1
P, (14) 83.27 83.27 3




Wavelength measurements:
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Table 6 (cont.)

CaH B(1l,1l) lines

Identification A(1lab) A (meas) Qualit;
P2(l6) 6385.73 6385.74 2
P2(l9) 88.59 88.59 1
P2(20) 89.33 89.34 2
P2(21) 90.00 90.00 3
Pl(l7) 90.40 90.44 2
P2(22) 90.56 90.57 2
P2(23) 91.06 91.07 3
P2(24) 91.48 91.48 2
Pl(18) 91.73 91.75 1
P2(25) 91.84 91.83 1
P2(26) 92,13 92.14 3
P2(27) 92,37 92,38 2
P, (28) 92.59 92.59 2
P2(29) 92.79 92.78 3
P2(31) 93.14 93.14 2
P2(32) 93.35 93.34 1
P2(34) 93.98 93.98 2
Pl(20) 94,06 24 .07 2
Pl(21) 95.07 95.08 1
Pl(23) 96 .84 96 .84 2




Wavelength measurements:

Table 6 (cont,)
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CaH B(l,1) lines

Identification A(lab) A (meas) Quality
Pl(24) 6397.60 6397.60 1
Pl(25) 98.29 98.28 2
Pl(26) 98.89 98.90 3
P1(27) 99.45 99.46 2
P1(30) 6400.90 6400.89 2
Pl(3l) 01.32 01.32 2
Pl(32) 01.76 01.77 3
Pl(33) 02.19 02.19 2
P, (34) 02.72 02.74 2
Pl(35) 03.38 03.38 2
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Table 7

Good lines in the sunspot spectrum: TiO

Identification A (lab) A (meas) Equivalent Widtg
Min Max
R2(70) 5211.77 5211.76 7.7 12.3
R3(69) 12,14 12,13 (8.6) (11.3)
P3(48) 12 .41 12 .41 (9.1) (11.1)
Pl(Sl) 14.30 14.30 10.2 13.1
Ry (72) 14 .42 14.41 (9.5) (12.5)
P3(51) 16 .94 16 .95 10,1 12.5
P3(52) 18.50 18.51 10.0 13.4
Rl(75) 19.21 19.21 6.1 9.9
Pl(55) 20.66 20.63 8.0 11.7
R3(75) 21.56 21.53 7.0 12.3
Pl(60) 29.16 29.17 10.7 17.5
R2(85) 37.70 37.71 6.7 10.0
P3(65) 41.20 41.21 8.6 12.2
P3(67) 45.11 45,11 7.1 11.0
Pl(70) 48 .22 48 .19 (7.2) (9.7)
P4 (72) 52,33 52,32 7.1 9.8
P1(73) 54 .44 54 .44 (8.3) (12.3)
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Table 7 (cont,)

Good lines in the sunspot spectrum: TiO

Identification A(lab) A (meas) Equivalent Width
Min Max
Pl(74) 5256 .58 5256 ,56 8.0 10.3
R2(95) 58.53 58.50 5.3 9.7
Pl(75) 58.74 58,72 9.0 12.3
P, (76) 60.94 60.94 (8.1)
R3(100) 71.77 71.78 3.0 4.6
P1(83) 77.05 77 .06 (6.7)
P3(82) 77.87 77 .86 (8.0)
P2(86) 85.49 85.50 4.8 8.9
R3(107) 89.13 89.13 (2.1) (5.3)
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Table 7 (cont.)

Good lines in the sunspot spectrum: caH A(0,0)

Identification A{lab) A (meas) Equivalent Width
Min Max
Rl(29) 6798.00 6798.00 (13.0) (15.8)
R2(25) 6814 .58 6814 .59 (14.5) (12.7)
R1(24) 22,24 22 .24 14.8 21.3
Q2(40) 46 ,84 46 .83 12 .6 17.9
Q, (38) 54.23 54.24 (11.7) (16.5)
R1(17) 56 .24 56 .27 (16 .7) (24.8)
Rl(l6) 61.11 61.14 13.1 21.4
Ql(34) 66 .65 66 .67 15.4 25.4
Ql(24) 98.82 98.79 28.0 33.1
Ql(l9) 6911.79 6911.75 (17.5) (31.3)
Q2(l4) 15.87 15.84 (21.8) (29.8)
Q, (13) 16 .96 16 .95 23.0 28.7
Ql(12) 26 .26 26.23 (27.6) (36.2)
Pl(IO) 69.58 69.57 19.3 25.0
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Table 7 (cont.)

Good lines in the sunspot spectrum: CaH A(l,1)

Identification A(lab) A (meas) Equivalent width
Min Max

Rl(32) 6773.25 6773.25 (15.5) (21.8)
Rl(30) 82.43 82 .45 12.2 23.1
Rl(20) 6828.85 6828.86 13.7 21.2
Rl(l9) 33.54 33.53 (14.1) (19.9)
R, (18) 38.18 38.19 | 14.1 18.9
Q2(34) 60.61 60.63 (16.3) (17.1)
Q2(16) 99.21 99.18 18.8 31.9
Pl(ll) 6955.05 6955.07 17 .4 26.7
P2(14) 60.44 60.42 (20.9) (26.0)
P2(l6) 67.57 67.54 18.9 27.4
P1(16) 69.29 69.26 (21.1) (30.7)
Pl(26) 93.10 93.12 18.3 22,7




Good lines in the sunspot spectrum:
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Table 7 (cont.)

CaH B(0,0)

Identification A (lab) A (meas) Equivalent Width
Min Max
Rl(23) 6238.03 6238,03 (5.7) (8.6)
Rl(22) 43,52 43.50 7.9 14.9
R2(19) 48 .47 48 .47 (11.5) (14.5)
R2(15) 70.71 70.70 (8.9) (15.4)
R2(l3) 81.49 81.47 6.7 11.9
R2(12) 86.76 86,76 (6.6) (13.9)
R2(10) 97 .06 97.06 13.5 18.4
P, (4) 6356.15 | 6356.16 (5.4) (9.0)
P2(7) 65.14 65.11 (8.7) (17.0)
P2(8) 67 .26 67.23 12.5
Pl(8) 67.53 67.53 9.8
P1(9) 69.94 69.96 (21.2)
Pz(ll) 72.70 72.70 (13.9) (22.4)
P2(38) 73.85 73.86 12.0
P2(34) 77.23 77 .22 19.6 22.5
P2(3O) 80.01 80.01 (10.2) (15.6)
Pl(l6) 82.57 82.59 12.5 18.6
Pl(40) 83.43 83.43 (12.0)
Pl(l7) 83.80 83.81 16 .6
Pl(18) 84.89 84.91 16.3 22.0
Pl(37) 85.36 85.38 (8.2) (11.1)
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Table 7 (cont.)

Good lines in the sunspot spectrum: CaH B(1,1)
Identification A (1lab) A (meas) Equivalent wWidth
Min Max
R, (23) 6238.76 | 6238.75 | (6.1) (7.8)
R, (21) 60.25 60.25 (6.2)
R, (18) 75.03 75.04 (8.4)
R, (10) 6304.82 | 6304.80 (6.0) (9.4)
R, (9) 09.59 09.55 6.6 12.4
P, (5) 65.39 65 .40 (6.2) (9.6)
P, (8) 73.04 73.02 | (14.2) (26.1)
P, (9) 75.07 75.06 (11.6)
P, (14) 83.27 83.27 11.5
P, (21) 90.00 90.00 10.6 14.0
P, (23) 91.06 91.07 8.8 13.0
P, (26) 92,13 92,14 11.2 15.0
P, (29) 92.79 92,78 13.5 16 .0
Pl(23)' 96 .84 96.84 | (13.6) (18.1)
P, (26) 98.89 98.90 12.0 15.8
P, (32) 6401.76 | 6401.77 17.4 21.5
P, (35) 03.38 03.38 | (18.1) (25.8)
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Table 7 (cont.)

Good lines in the sunspot spectrum: MgH
Identification A(lab) A{meas) Equivalent wWidth
Min Max
Q, (39) 5049.18 5049.22 (12.8) (20.4)
Q, (35) 73.38 73.42 19.4 27.6
Q, (29) 5106.21 | 5106.25 | (18.9) (27.3)
R, (16) 06 .85 06.87 | (15.7) (30.2)
Q, (25) 25.81 25.85 | (10.5) (29.1)
P, (33) 77.76 77.64 | (11.9) (19.5)
P, (29) 90.56 90.55 14.1 20.3
P, (28) 93.86 93.88 15.2 27.5
P, (24) 5202.99 | 5202.97 14.7 25.5
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APPENDIX

The accompanying figures are plots of log(WJ/SJ)
against FV(J) for the molecules considered. A
filled data point indicates a measurement for which
there was no apparent difference between the true
and local continuum levels; it does not necessarily
implykgreater reliability. Solid straight lines
show the adopted maximum or minimum envelopes of
the points. Dashed straight lines show the enve-
lopes for individual branches which appear to differ

sisnificantly from the overall envelopes.
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