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of these variables, the emphasis would
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ABSTRACT

Spectra have been obtained in the 2p  atmospheric window with
a resolution of 32 and 65?%. of late-type dwarfs, giants, supergiants,
and long period variables.

In the non-variable stars, the first overtone band of CO at
2.29u shows a systematic increase with both increasing luminosity
and decreasing temperature. This increasing strength is interpreted
as arising from an increase in turbulence and a decrease in atmospheric
opacity. The 1.874 band of HZO appears only in stars of spectral type
M6 and later. The observed strength of this band is considerably weaker
than that predicted by model atmospheres. Strong bands of C]L?’O16 are
visible in most of the stars, and they are interpreted as indicating a
number ratio [ClZ/C13] < 10.

Variations in the strengths of the HZO and CO bands were measured
in 18 long period variables as well as variations in the continuum flux at
2. 25/4 , f(225). There is a phase lag between the visual and f{225) light
curves in the sense that the maximum of the latter occurs after that of
the former. The size of the lag is directly proportional to the range
at 2.25 4 . The molecular absorption bands are stronger in the variables
than in the non-variables of the same spectral type. The value of [CIZ/CM’]
for the variables is comparable to that for the non-variables.

There is evidence for differences in the value of [0/C] among
the variable stars. NML Tau seems to have a value ;imilar to that of

U Ori, a typical M-type variable. R Aur, T Cas, ¥ Cyg, and RS Lib

appear to have abnormally low values of [0/C].
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A model involving the motion of a shock wave through the star’s
atmosphere is discussed as a possible means of explaining variations
in both visual and infrared spectra.

The evolutionary history of and the effect of convective mixing
in late-~type stars is discussed and it is concluded that: 1.) the value of
[Clz/Cl3] indicates that mixing has occurred; 2.) the degree of mixing
may be greater in the non-variables than in the variables; 3.) the obser-
vations are not inconsistent with a high value of [0/C] in most of the

stars observed, i.e. [0/C] ~ 2,
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SUMMARY

This thesis consists of two papers, the first of which will be
published jointly with A. R. Hyland.

The data include a large number of spectra in the 24 atmospheric
window at a resolution of 32 or 65.?\ of late-type dwarfs, giants, super-
giants, and long period variables. Photometry at 1.25, 1.65, 2.2, and
3.54 was obtained for most of the objects. The spectra were corrected
for telluric absorption and were calibrated on an absolute flux scale by
comparison with early-type stars. The photometry was used to set up a
temperature scale based on the J-L color.

The three main features of the spectra are the. strong band of
HZO at 1.87 4 , the strong first overtone band of CO at 2.29 ¢ , and the
numerous weaker absorption features, In the non-variable stars the
strength of the CO band shows a strong increase with both decreasing
temperature and increasing luminosity (Fig. 10a, Paper I). The water
band is visible only in giants later than M5, is not visible in supergiants
as late as M4, and is visible in the M8 dwarf Wolf 359 (Fig. 12, Paper
I). The numerous weak absorption features also tend to increase in
strength with decreasing temperature and increasing luminosity. Some
of these have been identified as blends of atomic absorption lines. None,
however, can be positively associated with any molecular absorption
lines. In particular, absorption due to CN, S5Si0, and Ti0 seem to be
absent from the spectra presented here (Figs. 8 and 9, Paper I).

Strong isotopic bands of C13016 are visible in nearly all of the

stars and have been interpreted as indicating a number ratio [CIZ/C13]

< 10 (Fig. 11, Paper I). This value seems to be independent of spectral



type and luminosity for the giants and supergiants.

The increased band strengths observed in cooler and more
luminous stars is interpreted as being due to a combination of decreased
atmospheric opacity and increased turbulence in the region of band forma-
tion. It is noted that the variation with luminosity is opposite to that ob-
served by Eggen (1967) in the near infrared. There is strong evidence
that the band absorption cannot be characterized by a unique set of phys-
ical parameters. The strength of the 1. 87,(,( HZO band is considerably
weaker than that predicted by model atmosphere calculations (Fig. 17).

The presence of strong Cl3016 bands is interpreted as evidence
for mixing of the surface material with material which has been pro -
cessed through the CNO cycle. The surface abundances of C and 0 rela-
tive to H would then be expected to be considerably below the solar
value. This may be reflected in the weakness of the HZO band.

Eighteen variable stars were observed with varying degrces of
completeness over zall or part of their cycles. The variations of the
continuum flux at 2.2544, £(225), and the strengths of the CO and HZO
bands were studied in some detail. The variations of these quantities
are out of phase with one another and with the visual light curve. The
order in which the various maxima generally occur is visual, f(225),

CO0 and HZ()' The phase lag between the visual and f(225) light curves
is directly proportional to the range at 2. 25/4 and increases with de-
creasing mean temperature.

The maximum absorption strength of the HZO band in each star

is inversely proportional to the temperature at the time of maximum

strength and seems to be a continuation of the mean relation established



for the non-variable stars in Paper I except that the variables have
systematically stronger water absorption than the non-variables of
the same spectral type or temperature (Figs. 3 and 5, Paper II). The
maximum CO strength, on the other hand,increases only slightly if at
all with decreasing temperature at the time of maximum strength.
The difference between the variables and non-variables is in the same
direction as for the HZO band but it is not as great. The minimum CO
band strength for each variable decreases with decreasing temperature
(Figs. 3 and 5, Paper 1I). The mean value of the ratio [CIZ/CIBJ for
the variables is comparable to and perhaps slightly stronger than the
value for non-variables 6f the same spectral type (Fig. 6, Paper Il

Four of the variables observed show evidence for a lower value
of [0/C] than the remainder. These are R Aur, T Cas, ¥ Cyg, and RS
Lib. Other authors have also observed that the first three stars have
some S-type characteristics. Arguments have been given to show that
NML Tau has a [0/C] value characteristic of other M-type long period
variables, and in particular is quite similar to U Ori and does not pos-
sess S-type characteristics as has been claimed by some authors.

Observations of absorption and emission lines in visual spectra
have been summarized. A schematic model involving a shock front
propagating upward from the photosphere was discussed and was seen
to account for the general behavior of the visual spectra. This model
is essentially a synthesis of ideas proposed by other authors.

The increased continuous opacity at longer wavelengths and the
finite time required for a disturbance to move from lower to higher

layer s could be an explanation for the fact that the phase lag between the
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visual light curve and that at another wavelength increases as the wave-
length is increased. That the HZO absorption maximum always occurs
after the CO maximum suggests that the region responsible for the H,0
absorption is higher than that in which the C0O absorption primarily
occurs. ‘This might be expected since HZO becomes fully associated at
a much cooler temperature than CO (Fig. 9, Paper II).

The maximum absorption strength of CO and HZO for a given
star seems associated with a hotter temperature than occurs at mini-

mum absorption strength, the opposite of the temperature-band strength

relation observed between different stars (Paper I). This is interpreted

as indicating that phenomena associated with the stars variability, for
example an increase in the turbulence due to passage of the shock, dom-
inate the molecular absorption spectrum. The observed rapidity of the
rise to maximum strength of the H,0 band compared to the CO band, may
arise from the HZO being in a higher, less dense region where the effect
of the shock may be greater than in more dense regions.

A comparison of the observations with model atmospheres (Fig.
10, Paper II) again indicates that the H,0 bands predicted by the models
are too strong. It is suggested that radiation pressure may seriously
affect the distribution of the HZO molecules.

Observational and theoretical results bearing on the evolutionary
history of and abundances in late-type stars are discussed and evaluated.
It is concluded that observed band strength differences between the varia-
bles and the non-variables may be due to differences in the amount of
convective mixing that has occurred in these stars as suggested by Auman

(1970). As is the case with lithium, a small percentage of late-type



giants might have anomalously strong CO bands since, theoretically,
they would not be expected to have undergone convective mixing
(Wallerstein 1966) . It is also concluded that the observations pre-
sented here and by others are not inconsistent with a high value of
[0/C] for most of the late-type stars rather than a value close to

unity as has been suggested by some authors.



PAPER 1

LATE-TYPE DWARFS, GIANTS, AND SUPERGIANTS

(with A. R. Hyland)



I. INTRODUCTION

A survey of astronomical literature published prior to the
early sixties indicates a dearth of both theoretical and observational
work on stars of spectral type later than K. Problems encountered in
any theoretical treatment of these stars are especially severe. Know-
ledge of molecular absorption coefficients under conditions appropriate
to stellar atmospheres is poor, and values of disassociation constants,
especially for polyatomic species, are uncertain. Departures from the
usually assumed conditions of LTE, plane-parallel structure, and dy-
namical stability are probably large. Particle condeﬁsation and mass
loss play important roles but are little under stood.

The last few years have seen a rapid growth of infrared observa-
tional techniques allowing intensive investigation of the spectral region
where cool stars emit most of their energy. The observations of Pettit
and Nicholson (1933) stood almost alone for several decades. Now, the
measurement of radiation in the atmospheric windows longward of one
micron have not only indicated new classes of objects, but have given
new impetus to theoretical investigations of the old ones, namely late-
type giants, supergiants, and long period variables.

The purpose of the present series of papers is to present med-

d ium resolution spectra, mostly in the 24 window, of a large number of
objects which emit a significant amount of their radiation in the infrared
region. A preliminary, semi-quantitative analysis will be attempted in

the context of what is known about these stars from other investigations.



Since there are strong bands of H,0 and CO in this region (and CN in

the carbon stars) it is hoped that the observations will be able to

serve as a guide to future theoretical work on the atmospheric structure
and evolution of these stars. The spectra were obtained with an 0. 5-
meter Ebert-Fastie spectrometer operating at a resolution of 65A/mrn,
The advantages of this instrument and the resolution employed are the
number of objects which can be observed in a relatively short amount

of time and the ease with which the spectra can be corrected for tel-
luric absorption and be calibrated on an absolute flux scale. The main
disadvantage is that while individual vibrational bands are well resolved,
the rotational lines of molecules as well as closely spéced atomic lines
are not, making identification difficult.

The present paper will be limited to non-variable giants and
supergiants of normal chemical composition. Paper II will discuss
observations of long period variable stars of types M and MS. Papers
III and IV will consider stars of types C and S respectively, Observa-
tional techniques and the reduction procedures used will be discussed in
detail here. Succeeding papers will be referred to as little as possible
but free use will be made of results obtained in previous papers. No
attempt has been made to provide a complete historical bibliography.
Only those papers which directly influenced the author’'s thinking will

be referred to.



II. OBSERVATIONAL TECHNIQUE

The spectra discussed in this and succeeding papers were
obtained with an ¢.5-m focal length Ebert-Fastie spectrometer used
at the Cassegrain foci of the 60, 100, and 20Q-inch telescopes of the
Hale Observatories. A physical description of the spectrometer has
been given previously by McCammon, Munch, and Neugebauer (1967).
This section, therefore, will be concerned primarily with a description
of the observational techniques, the absolute calibration, and the elimin-
ation of telluric absorption features, The latter is most important as
the major sources of error are due to incorrect or incomplete removal

of such features.

A, Standard Procedure

Unless it is noted otherwise in the Journal of Observations, the
instrumental set up and operating procedure described below were used
during all observing runs. A circular entrance aperture of 4mm was
used, thus making the spectrometer essentially slitless. Most of the
objects were bright enough to allow the use of a 0.5 mm exit slit
giving a resolution of 32. 54 with the grating used. This required that
the seeing disc of a star be less than 0.5 mm, which corresponds to
4" on the 60", 2.5" on the 100" and 1.3"on the 200. If the seeing disc
approached lmm, a lmm exit slit was used with a resulting resolution
of 65& and a gain of a factor of 2 in signal strength. For objects bright
enough to be seen at a low enough amplifier gain to suppress all sky

emission, two successive scans would be taken with a rapid scan on
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empty sky after each object scan to check the level of background
noise and to establish the zero level.

The scanning rate was 336 .g/mi'n with an RC time constant of
0.5 sec on the signal amplifier. The time required between setting
on one object, obtaining the spectra and setting on the next object
averaged 40 min. If the object was faint enough so that sky emission
would make a noticeable contribution to the total signal, the scans
would be taken in the signal and reference beams ’alternately so that,
when added together, the sky contribution would vanish. Although the
monitor channel mentioned by McCammon, et al (1967) was available,
it was not used in any quantitative manner. However, .any systematic
change in this reference level of more than a few percent was sufficient
reason for rejecting the spectral scan. In general, the random noise

we ve

fluctuations in the reference level was considerably less than this
for nearly all of the objects discussed in this paper. It was necessary
to place all of the objects quite accurately in the aperture as the res-

S ponse of the detector was not flat over its area. Guiding had to be done
very accurately as any motion in declination translated into a systematic
wavelength shift, since this direction was perpendicular to the disper-
sion of the grating. Figure 1 shows two successive scans of the same
object in the region of the CO bands. Both signal and reference channel

are displayed.

B. Calibration
The primary standard used in the reduction of the spectra was

a Lyrae. Its atmosphere in the 1.6 and 2y region was assumed to be
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Fig. 1. - Raw data from the chart recorder showing the region
of the CO bands on two consecutive scans of the same star and an early-

type standard.
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that given by Gehlich (1968). The absolute flux of a Lyr was taken to

be that given by Becklin (private communication). Secondary standards
were a CMi and a C Ma. The atmosphere of the former was determined
empirically by averaging together scans obtained on several nights
which had been reduced using a Lyr by the procedure to be described,
The atmosphere of a C Ma was assumed to be the same as a Lyrae's.
The latter's spectral type is AOV; the former's is AlV. A scale factor
of .55 in log F)\ was applied to the atmosphere of a C Ma to take into
account its being brighter than a Lyr. Spectra of stars reduced using

a C Mi and o C Ma are virtually identical to the same spectra reduced
with a Lyr. On a few nights, especially during the first quarter of
1969, the scans of these three standards were unusable. It was then
necessary to use scans of these standards taken on some other night
with very similar transmission characteristics. That this condition
held, was determined by using non-variable stars which were in common
to both nights, e.g. a Ursae Majoris. The error introduced by this
procedure generally was less than 2 per cent in the most important

spectral regions, i.e. from 2.0 - 2.4y.

C. Telluric Absorption Features
Telluric absorption features show considerable variations in
strength. The night to night variations in stars observed at the same
air mass are often greater than the variations due to a difference of
one air mass on any given night. From 2.09 to 2.274 the atmosphere
is essentially transparent except for some isolated absorption bands.

Beyond 2.27y, telluric H,0 bands become very strong. On any given



-14-

night, they may absorb 7 percent of the flux per air mass in this re-
gion. Shortward of 2. 09y telluric COZ bands become the principle
absorber. The absorption in the center of the band at 2. O may be as
great as 15 p ercent per air mass on any given night. Between the
bands the absorption was considerably less and it was found that even
when the band centers were poorly corrected the intensity between the
bands provided a fair indication of the true intensity.

Because of the great sensitivity of the COZ bands to atmospheric
extinction, the effectiveness of their removal from a stellar spectrum
provided an excellent measure of how well the rest of the spectrum
was corrected. By observing the standards and the objects at near
equal air masses it was found that the region of the stellar CO bands
could be corrected for atmospheric extinction to better than 5 percent
and usually to better than 2 percent. Occasionally in some of the
spectra presented here and in succeeding papers, the region of the
telluric CO2 band will appear excessively noisy. This is due to a
slight wavelength shift between the standard and the object, not to
poor correction. Improper correction will always make itself known
by causing COZ bands to appear either in absorption or emission in
the stellar spectrum. Spectra which are especially poorly corrected
for telluric features will be noted in the Journal of Observations.
Figure 2 is an example of two spectra of the same object on the same

night but at different air masses.,

D. Data Reduction

The scans were recorded in three ways: 1) a chart recorder
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Fig. 2. - Two scans of aC Mi taken on the same night but
with secant Z differing by 0.9. On this night the S/N ratio was down
by more than a factor of 2 from usual as a less sensitive detector

was in use.
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which directly displayed the amplified outputs of signal and monitor
channel; 2) a digital counter and printer with an integration time of
1.0 sec. and a recycle time of .2 sec.; 3) a digital magnetic tape
recorder which sampled the output of the signal amplifier every . 3
sec. When the output of system ''3'" was averaged in blocks of 4 points,
the result was found to be identical to that of system ''2". It was,
therefore, possible to use these two systems as backups for one another.
The first system was used primarily to judge the quality of the scans
and to align individual scans with respect to wavelength as there was
no absolute wavelength calibration on the individual scans. This
alignment could usually be done to within 1 data point; or about 6 ‘X

Two scans of each standard star taken at a gain of Gs db. were
averaged together to get the observed, monochromatic signal strength
for the standard, Is<>‘)° This function includes both the instrumental
response and the telluric absorption features. The instrumental sensi-
tivity function was then computed according to

(0

*® -G
S (\) = +— 10 s/20
MA())

where FMA()‘) is the appropriate calibrated model atmosphere. The
function S*(XS was then convolved with the response function of the exit
slit of the spectrometer to eliminate high frequency noise (Westphal
1965). The only stellar feature in the scan of a Lyr, a C Mi, and

a C Ma is B_y at 2.1656. This line was removed by hand to give a

final S(\). Individual scans of a star taken at a gain G would then be
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averaged together to yield I(\). A final, calibrated spectrum for the
star with atmospheric and instrumental effects removed was obtained

according to

F(\) = 'S'(?CT‘IQ) 19-G/20

If G was sufficiently high to introduce high frequency noise, F()\) would
also be convolved with the appropriate slit response function. On the
60 inch telescope it was possible to get two very good scans at 32.5 )y
resolution of an object of 0.0 magnitude at 2. 2i4 in 35 min. To con-
serve time and achieve a good S/N ratio, a 1 mm exit slit with a
resulting resolution of 65 & was used for objects faintér than K = 0.5.

An example of the effect of convolving a scan with the slit
response function is shown in Figure 3. Tables 1 and 2 are the Journal
of Observations for all of the spectra of late type stars which are dis-
cussed in this paper. The columns are self-explanatory.

With regard to resolution, the spectra presented in this paper
may best be compared with those given by Johnson and co-workers
(Johnson, Coleman, Mitchell, and Steinmetz 1968; Johnson 1968; Low,
Johnson, Kleinmann, Latham, and Geisel 1970; - Johnson and
Mendez 1970). They obtained stellar spectra over the wavelength
range from 1 to 4y using a Fourier transform spectrometer having a
resolution of 8 cm_l, Such a comparison of objects in common to this
paper and the papers of Johnson, et al indicates that the quality of
the spectra presented here is equal to the quality of those obtained by

Johnson, et al in terms of signal to noise ratio and removal of telluric
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Fig. 3. - A reduced spectrum of a Boo before and after con-

volution with the slit function.,
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TABLE

1

LATE-TYPE GIANTS - OBSERVATIONS

_—_S—;.r_-——‘:— HR IRC Eectral Date Tele- Exit Remarks
Type scope Slit

a Aur 1708 +50139|{G5-8 111} 1969 Dec. 191 60" 0. 5mm

v Tau 1346 +20074|K0 III 1968 Oct. 4 100 0.5 a, b
6 Tau 1373 +20076{K0-1 II1{1968 Oct. 4 100 1.0 b

B Gem 2990 +30194{K0 III 1969 Mar. 27| 60 0.5

a UMa |4301 +60208 (KO0 II-III} 1969 Mar. 27§ 60 0.5

B Cet 188 -20010{K1 III 1969 Dec. 20} 60 0.5

a Ari 2538 +20038{K2 III 1968 Oct. 3 60 | 0.5 a

B Oph 6603 00317{K2 III 11969Sep. 26 | 60 l.. 0

a Boo 5340 +20270iK2 IIIp {1970 Apr. 25| 100 0.5 c

6 And 165 +30014|K3 III {1968 Oct. 4 100 0.5

B U Mi |5563 +70125|K4 III 1969 Mar.27 | 60 0.5

a Lyn 3705 +30210|K5 III 1969 Dec. 19 ’ 60 0.5

a Tau 1457 +200871K5 III 1970 Feb. 22 | 60 0.5 c
3C Vn {4690 +50217M1 III 11969 Dec. 19 | 60 1.0 f

2 Peg 8225 420512 M1 III {1969Sep. 28 | 60 0.5 d

n Ser 5879 +20284 M1 III {1969Mar.27 | 60 0.5

v Vir 4517 +10245 M1 III }1969Mar.28 | 60 0.5 c,d
\ Agr 8698 -10588 M2 III {1969Sep. 26 | 60 0.5

a Cet 911 00038 M2 III 1969 Jan. 29 | 60 0.5

3 Aqr 7951 -10548 M3 III }1969Sep. 28 | 60 0.5

u Gem 2286 +20144 (M3 III {1969 Dec. 19 | 60 0.5

30 Psc | 9089 -10608 M3 IITI |1969Sep. 26 | 60 0.5




p Per
51 Gem

U Del

R Z Ari
Y U Ma
" (2)

B K Vir
" (2)

S W Vir
R T Vir

R X Boo

11 (2)

921
2717
7941
7157
4267
4949

867

+40054
+20175
+20481
+40334
+10235
+20254
+20051

+60220

00230
+10262

+30257

t
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M4 II-III
M4 111
M5 II-II1
M5 III
M5 III
M5 III
M6 III
M7 II-1II

1"

M7

M7
M7

M8

1

1968 Oct. 4

1969 Dec. 19
1969 Sep. 26
1969 Sep. 25
1969 Dec. 20
1970Mar. 24
1969 Nov. 22
1969 Mar, 2

1969 Apr. 26
1969 Apr. 27
1969 May 24
1970 Feb. 22
1970 Feb. 21

11969 Apr. 24

i
1969 Apr. 27

) }
i
! {

See end of Table 2 for explanation of remarks

100

60

60
60
60
60
60
60
60
60
60
60
60

60

i R

0.5

0.5

0.5

0.5

0.5

0.5

0.5
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TABLE 2

OBSERVATIONS
Star HR IRC Spectral Date Tele- Exit Remarks
Type scope Slit

e Gem 2473 +30164 G8 Ib 1969 Nov. 19 60 .0

C Cep 8465 +60344 Kl Ib 1969 Dec. 20 60 .5

v' And 603 +40034 K3 1II 1969 Nov. 22 60 .5
o'C Ma 2580 -20112 K3 Iab 1970 Feb. 20 60 1.0
n Per 834 +60099 K3 Ib 1969 Nov. 22 60 .5

¢ Aur 1612  +40110 K5 II+eb 1969 Nov. 19 60 .0

o C Ma 2646 -30072 MO Iab 1969 Mar. 3 60 .5 c,d
5 Lac 8572 +50433 MO Iab+B 1968 Oct. 4 100 .5

--- 1009 +60117 MO II 1969 Nov. 19 60 .0
B UGem2197 +20136 Ml Ia 1969 Nov. 19 60 .0
TV Gem2190 120134 Ml Iab 1969 Mar. 2 60 0 d
A Z Cyg --- +50351 M2Ia 1969May 30 60 .0
V V Cep 8383 +60333 M2 epla 1969 May 23 60 .5
u Cep 8316 +60325 M2 Ia 1970 Mar. 25 60 .5
a Sco 6134 -30265 M1-2Iab 1969 May 24 60 .5
a Ori 2061 +10100 M1-21ab 1969 Oct. 28 60 0.5
WY Gem --- +20135 M2 Iab 1969 Nov. 19 60 .0 e
119 Tau 1845 +20112 M2 1Ib 1969 Oct. 26 60 0.5

-——- 1155 470046 M2 IIa 1969 Oct. 26 60 0.5
7 Aur 2091 +50156 M3 II 1969 Dec. 19 60 0.5
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M4 Ia

M4 Ia
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absorption features. The spectra presented here are more useful

for detailed, quantitative analysis because the response function of

the spectrometer has been removed and each spectrum has been cali-
brated on an absolute scale. Finally, it is noted that Johnson and
co-workers find B'y in emission in many objects whereas in this paper
it is found only in absorption in some of the earlier type stars with

no evidence of emission in any of the spectra presented here. A

close examination of the spectrum of IRC +10216 (Becklin, et al 1970)
and other unpublished spectra of objects which apparently have thick
circumstellar dust shells and which have otherwise featureless
spectra (eg V Cyg, Z C Ma, and late stages of Nova Ser 1970),
indicates that the B'y region is also featureless. This lends confidence
to the correctness of the reduction procedure employed here and suggests
that the apparent emission observed by Johnson and co-workers at
2.1656y may be due to their helium reference line at 1.0833y, half of

the B’)/ wavelength.

E. Temperature Scale

Johnson (1966) has given a calibration of effective temperatures
and intrinsic colors for dwarfs, giants, and supergiants. He found the
I-L color provides a sensitive index of the effective temperature for
most stars. Since magnitudes in the I band (. 9u) could not be measured
with the photometer used in the present study, the J-L color was used.
Infrared magnitudes at 1.25, 1.65, 2.2, and 3.5 y on the system of
Johnson and Low (Johnson 1964) were measured for about 30 late

type stars. The results agreed with Johnson's (1966) mean J-L,
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spectral type relation except for the M4 and M5 giants. The intrinsic
colors of these stars were modified to agree with the present results.
Table 3 lists magnitudes determined for stars which have not been
published elsewhere.

For giants later than M6, the colors and temperatures of
Mendoza and Johnson (1965) were used as modified by Smak (1966).
The mean relations for these stars fits smoothly onto those determined
for giants earlier than M6. Table 4 gives finally adopted relations for
mean J-L color and temperature as a function of spectral type for late
giants. The results of Johnson (1966) indicate that these should also
apply to late-type supergiants. Figure 4 graphs the relation between
temperature and J-L color for ease of use,

The stars whose colors were determined for the present study
were, in general, observed only once. A reasonable upper limit to
the error in a J-L measurement is .1 for the fainter stars. The re=
sulting error in the temperature may be read directly from Figure 4.
Recently, Nather, McCants and Evans (1970) measured the angular
diameter of A Agr (M2III). The effective temperature indicated was
3250° - 3450°K. This agrees reasonably well with the temperature
that would be determined from the mean relation used here. Also, it
was assumed that the colors of the giants and dwarfs are unaffected
by interstellar reddening. The colors of the supergiants, on the other

hand, are seriously affected by reddening.
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TABLE 3

PHOTOMETRIC RESULTS

HR Name Spectral J H K L
Type

2473 e Gem G8 Ib 0.97 0. 38 0. 25 0.10
6418 T Her K3 11 0.80 0.12 -0.03 -0,13
7192 X Lyr K3 1I 2.53 1.86 1.72 1. 36
5563 pU Mi K4 111 -0.36 -1.10 -1.22 -1.32
7405 a Vul MO III 1,48 0.71 0.53 0. 37
4690 3CVn M1 111 2.10 1,28 1. 15 1. 06
2197 BU Gem Ml la 2.22 1,30 1. 04 0. 69
2190 TV Gem Ml Iab 2.23 1.35 0.98 0.54
S AZ Cyg M2la 2. 45 1.49 1.13 0. 68
8383 VV Cep M2 la 0.94 0.11 -0.14 -0. 48
-— WY Gem M2 Iab 3.32 2.39 2.10 1. 86
-—- RW Cyg M3 Ia 2.02 0.89 0,47 -0.09
2286 M Gem M3 III -0, 72 -1.61 -1.86 -2.03
- UY Sct M4 la 2.48 1.42 0. 86 0.21
--- KY Cyg M4 Ia 2.08 --- 0.18 -0.59
-——- BC Cyg M4 Ia 2.02 0.85 0. 30 -0.27
2717 51 Gem M4 III 0. 96 -0.07 -0. 36 -0.66
7941 U Del M5 II-IIX 0.8 -0.07 -0. 38 -0.63
--- RV Hya M5 11 1. 78 0.84 0. 48 0.18
4267 .- M5 II1 0.31 -0.60 -0.82 -1.06
- V Eri M6 II 0.89 -0.09 -0. 42 -0.85
7886 EU Del M6 111 0.08 -0.82 -1.11 -1,31
- X Her M6 111 -0.26 -1.13 -1.43 -1.75
—_—- RV Boo M6 1.14 Q.22 -0.06 -0.35
- Y U Ma M7 0. 64 ~0.24 -0.61 -0.99
-—- BK Vir M7 0.42 -0.49 -0.85 -1.18
--- SW Vir M7 -0. 46 -1.41 -1, 78 -2.14
-—- RT Vir M8 0.17 -0.75 -1.13 -1.52
-=- RX Boo M8 -0.57 -1,55 -1.96 -2.34
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TABLE 4

ADOPTED COLOR TEMPERATURE -
SPECTRAL TYPE RELATION FOR GIANTS *

Spectrum J - L Te
G5 .66 5010
G8 .71 4870
KO . 76 4720
K1 .81 4580
K2 .86 4460
K3 . 95 4210
K4 1.03 4010
K5 1,12 3780
MO 1.14 3660
M1 1.19 3600
M2 1.21 3500
M3 1.26 3300
M4 1.33 3100
M5 1.40 2950
Mé 1.53 2800
M7 1.68 2550
M8 2.08 2150
M9 2.35 1900
M10 2.68 1650

* See Johnson (1966) for supergiant relation.
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Fig. 4. - The adopted (J-1), temperature relation.
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III. The Spectra -- Weak Absorption Features

A. Positions

The determination of the position of the true continuum of the
stars studied here is made difficult by the presence of a great many
overlapping absorption features in the 2y region. However, the
weakness of most of these features in the late G and early K stars
allows one to use the intensity peaks to define a "pseudocontinuum''
which probably does not differ from the true continuum by more than
a few percent. For the spectra from which telluric absorption
features were removed most successfully, the continuum was found
to be best represented by a straight line in the 1.95 - 2. 45y region
(the spectra are given in terms of log F)\ vs. wavelength). By
comparisons with stars of succesgsively later spectral types, it was
possible to locate the continuum up to M8, the latest type considered
in this study. One problem encountered was due to the presence of
stellar HZO which acts as a source of continuous opacity for normal
giants later than M6. A second difficulty was the presence of a feature
at 2.22y which, in the later giants and in many of the class Il and 1
stars seemed to lie above the continuum defined by the rest of the
spectrum. This is certainly a true stellar feature and not due to
incorrect removal of telluric absorption. As it is not clear if this is
an emission feature or a region of the continuum which is free from
overlapping absorption features, this particular feature was ignored

when determining the level of the continuum.
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Having determined the continuum level, ten high quality
spectra representing types from G5 - M5 were chosen as a basis for
determining the wavelengths of the most prominent absorption features.
‘These stars were a Aur,  Gem, a Ari, B U Mi, a Lyn, a Tau, A Aqr,
u Gem, w Aur, and R Lyr. All are class IIl stars except for w Aur
which is class II. If the same feature appeared on at least four of the
spectra it was considered to be real and its wavelength was determined
by averaging its positions on all of the spectra on which it could be

detected. In all cases, the wavelength of the center of the absorption

feature was measured. The main error in determining the position
of a feature arises from guiding and seeing effects at tﬁe telescope.
Eye estimates were made of the strengths of the absorption features:
w - weak, just detectable, with an equivalent width, W ()), of about

1 R; m - medium, clearly present with W ()\) about 2-42\; s - strong,
the strongest features seen in K stars, with W(\) about 5.&; Vs - very
strong, the strongest features in the M stars, with W ()\) of about 8 .SA
Strengths were not assigned to features in the region of the first har-
monic vibration-rotation bands of CO because of the great effect these
bands have on everything else in the region. Table 5 is a list of posi-
tions of features from 2.08 to 2.40y. The error in these positions is
about 10 R. The strengths are typical for stars of type M2-3 IIIL
Inspection of the spectra indicates that there are also a number of
distinct features shortward of 2. 08y, but these may occasionally be
confused with terrestrial CO2 bands. Figure 5 is the spectrum of

w Aur with the positions of the features from Table 5 indicated.
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Fig. 5. - A spectrum of m Aur with the positions of the features

listed in Table 5 indicated.
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TABLE 5

POSITIONS OF ABSORPTION FEATURES

Wavelength Strength Comments Wavelength Stren;h Comments

(microns) {(microns)

2. 085 S 2.227 VS

2.091 M 2.240 S

2.098 M 2.247 M

2.104 w 2.254 w

2.111 S 2.263 VS

2.116 M 2.268 M

2,121 M 2.275 M-

2.127 M 2.282 M

2.134 M 2.290 M

2. 146 W 2.295 cléolt

2.153 w 2.304

2.163 S 2.311

2.165 - By 2.316

2. 168 M 2.324 ctéolé

2,173 M 2.329

2.179 M 2.334

2.183 S 2.340

2. 189 M 2. 345 cl3plé

2.195 W 2.354 cl2olt

2.201 S 2.358

2.207 VS 2.363

2.214 w 2.370

2.222 M 2.376 C13016
2. 385 cl2gt®
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The spectra of stars of the latest M types present a different
appearance from stars of earlier type, the transition occuring around
M 5-6. First, is the strong depression of the continuum beginning at
2.174, increasing toward shorter wavelength. This is due to absorp-
tion by the 1, 94 band of H,0. Benedict, Bass and Plyler (1954) noted
that this band, which at room temperature extends from about 1,80
to 1.96y, is broadened to extend from 1.7 to 2.2y at a temperature
of about 3000o K. This broadening is what is observed in stars. The
second difference may best be described as a blending of some of the
medium and strong features resulting in an overall reduction of the
number of distinct features counted compared to earlier. M stars.
Figure 6 shows in detail the spectral region from 2.00 to 2. 20y for
a sequence of M stars. The two phenomena discussed above are
readily seen. The strengths of features lying in the broad 1.9 HZO
band are measured with respect to the local continuum level rather
than the level obtained by straight line extrapolation from longer wave-
lengths. Figure 7 illustrates the increase in relative numbers of
strong absorption features as we pass from early to late spectral types.

The appearance of the weak absorption features in the super-
giants approximately corresponds to their appearance in giants having
the same CO band strength. In some of the supergiants, however, the
number of features appear to be less, but those that are present are
quite strong. Generally, an M2 supergiant spectrum closely resembles
an M 7-8 giant spectrum except for the absence of the 1.87y water

band in the supergiant spectrum. The spectra of the later supergiants
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Fig. 6. - The spectral region from 2.00 - 2.20y for a sequence
of M giants showing the appearance of the 1.87, water band and a general

strengthening of the weak absorption features.
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Fig. 7. - A series of histograms showing the increase in the

relative number of strong absorption features in the later giants,
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presented here have a lower signal to noise ratio and resolution than
the earlier supergiants and it is difficult to resolve the weaker features,
Considering the fact that most of the absorption features remain un-
identified, it is not felt to be worthwhile to pursue any discussion of
differences between the giants and supergiants or between individual

stars.

B. Atomic Lines

Table II of Spinrad and Wing (1969) provides a basis for the
identification of atomic lines in the spectra presented here. Their
table is made from a high resolution spectrum of a Ori obtained by
P. and J. Connes. Table 6 contains the strongest features listed by
Spinrad and Wing. Column 1 is the line identification, if any; column
2 is the excitation potential of the ground state; column 3 contains the
estimated (Spinrad and Wing) intensities of the lines in a Ori; column
4 is based on the measured equivalent width in the solar spectrum and
the intensity ratio a Ori/sun; column 5 is from Viac (cm-l) given by
Spinrad and Wing; column 6 is the wavelength of the feature in the
spectra presented here with which the atomic line or blend of lines is
identified, and column 7 is the approximate equivalent width of this
feature in the typical M3 III star y Gem. The strengths of the features
in this star are representative of early to middle M stars.

Due to the limited resolving power of the Ebert-Fastie spectrom-

@eter employed here, an absorption feature must have an equivalent

0
width of at least 1 A to be detected. Therefore, most of the absorption
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ATOMIC LINES FROM SPINRAD AND WING
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features listed in Table 5 can be identified only with groups of closely
spaced atomic lines from Table 6. It is interesting to note that four

of the strongest features which have been identified as blends of
atomic lines, namely those at 2.201, 2.207, 2.227, and 2.203y are
weak or medium in early K giants but all become strong or very strong
in late M giants. On the other hand, four unidentified features at
2.085, 2.111, 2.103, 2.183u which are of comparable strength to the
identified features in the earlier giants, donot show such a systematic

increase in the latest spectral types.

C. Molecular Lines

Tsuji (1964), Vardya (1966), and Vardya (quoted by Spinrad
and Wing 1969) have investigated theoretical molecular abundances
in late-type stars. Their results are similar except that Vardya
found Si0 and HC1 to be of comparable abundance to HZO" The results
of these authors will be used as a guide in searching for molecular
absorption features in the spectra presented here. No attempt was
made to make a complete search of the literature concerning molecular
spectra. Herzberg (1950) was referred to for a great deal of empirical
data. Therefore, this discussion should be regarded as preliminary.

Three of the most abundant molecules in cool stars are HZ’ 29
and 02, all of which are homonuclear. Dipole radiation in infrared
vibration rotation bands is strongly forbidden for such molecules. The
intensity of permitted quadrupole radiation is typically lO"9 that of
dipole radiation of ordinary molecules (Herzberg 1950), H,, the most

o

abundant molecule in stars cooler than 3600 K, is the most likely to be
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detected. The spectrum has been given by Rank, et al (1962) and
relevant wavelengths are given in Table 7.

Spinrad (1966) reported the identification of the first-overtone
quadrupole bands of HZ' in several stars, but this identification is now
doubtful because of his inability to detect the much stronger 1-0 bands
in a high resolution spectrum taken by Connes of a Ori (Spinrad and
Wing 1969). In the 2, window, the two strongest bands should be S(1)
and S(3), the latter lying in a region of strong terrestrial water absorp-
tion.

Table 5 indicates that there are features of medium strength
(~2 K) at A = 2.121 and 2. ZZZL;\, agreeing with the positions of the
S(1) and S(0) lines, respectively. This coincidence of position does
not indicate identification, however, for several reasons. First, the
,_S(l) line should be considerably stronger than the S(0) line, and the
S(Z) line should be present in comparable strength to the S(0) line.
Neither of these things are found to be true. Second, the feature at
2.121y, is one of those mentioned earlier which is not present in the
spectra of the M7 and M8 stars. Third, the inability of Spinrad and
Wing to detect the lines in a high resolution spectrum of a Ori makes
it doubtful that they will be present in stars of similar spectral type,
but lower luminosity. Also, the difference in gas pressure between
giants and supergiants is insufficient to cause the pressure-induced
dipole absorption of HZ discussed by Rank, et al. (1962).

The OH molecule reaches an abundance comparable+to HZO at

o
a temperature of 2500 K (Tsuji 1964). The first overtone (9, 7) red
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TABLE 7

POSITIONS OF MOLECULAR BANDS

MOLECULE TRANSITION  BAND HEAD REFERENCE
(R air)
H, Q(1) 24066 a
S(0) 22233
S(1) 21218
S(2) 20338
S(3) 19576
0H (8, 6) 20003 b
(9, 7) 21514
HC1 (5, 3) 19259 c
(6, 4) 20087 -
(7, 5) 20986
(8, 6) 21963
(9, 7) 23031
(10, 8) 24202
HF (1, 0) 22266 c
(2, 1) 23364
(3, 2) 24531
NO (7, 4) 19018 c
(8, 5) 19330
(9, 6) 19654
(10, 7) 19988
(11, 8) 20334
(12,9) 20692
(13, 10) 21063
(14, 11) 21447
(15, 12) 21846
Si0 (4, 0) 20514 c
(5, 1) 20720
(6, 2) 20930
(7, 3) 21144
(8, 4) 21362
(9, 5) 21584
(10, 6) 21811
(11, 7) 22042
(12, 8) 22277

(13, 9) 22517
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MOLECULE TRANSITION BAND HEAD REFERENCE -
[+
(A air)

TiO0 (5, 0) 20312 c
(6, 1) 20505
(7, 2) 20702
(8, 3) 20903
(9, 4) 21107
(10, 5) 21315
(11, 6) 21528
(12, 7) 21745
(13, 8) 21966
(14, 9) 22192

CN (2, 4) d
Ry 21440
R,, 21320
Q1 21600
R, 21060
(3,5)
Ry, 22410
R,, 22270
Q4 22570
Ry, 22000Q

cl?plé (2, 0) 22936 e
(3, 1) 23227
(4, 2) 23525
(5, 3) 23830
(6, 4) 24141
(7, 5) 24461
(8, 6) 24788

013016 (2,0 23449 e
(3,1; 23740
(4, 2) 24037
(5, 3) 24341
(6, 4) 24652

a. Rank, et al (1962)

b. Wallace (1962)

c. This paper

d. Thompson and Schnopper (1970)
e. Kunde (1967)
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degraded band head lies at 2. 151y (Wallace 1962 ). There is no
evidence for a band at this position in the spectra presented here.
The calculations of Vardya (1966) have indicated that HC1 is
an abundant molecule in all stars later than M0. Using the constants
given by Herzberg (1950) the positions of the first overtone, red de-
graded band heads of this molecule were calculated (Table 7). The
(6, 4) band lies in the atmospheric CO2 band. Table 5 indicates that
there are three absorption features close to the positions of the (7, 5),
(8, 6), and ('9, 7) band heads. It is not clear that these features can be
attributed to HCl bands since the former tend to be blue-degraded.
Spinrad and Wing (1969) report the identification on Connes'
spectrum of weak lines due to HF in the 2.3 region of a Ori. The
positions of the first few heads of the fundamental band of HF using
the constants given by Herzberg (1950) have been calculated. These
positions are given in-Table 7. The bands are too weak to be detect-
able with the resolution used in this study.
The maximum abundance of NO, about 10-4 that of CO, is
found in stars with a Te = 2800o (Tsuji, 1964). The positions of the band
heads of the second overtone band have been calculated, again using the
constants of Herzberg (1950). (Table 7). It is clear that only the band
heads (11, 8) and higher could easily be detected on the spectra here.
These are expected to be too weak to be visible with the resolution used.
Laboratory spectra in the 2|4 region of NH3 and CH4 are avail-
able (Kuiper and Cruikshank 1964). Unfortunately these spectra are at
room temperature and high pressure. These molecules are most abun-

dant in the coolest stars. Although some of the absorption features in
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Mé - M8 stars correspond with the strongest features in the spectra
presented by Kuiper and Cruikshank (Figure 8), the mild decrease in
the strength of these features in the earlier spectral types is not what
would be expected from the sharp decrease in the abundances of NH3
and CH4 as computed by Tsuji and Vardya. So again identification is
doubtful.

Fertel (1970 a, b) has tentatively identified the third overtone
band of S5i0 in infrared spectra of ¥ Cyg and Y C Vn. This identification
has been questioned by Wing and Price (1970). As both of these stars
presumably have an O/C ratio close to unity, bands of Si0 should be
stronger in the oxygen rich giants studied here. The ﬁositions of the
red-degraded band heads of the Av = 4 system were calculated using
the constants given by Herzberg (1950). The wavelengths agree with
those given by Fertel (1970 b) and are indicated in Figure 8. While
there is some agreement between the expected positions and absorption
features that are present, positive identification is by no means clear.
Positions of Ti0 bands were also calculated from Herzberg (1950) and
are given in Table 7 and indicated in Figure 8. The conclusion regarding

the Si0 bands applies here also.

Connes, et al. (1968) and Thompson and Schnopper (1970) have
reported the identification of bands of the red system of CN in the
spectra of carbon stars between 1.4 and 2.5, . Observations of CN
bands at shorter wavelengths have been reviewed by Spinrad and Wing
(1969). The wavelengths of the band heads given in Table 7 are from

Thompson and Schnopper. The theoretical calculations of Tsuji (1964)
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Fig. 8. - Laboratory spectra of NH3 and CH4 compared with
an observed spectrum of a M7 III star. Also indicated are the cal-

culated positions of Ti0 and Si0 band heads.
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for stars of solar composition indicate that the maximum CN abundance
occurs in stars of Tez4OOOOK at which temperature it is typically
10"% as abundant as C0. For cooler temperatures, [CN/CO] ("[ 1"
signifies ratio of abundance by number) decreases rapidly. Wing and
Spinrad (1970) have argued that ''the red system of CN is probably the
most important of all bound-bound sources of opacity in K giants, ... "
In Figure 9 is the spectral region containing the (1, 3), (2,4), and (3, 5)
band heads of the red CN system for the starsa Aur, a Boo, § U Mi,

and U Hya. The latter is a carbon star whose spectrum in this region
has also been published by Thompson and Schnopper. In addition to
being able to identify the R

R Rll’ and Qll band heads of the

21° 722
(2, 4) and (3, 5) transition which Thompson and Schnopper have done for
U Hya, these four heads in the (1, 3) transition are also identified here.
Comparing the spectrum of U Hya with the three oxygen rich giants we
see that identification of any of the CN band heads in the latter stars
is marginal at best. The abs‘orption features centered at 2. 134 and
2,227, may correspond to the RZZ band heads of the (2, 4) and (3, 5)
transitions respectively. However, the feature at 2.134; gets
weaker in later spectral types whereas the one at 2,227 gets
stronger.

Johnson and Méndez (1970) have identified broad absorption
features at 1.95; and 2.04y in the spectra of giants and supergiants
as due to CN. The spectrum of U Hya shown here, however, illustrates

that this is not the appearance expected for the CN bands., Furthermore,

these broad features correspond to the positions of exceedingly strong
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Fig. 9. - Partial spectra of the M giants a Aur, a Boo, and
BU Mi and the carbon star U Hya (reading from top to bottom). The
calculated positions of the (1, 3), (2, 4), and (3,5) bands of CN are

indicated.
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telluric CO‘2 bands and the appearance of these features identified with
CN by Johnson and Méndez are suggestive of a slight undercorrection
for the telluric absorption. Thus, while CN may be present in late-
type giants and supergiants, the strength of its absorption bands in the
2p region is such as to make identification on spectra with a resolution

similar to those presented here doubtful.
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IV. THE SPECTRA - CO AND HZO

A. Carbon Monoxide

The two most important molecules in terms of apparent influence
on the infrared spectra of late-type stars are HZO and CO0. The detec-
tion of broad absorption bands due to these molecules in infrared stellar
spectra has been discussed by many authors (cf. Spinrad and Wing [1969)
for a complete bibliography). The CO0 molecule will be discussed here
and HZO in the next section.

Carbon monoxide is a well understood diatomic molecule
(Herzberg 1950). The infrared absorption spectrum of CO has been
studied by Young {(1966) and Kunde (1968, 1969). The wavelengths of the

12016 13,16

first overtone band heads of C and C 70" are given in Table 7.

The band heads of Cl3016

in the 2.2y region are visible in the spectra
published by Johnson, et al (1968) and were positively identified in the
spectra of normal late-type giants and supergiants by Johnson and
Méndez (1970). They are also seen in the 1, 6y region in some of the
spectra presented by McCammon, et al (1966). These isotopic bands
are present in most of the spectra presented here which were taken at

32. 5?& resolution.

For an estimate of the strength of the CO absérption in the 2p
spectra, the equivalent width of the absorption in the wavelength region
from the (Q, ©) up to the (5,3) band head was measured using the continuum
previously determined. This quantity will be referred to as W(CO).

Measurement of the amount of absorption was cut off at the (§, 3) band
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head to minimize contamination due to stellar water vapor which can
become strong at longer wavelengths. This is not the true equivalent
width of these bands for two reasons: individual rotational lines for

these vibrational transitions extend beyond the longward limit con-
sidered; secondly, the overlapping of the individual lines results in
non-linear contributions to the total absorption. The values obtained

for W(CO) for all stars observed in this program are plotted in Figure 10a
and tabulated in Tables 8a and 8b. In addition, for purposes of
comparison with theoretical absorption profiles, the ratios W)\( 2,0)/

W)\(3, 1) and WX(Z,O)/W)\(4, 2) were measured. The quantity W, (a, b)

X
refers to the equivalent width measured from the wavelength of the
(a, b) band head up to the wavelength of the (a+1, b+1l) band head. All
of these m easurements were made with respect to the continuum pre-
viously determined. These quantities are given in Tables 8a and 8b.

A reasonable upper limit to the error in measuring W(C0) due
to misplacement of the continuum is 308. The relative error for any
two stars whose measured values of W(CO) differ by less than 80.2; is
considerably less than this. Also, for nearly all of the stars,errors
due to improper correction of terrestrial absorption in the region over
which W(CO0) is measured are negligible for reasons discussed earlier.
Thus, it is confidently felt that most of the scatter at a given spectral
type in Figure 10 is real.

Possible contamination due to the presence of other molecular
bands has not been taken into account. W(COQ0), in fact, includes a

1316 .
contribution from the (2, 0) and (3, 1) bands of C 30 . As will be seen
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Fig. 10a. - The quantity W(CO0) as a function of spectral type

and luminosity for all of the stars observed.
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LATE-TYPE GIANTS -- BAND STRENGTHS

TABLE 8a

-61-

Wy (Bx) of CO bands

X
T e o wor o/ oy LTy wy
G+ (3,1 (4,2)
(4,2)%
a Aur  G5-8 III 14 51 .81 .74 >6.3 . 008
y Tau KO III 13 58 .59 .58 4.8 - 002
& Tau KO-1 III 15 66 .57 .59 3.1 . 008
p Gem KO III 20 76 .78 .68 >30., . 015
aU Ma KO II-III 23 90 .79 .63 3.1 . 012
B Cet  KI III 21 79 .80 .71 6.3 . 002
a Ari K2 III 19 115 .48 .35 9 . 011
B Oph K2 III 29 122 .73 .56 4.5 .010
a Boo K2 Ip 24 99 .74 .58 5.1 . 009
§ And K3 II 17 93 .48 .43 7.8 . 003
BU Mi K4 III 34 146 .73 .53 6. .010
aLyn K5 II 36 152 .69 .58 5.1 . 010
a Tau K5 III 29 138 .60 L 47 9.8 . 000
3 CVvn M1 11 37 158 .68 .54 >5,3 ,010
2 Peg MI I 40 169 .67 .58 4.3 .019
x Ser M1 III 38 166 .65 .53 7.7 . 013
v Vir M1 III 40 155 . 74 .66 6.0 . 007
A Agr M2 III 47 194 .72 .57 4.0 . 006
a Cet M2 III 35 154 .67 .54 9.0 . 002
3 Agr M3 I 49 197 L71 L6l 5,1 .014
U Gem M3 III 43 184 .69 .54 5.3 . 013
30 Psc M3 III 49 205 .71 .55 4.6 . 006
o Per M4 II-III 36 168 .57 .51 2.9 . 000
51 Gem M4 III 46 198 .69 .54 3.8 .012
U Del M5 II-III 52 211 .74 .60 5.6 . 009
R Lyr MS5 IiI 46 191 .71 .59 3.5 . 009
HR 4267 M5 1II 44 196 .68 .52 4.3 .022
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LA (&) of CO bands

Star Spectral | oyl el wv
ype (3, 1)+ (3,1)  (4,2)
(4,2)*
HR 4949 M5 III 47 197 .70 .57 4.9 . 016
RZ Ari M6 III 45 182 .73 .61 4.6 .016
YUMa M7 I-II 53 228 .68 .54 12 . 008
" o(2) " 53 235 .65 .52 7.2 . 029
BK Vir M7 45 206 .64 .49 2.8 . 038
"o(2) " 56 241 .70 .53 »4.6 ,018
SW Vir M7 56 252 .64 .51 4.8 .018
RT Vir M7 57 251 .67 .52 6.3 . 034
RX Boo M8 63 263 .73 .56 8.1 . 047
"o(2) M8 53 243 .64 .50 7.2 . 060

* - this quantity is W(CO0)



-63-

TABLE 8b

LATE-TYPE HIGH LUMINOSITY STARS
AND DWARFS -- BAND STRENGTHS

—r

—

Wy, (A) of CO bands

Star Sp;;g:al 270V (2, 00 (2. 0) (2077 [ClZ/C13] WV
(3, 1)+ (3, 1) (4, 2)
(4,2) *

e Gem G8 Ib 33 135 .70 . 58 5.1 . 001
{ Cep K1l Ib 42 177 .70 .55 12 . 005
v' And K3 11 29 106 . 8 . 12 —_ . 004
o'C Ma K3 lIab 59 252 .69 + 55 25 . 020
n Per K3 1b 43 157 .82 .69 9.7 .015
¢ Aur K5 IIteb 38 161 .70 .56 >6.0 . 001
¢C Ma MO Iab 54 215 .73 .62 10 . 024
5 Lac MO Iab+B 45 195 .65 .56 6.7  .004
HR 1009 MO II 50 220 .68 .52 >10 . 008
BU Gem Ml Ia 65 265 .12 .60 >8.0 . 004
TV Gem M1 Iab 61 257 .67 .59 4,6 . 006
AZ Cyg M2 Ia 54 224 .13 .57 5.7 . 000
VV Cep M2ep Ia 66 266 . 75 .59 15 . 015
u Cep M2 Ia 72 280 .74 . 64 14 . 007
a Sco M1l-2 Iab 73 282 .79 .63 7.2 .018
a Ori Ml1l-2 Iab 58 241 .73 . 57 6.8 . 003
WY Gem M2 Iab 48 203 .66 . 58 >3, 5 . 002
119 Tau M2 Ib 54 229 .70 . 56 11 .012
HR 1155 M2 Ila 45 192 .70 .54 13 . 009

w Aur M3 II 47 193 .71 .58 6.4 .014
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W1y (A) of CO band
Star  Spectral A (£) o anas clcty  wy
Type (2,0) (2,00+ (2,0)/ (2,0)/
(3, 1)+ (3,1) (4,2)
(4, 2) *
KY Cyg M4 Ia 74 294 .74 .62 >8.1 -.003
BC Cyg M4 Ia 67 285 .69 .56 7.1 o011
UY Sct M4 Ia 55 209 19 .64 >9.7  .013
XY Lyr  M4-5 IbII 52 218 71 .57 10 . 004
6% Lyr M4 1 46 194 .70 .56 12 011
UX Aur M4 II 53 211 .74 .60 10 . 020
o Her M5 Ib-II 52 228 .67 .53 9.6  .009
RV Hya M5 II 54 227 .71 .56 >3.5  .007
W Tri M5 I 56 241 .69 .53 >4.6  .0l7
V Eri M6 II 60 254 .69 .57 6.4  .013
no(2) T 60 263 65 .54 8.5  .o0l2

Wolf 359

dM8 ce 130 mme e cee .09
Lalande 21185

M2 V 21 116 .51 .40 >4 012

* - this quantity is W(CO)
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below, this contribution appears to be largely independent of spectral
type. For stars with [0/CJ]>1, contamination due to CN absorption in
this region is negligibly small (Stephan D, Price, private communica-
tion). Based on the strength of the 1.87u band, contamination due to
the 2. 7p band of HZO may also be considered to be negligibly small.

The most striking feature of Figure 10a is the clear dependence
of W(CO0) on spectral type and luminosity, Figure 10 b shows W(CO0)
as a function of J-L for those stars which were observed photometri-
cally. Figure 10c is W(CO0) as a function of the slope of the continuum
in the 2p region. The slope will be less affected by interstellar
reddening than the J-L color. It is interesting to compare these
results with those of Eggen (1967). He finds that absorption due to
Ti0 in dwarfs is considerably stronger than that in giants of the same
temperature, but that supergiants have the same Ti0 absorption as
the giants. This is quite different from the behavior of the CO band
strength. Eggen (1967) also finds a "slight but real variation in Ti0
absorption at a given temperature' which agrees with the C0O observa-
tions. See Figs. 18 and 19 in the Appendix for a luminosity and tempera-
ture sequence of the spectra.

The results presented in Figures 10a, b, ¢ suggest that a narrow
band filter system which could measure the continuum and CO band
strength in the Zp region could be used, in conjunction with broad band
infrared photometry, to provide a reasonably accurate two dimensional

classification for late-type stars.

B. [ c?/ct3

12016 13,16

To estimate the ratio of equivalent widths of C and C™70

features, the depths of the (2, 0) band heads of these two molecules
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Fig. 10b. - The quantity W(CO0) as a function of J-L and luminosity

for all of the stars observed.



-47 -

*qoT 2an314

(71-1)
€2 L2 6 L Gl €1 i S
_ i % 1 _ ﬂ ! 1— i J 1} _
- —09
" I+ I
| q‘qpo I, — 001
s l
| + —0Ovl
. +& |
| . —08l
- * # + ++ -
. Py + “ +
n . o2z
i et )
+ + °
- v —09z
+ + ® ®
(392 o ° e ]
N U B T _

(OD)M



-68 -

Fig. 10c. - The quantity W(CO0) as a function of slope of the

continuum in the 2y region for all of the stars observed.
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have been measured. For the C]‘ZO16 band the previously defined

continuum level was used. For the (313016 band, a '"local' continuum

defined by the (3, 1) C12016 band was used (see schematic below):

C\zolL
(2)0)
J

P PO |

Comtivuum

The high resolution spectra of Connes, et al (1968) indicates that in

the region of the band heads there are about 10 individual lines per
resolution element of the spectrometer employed here, so that the
depth at the band head may indeed be considered as a reasonable
measure of the absorption and therefore, the depths may be interpreted

to give an estimate of the ratio of equivalent widths. The strength of

16

the C13O absorption will be systematically underestimated since the

continuum with respect to which it is measured is formed at a higher

level than the continuum used in measuring the CIZO16 absorption.

13016 in

Also, this may result in a systematic underestimation of C
stars with the strongest CO absorption.

A ratio of equivalent widths normally yields a ratio of abundances if
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the proper saturation correction is known. Thompson, et al (1971)
have argued from a model atmosphere approach that the CO bands in
carbon stars are unsaturated. On the other hand, Spinrad, et al (1971)
have found large saturation effects in high resolution spectra. Neither
of the arguments for the two possibilities are especially convincing,
particularly in view of the large uncertainties in the theoretical inter-
pretations and in corrections for turbulent broadening. Therefore, it
has been somewhat arbitrarily decided to treat the equivalent widths
as though they arise from the square root part of the curve of growth.
Estimates of the [ClZ/CB] ratio for the stars observed based on this
assumption are presented in Figure 11 and Tables 8a, b. Nearly all

of the observational error lies in deciding with respect to what level

the depth of C 3010

should be measured. It is estimated that the
maximum resulting error in the ratio of equivalent widths is typical
a factor of 1.5, or a factor of 2 in the abundance ratios presented here.

Visual inspection of the spectra indicates, however, that at least some

of the scatter in Figure 11 is real.

C. Water Absorption
The wing= ~f the 1,87y HZO band are relatively easy to observe
in stars. At temperatures appropriate to a stellar atmosphere, the
longward wing extends considerably beyond 2,0y (Benedict, Bass, and
Plyler 1954) thus separating it from telluric HZO absorption. This
broadening is due to the increased population of the higher energy

states as discussed by Kuiper (1962) and Ferriso and Ludwig (1964 a, b).
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Fig. 11. - The value of [CIZ/CB] for all of the stars observed.
The square root portion of the curve of growth was assumed as discussed

in the text.
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The extreme number of lines results in the water molecule acting as
a source of continuous opacity. The profound effect that this molecule
has on the emergent flux has been shown by Tsuji (1966) and Auman (1969).
A good measure of the water absorption was found to be the de-
pression of the observed flux at 2.10; below that expected from an
' extension of the continuum det ermined in the manner described pre-

viously. In Tables 8a, b and Figure 12 the quantity

WV = 1og ( continuum

| N
observed h=2.10y

is presented for the stars observed here. F represents a

observed
0

mean over 80 A. The presence of discrete absorption features in this

region causes WV to be > 0 even in the absence of any absorption due to

water.

Figure 13 indicates the lack of any evidence of water absorption

in normal giants and supergiants earlier than M6. This agrees with the

observations of Spinrad and Wing (1969) made in the 1y region and with
the observations of Johnson,et al (1968) and Johnson and Méndez (1970).
The presence of water in the small range irregular variables of types
M7 and M8 observed here was previously found by Spinrad and Newburn
(1965) in 1, spectra,

The above authors have pointed out that these findings contradict
the results of Woolf, Schwarzchild, and Rose (1964) who claim to have
found the 1.87, band of HZO in the M giant p Per and the M supergiant
a Ori. To facilitate comparison, Figure 13 shows the absolute flux
of p Per as observed here and by Woolf, et al. Also compared are the

spectra of |y Gem obtained in the two studies. Only the region of CO
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Fig. 12. - The quantity WV, indicating the strength of the 1.87,

water band, for the stars observed here.
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Fig. 13. - Spectra of | Gem and p Per obtained here compared
with the results of Woolf, Schwarzchild, and Rose (1964). The results
of their detectors "'A'" and '"B" are indicated. Only the region of the

CO bands is shown in detail on the spectra obtained here.
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absorption has been shown in detail on the spectra obtained here. Note
that the outputs of detectors A and B of Woolf, et al. differ considerably
in detail and that, as noted by Wing and Spinrad (1970), the only features
whose presence can be confirmed in this spectral region are those due

to CO. Since the 1.4u HZO band is weaker than the 1. 9u band (Ferriso
and Ludwig 1964:)',," the lack of any evidence for the latter band in p Per
or 4 Gem makes the identification of the 1.4u feature with H,0 suggested
by Woolf, et al, doubtful. Wing and Spinrad (1970) suggested that the
1.4, f{eature may be a CN band.

The strongest band of HZO is the fundamental vibration-rotation
band at 2.7, . It has an integrated intensity which is typically ten times
greater than the band at 1.9, (Ferriso and Ludwig 1964a,b). However,
the experimental studies by Ferriso and Ludwig indicate that for the
temperatures considered here, absorption by the 2. 7,y band would have
a negligible effect on spectra shortward of 2.4 . Longward of 2.4}
absorption by telluric HZO becomes significant. The broadening effect
associated with high temperatures and discussed in connection with the
1.87u band, occurs only on the long wavelength wing of the 2. 7y band

(Ferriso and Ludwig 1964 a, b).
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V. DISCUSSION

A. Interpretation of C0 Band Strength

The most outstanding feature of the spectra of the stars pre-
sented here is the variation in strength of the first overtone CO band
with temperature and luminosity. In general, the integrated band in-
tensity of CO will be determined by four parameters: the temperature,

pressure, column density of CO, and the microturbulent velocity of the

gas. The Doppler half-widths of the individual rotational lines increases
with increasing temperature, and, as shown by Kunde (1967, 1968), the
effect of changing the population of the different vibration-rotation levels

by changing the temperature is to cause the integrated band intensity

of the first overtone band to increase with increasing temperature. The
pressure operates vis-4-vis collisional broadening in a manner which
will increase line widths with increasing pressure. Since pressure
decreases with increasing luminosity and both pressure and temperature
decrease with advancing spectral type, these two parameters cannot
account for the observed behavior of the CO bands. Making the reason-
able assumption that the association of CO is complete for stars later
than KO (Schadee 1968) model atmosphere calculations by Auman (1969),
Goon and Auman (1970) and Carbon (private communication) indicate

the amount of CO above the photosphere does not change in any systematic
manner over the temperature range considered here. The logarithm of
the projected number densities of CO above Ty = 0.3 at \ = 4.6 for a
sequence of giant and supergiant atmospheres taken from the data of

Goon and Auman is presented in Table 9. As will be discussed below,
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TABLE 9

C0 ABUNDANCES FROM GOON AND AUMAN

TEMPERATURE g log N(CO0)
(°K) (cm-sec™%) (em -2)
4000 2.0 22,2
4000 1.0 22,6
3500 1.5 22,2
3500 0.5 22.9
3000 1.0 21.6
3000 0.0 22,2
2500 0.0 22,2
2500 -1.9 22.1
2000 -1.0 22.5

2000 -2.0 22.5
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Fig. 14. - Theoretical absorption profiles of CO using the

parameters given in Table 10.
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TABLE 10

C0 MODELS FROM KUNDE

MODEL TEMPERATURE PRESSURE TURBULENT DENSITY

(°K) (mb) VELOCITY OF CO0
(cm/sec) (gm/cm?)
] 3000 1 0.0x10° 100
2 3000 .01 0.0x10° 100
3 3000 1 8.0x10° 100
4 2000 1 0.0x10° 100
5 2000 1 8.0x10° 100

6 3000 1 0. 0x10° 1000
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the emergent fluxes predicted by these atmospheres are in serious
disagreement with the observations with regard to the strength of the
H,0 absorption features. Thus it is not clear how much weight should
be attached to their results.

Observationally thereis little evidence for any large scale
changes in the continuous opacity which would result in a change in
CO band strengths. As noted in a previous section, the main change in
appearance of the spectra in the region shortward of the (2, 0) C0 band
is a general strengthening of the absorption features with advancing
spectral type. As the identified features seem to be low excitation
atomic lines, the observed strengthening may be interpreted as due
to an increase in population of the appropriate atomic energy levels.
Some calculations done by V. G. Kunde (private communication} using
a Milne-Eddington model indicate that the CO absorption coefficient
increases relative to the continuous absorption coefficient as cooler
stars are considered. This is the same as Auman's (1967) result
concerning the HZO absorption coefficient.

In Figure 14 some results of Kunde's calculations are presented
and show tvhe effects of varying physical parameters on a CO absorption
spectrum. A single slab model was chosen to represent the reversing
layer, and the continuum is that given by the 2 p spectrum of a Orionis.
The continuous opacity was not considered here. The various sets of
parameters used to characterize the reversing layer are in Table 10.
In all cases the boundary temperature was taken to be 1500°K and a

[CIZ/CI?)] ratio of 10. The great effect of changing the turbulent
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velocity is very evident.

What are typical values for the microturbulent velocity in late-
type giants? In her study of the lithium abundance in these stars,
Merchant (1967) obtained values between 2 and 3 km/sec for early M
giants and between 3 and 4 km/sec for early M supergiants. Rosendhal
(1970) finds microturbulent velocities on the order of 10 km/sec in A
supergiants, but, in summarizing the observational data, he concludes
that the value decreases sharply for Ia stars later than G0-G2 with
probably similar behavior in the less luminous giants and supergiants,
All of these values, however, are based on measurements of very
strong metallic lines which have f values that typically are many
orders of magnitude greater than the f values for the individual
lines arising from different rotational states of CO. From the theoret-
ical line intensities tabulated by Kunde (1967) and the data given by
Rosendhal for Ti II, a typical value of fTi/fco = 3x 107 is found. (Note
that the g values for different vibrational levels are all equal to 1).
Oscillator strengths for CO calculated by Schadee (1968) based on
observations of Goldberg and Miller (1953) are in good agreement
with the theoretical values of Kunde, Now the observations reported
by Montgomery, et al (1969) indicate that the equivalent widths of the
strong CO lines in a Boo are comparable to the strong Ti II lines
observed by Rosendhal in A supergiants -- several tenths of an f?\ngstrom°
Assuming that most of the Ti in an A supergiant is in the form Ti II, that
CO0 is completely associated in a Boo, and that the atomic abundances
do not differ too greatly between the two stars, it is found that the path
length required in a Boo to produce a CO line is roughly 100 times greater

than the path length required to produce a Ti II line of comparable strength
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in an A supergiant. If, as some authors believe, a Boo is metal
deficient, then the path length becomes even greater. Since the dis-
tinction between micro-and ""macro!’ turbulence is based on the size of
the turbulent eddies relative to that of the line forming region, it is
reasonable to conclude that velocity fields usually considered to arise
from macroturbulence in late~type stars will affect the equivalent
width of the CO bands as if they were microturbulent velocities. Although
the observational evidence is scanty, it seems that at least for G
and K supergiants these large scale velocities are an order of magnitude
greater than the microturbulent velocities noted above (Kraft (1960).

The theoretical calculations of Kunde (1967) indicate that the

average spacing of lines arising from both C12016 and C}'BO16 in

0
region of the (2, 0), (3,1) and (4, 2) bands of CIZO16 is 2A. The high

the

resolution (~0. 5.?&) spectrum of a Ori presented by Connes et al {1968)
indicates that individual lines strongly overlap, are very deep, and
have Doppler widths of I—ZIOX which in this spectral region correspond
to velocities of 13-20 km/sec. The strong overlapping of the lines
suggest that pressure and Lorentz broadening will have little effect
on the equivalent widths of the CO bands.

It is instructive to attempt to represent the C0 band with a
modified Elsasser model. Let S and & be the mean line intensity and
line spacing, respectively. Following Goody (1964), define the following

dimensionless parameters:

¥ = v/§
yzaD/6
u =

Sa/aDﬁr—
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where a is the amount of CO in gm cri 2 and apy is the Doppler width.

The equivalent width of the band may then be written as

BT (e 3o e

where the summation is over the number of lines considered in the
model. Except for very high densities and turbulent velocities, six
lines were found to be sufficient to illustrate the effects of various
model parameters. Figure 15 shows log (W)\/ﬁ)\ as a function of log

a for various values of the turbulent velocity. For small values of

a the curves merge into the linear curve of growth for weak lines.
For large values of a, the pure Doppler lines become saturated and the
flat part of the curve of growth obtains. Increasing the turbulent
velocity removes the saturation until the overlapping of the lines causes
complete absorption over the whole region. This is an exaggeration

of the true state of affairs since the various sequences of overlapping
lines are not all of the same strength and the lines are not evenly
spaced. However, it is clear that by the tim¢ saturation becomes
great enough for the LOY;antZ wing s to be important under normal cir-
cumstances, they will not make a contribution here because of the deep,
turbulent broadened Doppler cores. Some of the computed line profiles
are shown in Figure 16. Those with no turbulent broadening are much
too narrow when compared with the high resolution spectrum of a Ori
(Connes, et al 1968), and those with Et > 13 ki /sec are too broad. The
profile with gt = 6.5 ki /sec and 'a" between .15 and . 46 gm/cm2 does,
in fact, bear a fair resemblance to the lines in a Ori. Reference to

Table 9 indicates that these values are between those calculated by Goon
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Fig., 15. - Curve of growth for the modified Elsasser band

E./to

model discussed in the text for various values of the turbulent velocity,
N(CO0) is the column density of COQ, W)\ the equivalent width in
0

o
Angstroms, and 6 is the line spacing in Angstroms.
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Fig. 16, - Calculated line profiles for different values of the
parameters defined in the text. From top to bottom, the values of log
N(CO), (ecm~?), are 21.0, 21.5, and 22.0. The profile with g,z 6.5
km/sec and log N = 21.5 (cm”%) is considered to be similar to the high

resolution spectra of a Ori.
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and Auman for giant and supergiant stars with Te = 3000°K.

Schadee (1968) has computed theoretical band strengths for
several molecules in G and K stars. In his figure 2 the strength of the
CO band is plotted as a function of spectral type. Going from G5 to
K5 the strength should increase by about a factor of three. This is
slightly less than what is obse'rved here (Figure 10). However, his
diagram also indicates a general levelling off of the CO band strength
as late K stars are approached whereas what is observed is an almost
steady increase from G5 to M8. The equivalent widths given by
Montgomery et al (1969) for a Boo, a K3 III star indicate that satura-
tion is beginning to set in. Thus for normal metal stars of M0 and
later, saturation is probably large and the effects of turbulence cannot
be neglected when computing theoretical band intensities. Even for
the late K models considered by Schadee, turbulence should be taken
into account. This would have the effect of causing his values of the
band strength to increase more strongly with advancing spectral type.

The suggestion that turbulence could account for the difference
in strength of the CO bands between giants and supergiants was made

by Woolf, Schwarzchild, and Rose (1964). Sequences of coeler tempera-

ture and higher luminosity are also sequences of lower surface gravity
which would favor an increase in large scale gas motions. As has
already been discussed, these large scale motions are expected to
greatly influence the CO absorption coefficient. Using the crude band
model discussed here, a turbulent velocity on the order of 10 km/sec
seemed to apply ‘to a Ori. This agrees with the conclusion of Spinrad,

et al (1971).
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A final possibility to be considered in accounting for variation
in CO band strength is that the assumption of similar chemical composi-
tion is incorrect. As will be discussed in Paper II, observational and
theoretical evidence lend support to the interpretation of late~type
giant stars (not necessarily supergiants) as stars that are evolving to
the left in an HR diagram. It is possible, therefore, that there is a
systematic variation in the degree to which these stars have mixed
their surface material with material which has undergone nuclear
processing. Such mixing could also account for the large discrepancy
in predicted and observed water absorption strengths as discussed below.

This suggestion was made by Auman (1970).

B. Comparison With Model Atmospheres

Detailed model atmospheres which include some molecular
opacity sources have been calculated by Tsuji (1966) and Auman (1969).
Tsuji used an analytic expression to account for opacity due to the
water molecule whereas Auman treated the individual line in a statistical
fashion. Auman (1969) gives a detailed critique of the model atmosphere
approach to cool stars and cautions against comparing theory with obser-
vation. Such a comparison is made, however, in Figure 17. Also
shown are the results of a line blanketed model of a Boo (Duane Carbon,
private communication). The hotter models agree quite well with the
observations as do the dwarf models. The agreement gets progressively
wor se for the cooler giants and supergiants, primarily due to the lack
of any water absorption in these stars.,

Various explanations for the lack of HZO absorption are discussed
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Fig. 17. - A comparison of models calculated by Auman (1969)
with a schematic representations of the spectra obtained. The tempera-
tures are assumed to be those implied by the visual spectral types.

The dots indicate the line blanketed model of a Boo provided by D.

Carbon,
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in the literature (Spinrad and Vardya 1966, Spinrad and Wing 1969,

Goon and Auman 1970, Auman 1970) and are gone into in more detail

in Paper II. One of the conclusions of Paper II is that the observations

of the late-type giants and supergiants presented here can be interpreted
as evidence for the idea that these stars have already descended from

the red giant tip (Iben 1965), are burning helium in their cores, and

have a surface abundance rich in nitrogen but deficient in oxygen and
carbon. Thus the surface abundance of H,0 and CO should be considerably
lower than that expected if the star had a solar abundance. The most
convincing evidence for mixing is the presence of strong C13016 bands
in the spectra of nearly all of the stars observed here. The difficulty
in determining a reasonably accurate value for the CIZ/C13 ratio has
already been discussed, and in view of this difficulty, it is not felt

worthwhile to pursue in any quantitative fashion the question of how

much mixing has taken place.
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Fig. 18. - A typical sequence of giant stars illustrating the
manner in which the spectra change with temperature, The (312‘016
and C13016 band heads are indicated. Note B'y in absorption in the

G and K stars.
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Fig. 19. - A sequence of stars of different luminosities but
all class M2, The telluric COZ bands have not been well corrected

in u cepc
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The spectra on the succeeding pages are primarily those of
supergiants which have not be‘en published before. They should be
compared with the sequence of giants in Fig. 18. The caption on the
bottom of each figure tells the name of the star, the date of observation,
the telescope used, wavelength, the size of the exit slit, the amplifier
gain, the scanning speed, and the number of scans which were averaged
together. The range in strengths of the CO features, even for stars of

the same spectral type, is clearly evident.
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PAPER 1I

LONG PERIOD VARIABLES
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I, INTRODUCTION

This paper is an extension of the study begun in Paper 1 to
the coolest M~type stars -- the long period variables In view of limita-
tions on observing time, and a desire to observe a star over as much
of its cycle as possible, a rather homogeneous group of variables was
selected. With the exceptions of RS Lib and BG Ser, all of the stars
have periods greater than 300 days. They are among the brightest
variables in the sky and thus have long records of optical observations,
allowing comparisons with the observations presented here. No pure S
or C stars were observed for this particular program. Occasionally
it was necessary to observe a star at a large hour angle and in these
cases correction for atmospheric absorption was not very successful.
Careful examination of the resulting data, however, has indicated that
no systematic errors have been introduced.

The variations of luminosity and band strengths which have
been observed contain many clues about the internal structure and com-
position of these stars, A limited and uncertain theoretical understanding
of these stars limits the ability to understand and interpret these clues,
The interpretations which are suggested should be regarded as schematic
and preliminary and by no means unique. They are interpretations which

now seem physically plausible.
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II. THE OBSERVATIONS

A. Preliminary Remarks

The two features which dominate the spectra of the Mira-~type
variables in the 24 region are the first overtone vibration-rotation
band of CO and the 1.87, band of H,0. The procedure used in estimating
the strength of these features is the same as described in Paper I.
W(CO0) is a measure of the equivalent width of the (2, 0}, (3, 1), and (4, 2)
bands of C0, WYV is a measure of the optical depth in the 1.87y band of
H,0 and is defined by

F
cont
WV = log )y _
Fobs A= 2.10m

where Fo is the observed flux and Fcont is the expected continuous

bs
flux in the absence of water vapor.

In Paper I it was shown that the continuum for non-variable giants
in the absence of water vapor was well represented by a straight line on

a log ¥,, A plot, and that the slope changed slowly with temperature.

3’
Inspection of the spectra of the Mira variables presented here which
have small amounts of water vapor indicates that the same holds true.
In particular, the spectrum of % Cyg near minimum, which is probably
close to the lower limit of temperature of the stars observed and which
has little water vapor, has a continuum determined by the peaké ‘between
absorption features that closely approximate a straight line with a slope
not greatly different than that of much hotter stars. Some of the Miras

near phases of maximum HZO absorption had almost no region of the

spectrum left which was not affected by either the 1.871 band or the



-125~

CO bands. In these cases spectra taken at earlier phases were used
as a guide in drawing the continuum. This method is good as long
as there are no unknown sources of continuous opacity which would
make their appearance coincident with the appearance of strong water
absorption. As a check on this method, W(C0) and WV were also
calculated using upper and lower limits for what might be called still
reasonable values for the slope of the continuum. . In extreme cases
W(CO0) changed by 304 and WV by .04. The general characteristics
described below, however, remained unchanged. In particular, the
relative variations with time of = WV, and W(CO0) were unaffected.

After the continuum was determined in this manner, a com-
parison was made with the 1.6y spectra which were taken at the same
time as the 2.2, spectra. for a few of the stars. In cases of both
strong and weak HZO absorption, a straight line extrapolation of the
continuum from the 2.2y, region to the 1.6y region agreed very well
with the observed flux level in the latter region. Also, in cases where
the broad band colors were available and these were relatively unaffected
by strong molecular absorption, the continuum determined from these .
colors agreed well with the continuum determined from the spectra
alone.

On some of the spectra there is one wide (~100R) feature whose
peak is consistently higher than the rest of the spectrum by as much as

.05 in log F On these spectra, the slope of the continuum would be

2z

well determined ignoring this feature, but the level of the continuum

was set by the top of this feature. If this is in fact a broad emission

feature, then the values of WV and W(CO0) will have been systematically
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overestimated. Evidence for this is discussed below. Again, however,
this has no effect on the various points which will be made.

As discussed by Frogel (1970), the variations of flux in the
2.25, region is characteristic of the total-luminosity light curve of
the long-period variables discussed here, This flux is determined
directly from the calibrated spectra and hereafter will be referred
to as £(225). A comparison of standards {(a Lyr, oC Mi, aC Ma)
run on the same night but at different zenith distances indicates that

the difference in log F, over the range 2,10 - 2,38, 1is less than .01

A
for differences of secant Z less than .4 and is about . 02 for differences
of secant Z of about 1.0. The differences become greater than this
in the centers of strong atmospheric bands as discussed in Paper L.
The 2.25; region in particular is free of such bands, and the formal
errors assigned to log f(225) are (+.02, -.01l). Similar errors apply
to the quantity WV in addition to errors arising from the positioning
of the coﬁtinuum as discussed above. Large differences in the zenith
distance between the variable and standard arose from the necessity
of observing the variable over as much of its cycle as possible. This
also caused larger errors in the determination of W(C0) than in the
case of the stars discussed in Paper I. Careful visual inspection of
the data indicates, however, that the results obtained are not affected
in any systematic fashion.

Finally, it should be pointed out that the errors in a single
measurement W{C0) and WV will often be greater than the change in

these quantities from one observation to the next. Visual examination

of the individual spectra indicates, though, that the relative changes
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between succeeding observations are in almost all cases correctly
given. Therefore, the various dependencies of one quantity upon

another should be regarded as firmly established.

B. The Temperature Scale

The establishment of a color temperature scale for the non-
variable giants was discussed in Paper I. The main difficulty in
extending it to the Mira variables wasalack of photometric observa-
tions over a substantial part of the period for most of the variables
studied here. In fact, many of the variables have been observed
photometrically only once during the course of the spectroscopic
program. To get around this difficulty, the following procedure was
adopted. For those stars which had more than one measurement of the
(J-1) color, the change in (J-L) was plotted as a function of the change in
log £(225) and a best~fit straight line was drawn through the points
(Figure 1). As best as could be determined from the observations,
an increase in (J-1) was always correlated with a decrease in log
f(225). So, tentatively, it would seem that the bluest color (or maximum
color temperatures) coincides with maximum flux at 2,25 . The error
in one determination of J-L is about 0.1. The scatter in Figure 1 is
about the same. Using an observed value of A log f(225) and at least
one observed value of J-1, the mean relation defined in Figure 1 yields
a color temperature with an error on the order of % 100°K since the
cool temperatures of the Miras are relatively insensitive to changes in
{J-L). The two points with the greatest A (J-L) are observations of

NML Tau. They have not been used in determining the mean relation
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Fig. 1. - The change in log f(225), as measured from the
spectra, versus the change in J-L color between two observations.
The mean relation adopted is shown. Points from Mendoza's date.

(1967) as explained in the text are indicated by circles,
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since the effect on the colors of the extensive circumstellar shell
surrounding the object (Hyland, et al 1971) is not well known.

The internal consistency of the above procedure may be
checked by comparing observed values published by Mendoza (1967)
with predicted values for J-L at the same phase. For (J"L)Mendoza
<2.5, two out of twelve comparisons differ by .2. The rest differ by
.1 or less. The observations of ¥ Cyg near minimum (J-L > 2.5) are
redder by .4 than the predicted values, but for these colors the tem-
perature difference is less than 150°K. For three stars which were
observed photometrically only once in the present study, R Cnc, R Leo,
and L Mi, the observations were combined with those of Mendoza taken
during different cycles. Assuming that the value of log f(225) does not
change significantly from cycle to cycle at the same phase, three points
indicated as circles were plotted in Figure 1. These agree with the
mean relation previously established. The predicted J-L colors at
minimum light agree with the adopted color-spectral type relation as
discussed in Paper I. The predicted colors at maximum infrared
light, however, are redder, for most of the variables, than those given
by the color-spectral type relation. This effect agrees with the observa-
tions of variable stars near maximum light of Mendoza (1967), and is
not due to the method of extrapolation.

In Table 1 maximum and minimum values of the temperature are
compared for those variables in common to this study and that of Pettit
and Nicholson (1933). While the values for Tmax agree within the

errors expected, the values for T . determined here seem to be

1

systematically hotter than those of Pettit and Nicholson. This reflects



T

-131-

ABLE 1

STAR FROM PETTIT PRESENT
AND NICHOLSON STUDY
Tmax Tmin Tmax Tmin
R Aql 2300 1900 2400 2100
R Aqr 2300 1700 2300 1850
R Cnc 2300 1700 2500 2100
x Cyg 2200 1650 2300 1800
R Leo 2200 1800 2400 2000
R LMi 2300 1800 2300 1950
o Ceti 2600 1900 2400 2000
X Oph 2400 1900 2600 2300
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the fact that the temperatures determined for the latest spectral types
from multicolor photometry (e. g. Mendoza 1967) differ from the tem-
peratures determined by the ra‘diometric observations of Pettit and
Nicholsoh (e.g. Smak 1964). Fujita, et al (1964) have determined an
excitation temperature scale based on strengths of observed molecular
and atomic lines. This scale is about 200°K hotter still than that based
on multicolor photometry. Ferhaps, when strong molecular absorption
spectramm under stellar conditions are better known, the infrared colors
could be corrected in the same manner thak Smak (1964) has corrected
the UBV colors forthe effects of Ti0 bands.

The highly extended atmospheres and the large scale mass
motions which are believed to occur in them may render the concept
of "effective temperature' useless for these late type stars and instead
require that detailed temperature structure be specified. Keeley (1970)
and Goon and Auman (1970} have pointed out how crucial such knowledge
of the temperature structure is both for analysis of the pulsation of long
period variables and their molecular abundances. In what follows,
"temperature'' will always refer to (J-L) color temperature determined
in the manner discussed above. The limitations and shortcomings of

this scale should be kept clearly in mind.

C. Variations of Flux and Molecular Band Strengths
The behavior of the 2.25,; light curve and the strengths of the
absorption bands of C0 and HZ.O tend to follow certain general patterns

in the Miras which have been observed:
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(1) The range in brightness at 2,25, is related to the phase
lag between the visual and the 2. 25, maximum and to the mean tempera-~
ture during the cycle in the sense that the stars of larger range and
cooler temperature tend to have a larger phase lag.

(2) The maximum strengths of HZO absorption bands are cor-
related with the temperature at these maxima in the sense that the
strongest maxima are associated with the coolest temperatures at the
times of maxima. The C0 bands may show a weak correlation in the
same sense.

{(3) The greatest values at minimum HZO strength are found
in the stars having th‘e coolest temperature at minimum band strength.
The opposite is true for the minimum CO band strength.

{4) The phase of maximum CO strength ranges from about 0 in
those stars having the earliest 2. 25,4 maximum to .5 in those having
the latest 2. 25y maximum. The minimum CO strength occurs between
.6 and .95 and usually coincides with the 2.25; minimum.

(5) The values for the phase of maximum HZO strength tend to
cluster around 0. 45 with the latest phase tending to be associated with
the coolest temperatures and thus, by 2 above, with the greatest
strengths. Minimum strength usually occurs between .8 and . 2.

(6) The HZO maximum occurs at the same time as or after the
CO maximum, never before, except for the ambiguous case of X Oph.

(7) The shape of the 2.25; light curve is generally symmetric
with some evidence for a shorter rise time than fall time and for a

broader minimum than maximum.
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{8) The strength of the CO bands seem to increase faster than
they decrease with maximum and minimum being generally of the same
shape.

(9) The HZO strength generally has a markedly steeper rise
than fall with a broad minimum ({~. 2 of total period) and narrow maxi-
mum. The stars having the largest variation in strength tend to have
both narrow maxima and minima.

The most notable exceptions to the above are T Cas, R Aur,
and RS Lib which have anomolously strong CO and o Ceti which has
anomolously weak CO for their respective temperatures. Also yx Cyg,

R Aur, RS Lib and T Cas have anomolously weak HZO for their tempera-
tures. Thesve statements may be made independent of temperature:

x Cyg, T Cas, R Aur, and RS Lib have CO band strengths that are

much stronger than one would expect from their HZO band strengths
when compared with the other variables. Also, U Ori shows only a
small variation in strength of the CO bands in comparison with the

large observed variation of the H,0 band.

While the maximum observed strength of CO in R Aqr and NML Tau
is probably close to the true maximum value, neither of these stars were
observed over a large enough part of their cycles to place anything but
a lower limit on their maximum HZO strengths. In addition, R Cas has
been observed only three times spectroscopically. It seems to have
a very strong 1.87 HZO band, in agreem ent with the observation of
Johnson and Méndez (1970). S CrB was observed once. It had a spectrum

similar to that of R Aql when the latter is at the same phase.
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The individual observations of band strength and log f(225) are
depicted graphically in the appendix as are several examples of the
spectra. The most important of the relations which have been de -
scribed are illustrated in Figures 2-4. The relevant data on maximum
and minimum band strengths, phases, etc., are given in Table 2a, b, c. In
Figure 5 the mean relation of band strength ver sus temperature for
the giants discussed in Paper Iis compared with mean relation of

maximum band strength versus temperature for the variables as

determined by excluding those stars which apparently have anomolous
band strengths. Except for the jump discontinuity, the run of strengths
from late G to late M type stars is remarkably consistent. The dis-
continuity in part can be attributed to the manner in which the level

of the continuum of the variables was chosen as described earlier,

and in part is real.

As pointed out above, the variation of minimum CO band strength
with temperature and spectral type is quite different from its variation
of max. strength, The minimum value of W(CO0) decreases steeply with
decreasing minimum temperature. Three stars which depart most
strongly from this mean relation are ¥ Cyg, U Ori, and NML Tau. All
three of these also show a large range in luminosity, but a small range
in the W(CO0) parameter. ¥y Cyg is an MS star with very weak HZO whereas
U Ori and NM1L Tau apparently have normal HZO and, as discussed later,
are probably pure M stars., Visual comparison of the spectra having
the weakest minimum value of W(CO0) (e.g., o Ceti, U Her, and R LMi)
with spectra of early K stars having similar values of W{C0) indicate

striking differences. Whereas band heads of the (6, 4) transition are
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Fig. 2a. - The range in log £(225) versus the phase lag between

the visual and 2,25 light curves in the sense Max (2.25) - Max (vis. ).

Fig. 2b. - The range in log f(225) versus the mean temperature

over a variable's cycle.
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Fig. 3a. - The observed maximum and minimum strengths of
the first overtone CO bands (as measured by W(CO0) ) versus tempera-
ture at the time of observation. R Aur, T Cas, X Cyg, and RS Lib are

marked as MS stars.
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Fig. 3b. - The observed maximum and minimum strengths of
the 1. 87, HZO band (as measured by WV) versus temperature ui the
time of observation. R Aur, T Cas, ¥ Cyg, and RS Lib are marked as

MS stars.
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Fig. 4a. - Phase of the maximum observed values of WV and
W(CO0) versus the phase of the observed f{225) maximum. The phase

is measured with respect to the maximum of the visual light curve.
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Fig. 4b. - The phase difference between the absorption and
f(225) maxima versus the phase of the f(225) maximum. All phases

are measured with respect to the maximum of the visual light curve.
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Fig. 5. - The mean relation of the quantities WV and W(C0)
versus color temperature for the normal giants is from Paper I. The
mean relations for the Miras at times of maximum absorption are

from Figs. 3a and 3b.
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clearly visible in the hot K stars, the band heads of the (4, 2) transi-
tion and higher are indistinct and washed out in these very cool Miras.
Thus, the expected decrease of band strength with decreasing tempera-
ture may finally be apparent here. In % Cyg all of the high level band
heads remain distinct and strong, nearly independent of the phase of
the star. Although the high level band heads are weaker and more
washed out in U Ori and NML Tau at minimum strength than they are
at maximum, the difference is not as extreme as, for example, in U Her.
In particular, the sharp and deep drop observed just longward of the
(2,0) and (3, 1) band heads remains visible in these two stars, whereas
in the other cool Miras it is not present. It is as if the atmospheres of
the three stars are highly transparent allowing one to see down to hotter
levels., The absorption of the 2. 7y HZO band at the time of minimum
W(C0) in U Ori and NML Tau seems to be normal as far as can be in-
ferred from the behavior of the 1.87y band.

As the minimum value of WV occurs at about the time of maxi-
mum visual light, a plot of WV versus the earliest, visually determined

spectral type indicates that the Miras generally have stronger water

absorption than do the non-Mira giants of the same spectral type dis-

cussed in Paper I. In fact, from various sources of spectral type versus

phase for the long period variables studied here, it seems that the

water absorption is always stronger in the variables than the non-variables
of the same spectral type. This is not true for the CO band strengths,
however. The discrepancy in the color-spectral type relation between

the Miras at maximum luminosity and the non-Mira giants may be due

to the differences in the HZO absorption since there is a water absorption
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band in the band pass of the J filter. Except for y Cyg, the stars with
weak maximum values of WV are not as apparent when considering

minimum values of WV,

D. Values of [C'2/c!3]
The measurement of the isotopic ratio C12016/C13016 proceeded
in a manner similar to that discussed in Paper I. Again, it has been
assumed as a '"best compromise'' that the square root portion of the
curve of growth applies to the region of the band heads. Average
values were obtained for each of the variables and are given in Table 3
and plotted in Figure 6 as a function of spectral type together with
values for some of the late-type giants from Paper I. There is con-
siderable variation for a given star over a cycle. This is probably

2
olb

1
attributable to the varying strength of the much stronger C bands

which determine the local continuum for the Cl3016 bands, Thus, as
was the case with the non-variable giants, the valuesgiven here probably
represent upper limits to the value of ClZ/Cl3 for that portion of the
curve of growth which is assumed to apply. They agree with the values
quoted by Johnson and Méndez (1970) after allowing for the fact that
these authors assumed that the linear portion of the curve of growth
applies to the band heads. Note that two stars with MS characteristics,
¥ Cyg and T Cas, have the largest ratio. This may in part be due to
their having very strong ClZO16 bands. Again, it must be said that
these ratios are probably quite inaccurate. The indication from Figure

6 that the variables may have a higher value of ClZ/C13 than the non-

variable giants must be regarded with caution,
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Fig. 6. - The mean value of [CIZ/C13J for each variable with
the range in spectral type of the variable indicated. The square root
portion of the curve of growth was assumed. Lack of room prevented
plotting two more stars with [C13/Cl3] and spectral type range of 7.1,
7.3, M6.5-9, and M7-8 respectively. Also indicated are [ClZ/C13]

values for very late giants from Paper I
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TABLE 3

MEAN VALUE oOF [c!?/¢13]

STAR reté/ctss
R Aql 6.7
R Aqr 9.0
R Aur 7.7
T Cas 15,8
T Cep 9.8
o Ceti 8.7
R Cnc 7.1
¥ Cyg 10.8
U Her 6.7
R Leo 6.7
RS Lib 7.3
RL Mi 5.8
X Oph 9.3
U Ori 6.9
R Ser 7.1
BG Ser 4.8

NML Tau 7.3
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III. THE VALUE OF [0/C] IN THE STARS OBSERVED

Merrill, Deutsch, and Keenan (1962) present evidence based
on the relative band strengths of V0 6132) and Ti0O 6148\ that spectro-
scopic differences among certain Me variables are probably due to
chemical composition differences. In particular, they conclude that
R Aur and R Hya have band ratios closer to those of W And, a weak S
star than to RL Mi, a pure M star. Also they conclude that atmospheric
'"opacity decreases as we go upward through the sequence RL Mi -

R Hya = R Aur = W And. " Spinrad and Newburn (1965) and Spinrad,
Pyper, Newburn, and Younkin (1966) have suggested that on the basis
of the strength of Zr0 bands near 9000.?\, the M stars T Cas, T Cep,
and possibly R Ser are of intermediate MS type. Spectra obtained in
the red and near infrared by Terrill (1968), on the other hand, gave
no evidence for any S characteristics in W And, T Cas, T Cep, or

R Ser.

In addition to differences in heavy metal abundances, S stars
are usually distinguished from M stars by a lower value of [ 0/C 7.
Spinrad, et al {1966) define a "'spectral peculiarity index' which is
designed to distinguish stars with weak S characteristics from pure
M stars. It is possible to define an index A = W(C0)/1000 - WV
based on the data obtained here which can pick out stars having anom -
alously strong or weak molecular bands. S stars should
have H,0 bands weaker relative to their CO bands at a given temperature
than M stars. Also, their CO bands may be slightly enhanced when

compared with M stars of the same temperature because of lower
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TABLE 4

SPECTRAL PECULIARITY INDEX

STAR W(C0), WV W(C0), WV CORRECTED
MAXIMUM MINIMUM MEAN VALUE
R Aql .15 .17 .09
R Aqr <.18 .13 ~ 15
R Aur .26 .29 .25
R Cas ~ 12 - ~ 12
T Cas .26 .24 .18
T Cep .21 .21 .12
R Cnc .14 .14 .07
Y Cyg .27 .27 .26
U Her .09 .13 .11
R Leo .14 . 09 .05
RL Mi .12 .10 .06
RS Lib .25 .21 .20
Mira .07 .05 .02
X Oph .20 .24 .15
U Ori .08 .19 11
BG Ser .20 .23 .14
R Ser .15 .20 .13
NML Tau <.14 .20 <. 16
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atmosphere opacity (Merrill, Deutsch, and Keenan 1962), That a star
may be characterized by a unique value of A may be seen from the
table below. The values in the second column were obtained from
the maximum observed values of W(C0) and WV while those in the
third column were obtained from the minimum observed values,
Except for U Ori, the differences between the two sets are generally
comparable to the error in a single determination of either W(CO)} or
WV. Since the quantities WV and W(CO) vary differently with tempera-
ture, the mean dependence of these quantities on temperature was used
to correct the value of A obtained by averaging the second and third
column. The results are in the fourth column. The temperature of
R Cas was assumed to be the same as U Her since the spectra  of the
former resemble those of the latter at the same phase. The minimum
value of A has been taken as representative of R Aqr. The spectra of
NML Tau over the observed part of the cycle are similar to those of
U Ori. The latter is the only star observed for which the value of
A at minimum band strength is significantly larger than the value at
maximum band strength., It is expected, therefore, that the true mean
value of A for NML Tau will be . 02 or .03 lower than that given in
column 4.

The four variables having the largest value of A are y Cyyg,
R Aur, RS Lib, and T Cas. This may be interpreted as meaning that
these four stars have the lowest value of [0/C7 of those observed.
Neither T Cep nor R Ser have values of A which would cause them to
be distinguished from the rest of the variables. The observed CO band

strengths in those stars having apparantly lower values of [0/C]
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provide no evidence that the value of f(0+C)/H] is significantly different
from the other stars.

Wing, Spinrad, and Kuhi (1967) interpret observations of NML
Tau as indicating that it is extremely cool and has S-type characteristics.
In particular, their determinations of the band strengths of Ti0 and VO
as a function of temperature (the latter quantity based on relative in-
tensities of selected continuum points) from scans in the red and near
infrared indicate that NML Tau lies between the mean relation for
normal M stars (their "M sequence’) and the region occupied by the
extreme S stars R Gem and R And. Also, the 19400 band of HZO was
invisible on a spectrum taken very close to maximum visual light,
while in a spectrum taken about 2 months after maximum this band was
weaker than that in a spectrum taken of o Ceti near minimum even
though the former object had a redder energy distribution. Wing, et al
observe strong water absorption in NML Tau only when its energy dis-
tribution is redder than that of any other star they have observed. They
interpret the weakness of the oxide and water bands to mean that the
0/C ratio may be as low as it is in R And. These authors also suggest
that the lack of any observed enhancement of S-process elements in
NML Tau may mean that this and the lowering of the 0/C ratio are
brought about by separate processes and that the occurrence of one
does not require the occurrence of the other.

Other observations of NML Tau relevant to the present dis-
cussion were made by Mendoza (1967) and McCammon, Minch, and
Neugebauer (1967). On the basis of broad-band photometry of a

large selection of M, S, and C stars, Mendoza concluded that his
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measurements were consistent with NML Tau being a very cool S
star. McCammon,et al obtained scans of NML Tau in the 1.5 and
2.2u region using the same instrument employed in the present
study. These scans were obtained at the time of visual maxima in
1965 September and nearly coincided in time with the observations of
Wing, et al, Although the scans of McCammon,et al were not corrected
for effects of the earth’s atmosphere, the extreme weakness of the
water bands and the general shape of the scans led them to conclude
that NML Tau resembled weak carbon stars rather than normal M-
type Miras.

During the early fall of 1969 NML Tau was at maximum infrared
light as indicated by unpublished 2.2y photometry done at the Hale
Observatories and by the value of f(225). On the basis of the observed
variation in strength of the 1.87y HZO band during the period October
1968 to December 1969, and the general pattern followed by all of
the other long period variables observed, it is confidently believed
that the strength of this band was at or close to its minimum value for
the cycle during August and September 1969. The spectrum of 1969
September 26 is nearly identical to the spectrum of U Orionis taken
on 1969 November 21 even in regards to the appearance of the many
weak absorption features (see Appendix). In general, it may be said
that the spectra obtained of NML Tau are similar to those of U Ori at
corresponding phases except that the CO and HZO band strengths are
generally slightly stronger in NML Tau than U Ori. It was also
pointed out that NML Tau and U Ori are the only stars observed for

which the A index become s large for minimum values of the band
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strength due to a large change in strength of the 1. 87uH20 band while
the CO band remains relatively constant during the cycle, Thus, the
spectroscopic observations presented here are consistent with the
interpretation of NML Tau as a cool, Mira-type variable, not unlike
U Ori, with a "normal'" 0/C ratio.

Hyland, Becklin, Frogel, and Neugebauer (1971) present
strong evidence for the presence of a large circumstellar shell
surrounding NML Tau. There is no evidence to suggest that the
reddening caused by such circumstellar shells, which seem to surround
many infrared stars, follows the normal interstellar reddening law.
Therefore, any temperature determination based on either broad or
narrow band colors such as used in this present study or in the work
of Wing, Spinrad, and Kuhi (1967) will be incorrect. If one were to
assume that NML Tau is not reddened, then using a mean M,, = -1

v

(Smak 1966) at maximum visual light and a maximum m., = 12 (Wing,

v
et al), NML Tau would be at ~4000pc. Since bII ~ -31°, its distance

below the plane of 2000 pc would be highly atypical of normal long
period variables with periods in excess of 400 days (Smak 1966),
There are two explanations for the observed disparity in mini-
mum H,0 absorption strengths in 1965 and 1969. It is possible that
between March and August of 1969 the strength of the 1.87y band had
a deep, sharp minimum comparable to that deduced from the spectrum
of McCammon, et al {(1967). Alternatively, the minimum band strength
may vary considerably from cycle to cycle. There is some suggestion

that this is true in some of the other stars observed (see Figures in

Appendix), Furthermore, the 1.87y band in several variables which
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are considered to be of pure M type {eg R Cnc) have very weak
strengths at minimum. Neither of these possibilities would alter the
conclusion that NML Tau has a O/C. ratio comparible to that of
other normal, oxygen-rich Miras.

Keenan {1954) and Merrill, Deutsch, and Keenan {1962}
have suggested that WAnd has S type characteristics which cause
its spectrum at maximum to be similar to that of ¥ Cyg. Wing, Spin-
rad, and Kuhi {1967), on the other hand, claim that this star lies on
their "M sequence'’, thus implying a normal 0/C ratio. Terrill
(1969) also has classified it as pure type M from his red and near
infrared spectra. The spectrum presented here was obtained two

P\wc'te waetvie

months before visual minimum, Reemetric observations made ten
days before the spectrum was obtained indicate a color temperature
of 2200°K. The spectrum obtained of U Ori on 1969 November 21,
three months before its minimum, is most similar to that of W And
in regards to the strength of the 1.871 water band and the general
appearance of most of the weaker features. Also, the predicted
temperature of U Ori at this time was 2300°,  The CO bands, however,
are significantly stronger in W And than in U Ori. From this limited
data, one can tentatively conclude that W And has water bands character-
istic of a pure M star of similar temperature but enhanced C0 bands

characteristic of an MS star.
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IV, DISCUSSION -- THE SPECTRAL VARIATIONS

A. Summary of Visual Observations

Studies of emission and absorption lines in long period variables
have been done by many authors, e.g. Deutsch (1960}, Deutsch and
Merrill (1959), Feast (1963), Joy {(1954), Maehara (1968), Merrill
(1940, 1952a, b, ¢, 1960), Merrill, Deutsch, and Keenan (1962},
Merrill and Greenstein (1956, 1958). Although the observed phenomena
vary widely from star to star, and even from cycle to cycle of the
same star, there are several general behavioral characteristics which
emerge from the mass of accumulated data. Unfortunately there are
very few cases where a particular variable has been observed in
detail throughout an entire cycle, Joy's (1954) work on o Ceti is prob-
ably the most extensive that has been done on any single variable.
That of Feast (1963) on S Ind is somewhat less so as it was incidental
to a larger program. These authors compare their results with those
obtained from the more limited observations of other stars and con-
clude that the behavior of Mira and S Ind is not atypical. It is interest-
ing to note that velocity variations obtained from studies of the absorp-
tion and emission lines are difficult to interpret in terms of variations
in the diameter of a long period variable.

Several of the above authors have suggested theories usually
involving shock waves which qualitatively seem to provide reasonable
explanations for some of the observed behavior. More quantitative
theoretical work has been done specifically on long-period variables

. e
by Gorbatskii (1961), Kamijo (1962), and Keely (1970} It is the
A
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purpose of the present section to briefly summarize the visual spectro-
scopic observations and their interpretations and to attempt to correlate
these with the infrared spectroscopic cobservations reported in this
paper.

Observations of absorption lines in long period variables are
not as frequent as observations of emission features. Feast {1963)
and Joy {1954) have found the mean absorption velocity generally
reaches a maximum (i.e. highest recessional velocity) shortly after
maximum visual light. In S Ind this peak seemed to be quite narrow.
Observations of other stars are generally insufficient to detect the
existence of such narrow peaks. The maximum absorption velocity
varies from cycle to cycle by an amount comparable to the velocity
variation within a single cycle. Joy finds evidence for a direct correla-
tion between the maximum luminosity and maximum velocity in a
given cycle,

It is well established that the displacement of absorption lines
of neutral atoms increases algebraically with the excitation potential
of the lower level of the line (Deutsch and Merrill 1959, Merrill and
Greenstein 1956, Merrill 1960, Maehara 1968). Such asymmetries
are visible in tracings of spectra of R Leo and R Hya (Merrill 1952a, b).
The doubling of absorption lines has been studied in detail at times of
light maximum in the Mira stars R And (Merrill and Greenstein 1958)
and x Cyg (Maehara 1968). Deutsch (1960) has reviewed other mani-
festations of these phenomena. The dependence of radial velocity on

excitation potential, the asymmetries, and line splitting are usually
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interpreted as being related phenomena due to an expanding circum-
stellar shell with the violet displaced component originating in the
shell. The asymmetrical lines would be due to partially unresolved
circumstellar lines, while the shortward displacements of the low
excitation lines would be due to a totally unresolved shell line. The
cooler temperatures prevailing in a shell would favor the low excita-
tion potential lines. Several authors have commented on the fact
that the shell lines have a remarkably consistent discrete velocity.
Intermediate velocities giving evidence for acceleration are not
observed. The recent work of Maehara (1969) and Tsuji (1968 and
unpublished) points out that not all occurr@nces of line doubling

can be interpreted as due to a shell. They have studied ¥ Cyg, R Cyg,
and R And. Their findings are summarized by Fujita (1970): "Most
absorption lines that were single at maximum phase appear with a
violet displaced component at post-maximum phase.... The violet
displaced component at post maximum phase is characterized by a
higher excitation temperature (T ~ 3OOOOK) as compared with the
normal component {T ~ ZOOOOK). .+. The zero-volt lines of KI, Rbl,
Lil, YI, and ZrI have shortward components both at maximum and
post maximum phases.... Emission lines of Ha and Ca II triplet
are strong and displaced to the violet. Ha has an overlapping absorp-
tion at its normal position.' In addition, these authors conclude that
the shortward component of a double absorption line originates in a
layer below that in which the longward component is found. The
model proposed by these authors will be discussed below. Detailed

studies as done by Maehara and Tsuji may be more feasible in S and



-166-

MS stars than in pure M stars because of a lower atmospheric
opacity in the former stars as suggested by Merrill, Deutsch, and
Keenan {1962).

Other phenomena associated with absorption lines in Mira
variables have been discussed by Merrill, Deutsch, and Keenan {1962).
They suggest that part of the line weakening observed in long-period
variables (with respect to non-variables of the same spectral type)
which have earliest spectral types later than M5 and are generally
of low velocity and intermediate population (includes variables observed
in the present study) can be explained by a metal deficiency of 10’1 in
the variables. The rest could be due to variable continuous and molecular
opacity.

Merrill (1940, 1960) has suggested that both speciral and light
variations could be due at least in part to 'veiling' by solid or liquid
particles, This has been discussed by Smak (1966). Also Kamijo
(1963) has concluded from a theoretical study that ''the opacity due
to liquid and solid particles is negligible' in late type giant stars. Fix
(1969) and Wickramasinghe (1968) have shown, however, that under
the right conditions, a large number of graphite particles will form and
significantly affect the emergent flux. It is not clear, though, if the
"right' conditions ever obtain in normal Mira stars.

Variations in velocity and intensity of hydrogen and metallic
emission lines have been studied in considerable detail. The average
behavior of the velocity of all emission lines as discussed by Feast
(1963), is a decrease at or shortly after maximum light with a minimum

(i.e. greatest velocity of approach) corresponding approximately in
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time to the maximum absorption velocity. Feast points out that the
observed minimum of emission line velocity in S Ind and that of the
well observed cycle of U Ori in 1927 were very narrow and that such
minima might easily have been missed in velocity measurements
of other Me variables as is the case with the absorption velocities
mentioned earlier. The practice of averaging together observations
from several cycles would tend to smooth out narrow maxima or
minima.

The emission lines of highest excitation potential, i.e. H
and ionized metals, tend to appear first, usually before maximum
light. As the light declines, large numbers of metallic emission
lines begin to appear and increase in strength., Joy points out that
without exception these lines are displaced shortward with respect’
to the absorption lines. The displacement decreases as they increase
in strength in accord with the average behavior noted above. The
emission lines usually disappear near minimum light. As is the case
with the absorption lines, the emission lines with higher excitation

potential show a strong tendency to have algebraically larger velocities

compared with low excitation potential lines. Occasionally (Merrill
1952a, b) the H-emission lines show a continual outward acceleration
whereas the metal lines follow the normal behavior. When the H lines
| first appear their relative intensities are usually anomalous and
superimposed absorption lines are usually visible., After maximum
light the Balmer decrement becomes normal (Merrill 1960)., This

is interpreted as indicating that the emitting layer initially lies below

the reversing layer and does notrise above it until sometime after
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light maximum. From his study of southern variables Feast (1963)
derived a mean relation between the periods of the stars and the
difference between their absorption and emission velocities (A-E).

He found that for P > 200 days, (A-E) increases from 10 to 15 km/sec
with a step up occuring around 325 days. The maximum value of
(A-E) during any given cycle can be 20 km/sec greater than the mean

value.

B. The Proposed Model

It has long been thought that the phenomena observed to occur
in the atmospheresof long period variables could be accounted for at
least in part by the action of shock waves. Qualitative models have
been discussed by Merrill and Deutsch (1959) and Fujita (1970).
Kamijo (1962) has discussed the progressive waves that are generated
by non-adiabatic radial pulsations. Keeley (1970 ) has considered the
energy which will be available to drive the atmosphere. The radius
and luminosity of his theoretical model vary with time in a manner
similar to that found for o Ceti by Pettit and Nicholson (1933). Since
the radial velocity variations observed in the absorption and emission
lines are inconsistent with what would be expected from volumn pulsa-
tion, it is suggestive that these velocity variations are almost com-
pletely determined by disturbances moving through the atmosphere.
In this section the motion of a strong shock will be considered. The
behavior of such a disturbance is relatively simple and the equations
describing it have been discussed by Landau and Lifshitz (1959). A
multilayered atmospheric model will be discussed based on the ideas

of Merrill and Deutsch (1959) and Fujita (1970). The general behavior
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of visual spectra can be understood on the basis of this model.

An

attempt will be made to understand the behavior of the infrared

spectra presented in this paper.

Finally, the energetics of the shock

will be briefly considered and a mass loss rate of ~10-5M® /year

will be seen to be consistent with the model.

Consider the instantaneous release of an amount of energy E

at the origin of a spherical coordinate system (Figure 7).

Let the

gas of region@ into which the resulting shock front moves be at

rest in this coordinate system and have density Py All velocities

will be measured with respect to region @ . At time t the front

is at a distance r from the origin and is moving with velocity U,.

The gas directly in back of the shock has velocity V, and density Py

3
At a point r* from the origin such that ;—— - 0, the velocity and density

are V* and p’,

¢]

Landau and Lifshitz show that for a perfect gas the

physical parameters are given by the following equations:.
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Fig. 7. - This illustrates the parameters which characterize

the shock disturbance.
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Combining the ideas of Merrill and Deutsch (1959) and those
summarized by Fujita (1970), the schematic model shown in Figure 8
is adopted:

Layer I is the top of the region in which most of the flux is
carried by convection and layer Il is the bottomof the reversing
layer through which the shock has already passed, Layer IIl is the
shock front itself with a region of heated gas behind it, Layer IV
is the top of the reversing layer and is the undisturbed region into
which the shock is moving. Layer V is the extended tenuous outer
atmosphere (in the notation of Maehara [1968 ], layer IV is the '"4"
layer and layer II is the "S'" layer). Deutsch and Merrill did not
consider a reversing layer to exist below the emitting region L III.

Parameters characterizing the star and its atmosphere may
be obtained from the models of Auman (1969), Carbon (private communi-
cation) and Keeley (1970) and from the observations of eclipsing binaries
reviewed by Wilson (1960). The average luminosity, mass and radius
are taken to be 2 X 1037 ergs/sec, 4X 1033 gm, and 2 X 1013 cm.
sog~1cm sec™®, InLIa typical density is 1078 gm/cm>. In the
reversing layer a typical value of p is 10—12 gm/cm3, The scale
height of the reversing layer is small and the density will fall off
quite rapidly as L. V is approached. At one stellar radius above the
surface this density may be 10’20 gm/cm 3, The scale height in this
region is large and may be comparable to a stellar radius. The energy
available for the shock phenomena is taken to be 1042 ergs.

The shock front is assumed to originate deep in LI and begins

to emerge from it at the time of first appearance of emission lines,
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Fig. 8. - Schematic model for a variable's atmosphere with

a shock front moving through it.
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two tenths of a period before maximum visual light (Joy 1954)., The
passage of the front is expected to have three effects on the gas ~-

an outward streaming motion (VZ) will be induced; the gas will be
heated; turbulent motions will be increased. As the front crosses into
L 1II its outward velocity increases, due to the large density gradient,
and the temperature of the heated gas will increase causing the H-

emission lines to become strong. From equations 1 and 2 it is seen
2d

that ii,-fr— = . The emission lines will be severely affected by the
overlying absorbing layers, in agreemert with observation, Around
the time of maximum light, the configuration illustrated in Figure 8
is reached. The gas in LII has undergone radiative cooling and is
cooler than the photosphere but not as cool as LIV, This produces
the doubling of absorption lines discussed by Maehara and Tsuji. The
component arising in L II will be characterized by a higher excitation
temperature and an outward velocity with respect to LIV. The emitting
layer I1LIII, as pointed out by Merrill and Deutsch (1959), must be
optically thin in the continuum but optically thick in the lines so that
the rate of radiative cooling will be proportional to the recombination
rate which inturn is proportional to the square of the density, Using

the typical values of the physical parameters for the reversing layer

given above and a time scale of 107 sec, equations 1, 2, and 4 give

6 30

g =.5,u=1.6X106cm sec, V, = 1.2 X 10 K.
1

s cm/sec, T=6X 10

2
This velocity agrees with the observed difference in absorption and
emission line velocities. The gas at some distance behind the front

will have cooled somewhat and lower excitation metallic emission

lines will appear. Gravitational deceleration will cause these lines
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to have algebraically greater radial velocities than the hydrogen lines,
again in agreement with observations. The observed asymmetry of
many emission lines may be due to unresolved absorption components.

Depending con the detailed density distribution within the star's
atmosphere, the shock front will either continue to be accelerated as
it rises, or will be decelerated by gravity., These two possibilities
would result in the H-emission lines having a continually decreasing
velocity, or an initially decreasing, but then an increasing velocity
as the gas is decelerated.

The behavior of the absorption lines as the front moves further
up into LIV is well illustrated in a series of post maximum spectra
of v Cyg by Maehara (1968). The component arising from LII increases
in strength and velocity (algebraic) as more heated gas is added to this
layer and it is decelerated by gravity (Tsuji (unpublished) has suggested
that part of this increase could also be due to decreasing continuous
opacity in the upper layers). The component arising from L IV decreases
in strength, but maintains constant velocity as no precursor of the
shock front can propagate into LIV ahead of the front itself., The
emission velocities measured by Maehara seems to be anomalous in
that they are algebraically greater than the absorption velocities of
LII. The observed outward acceleration of the absorbing material
which is often observed after the time of maximum light (e.g. Joy
1954, Feast 1963) could easily be caused by a blending of the L II and
LIV components resulting in a blueward velocity shift as the 1.II com-~
ponent increases in strength. The asymmetric appearance of many

absorption lines has been remarked upon in the references which have
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been given,

At a considerable time after visual light maximum, the
Balmer decrement is no longer affected by overlying absorption,
This is usually interpreted as indicating that the emitting layer has
risen above the reversing layer. Also at this time forbidden emission
lines appear indicating a low density for the emitting layers. Further,
the absorption lines now seem to show a maximum velocity of expan-
sion. As the shock disturbance moves into L V the emission lines
would be expected to fade away and the velocity of the absorption
lines should tend to algebraically increase due to gravitational decelera-
tion. This again agrees with the general behavior that is observed,

There is an important conceptual difference between the model
proposed here and those considered by Merrill and Deutsch {1959)
and Gorbatskii (1961). Merrill and Deutsch consider a ""semi-static!
model in which an absorbing layer always remains above the emitting
layer because of energy losses in the lower levels of the atmosphere.
Gorbatskii pictures the shock as moving rapidly through the atmosphere
and ceasing to be influential shortly after the time of maximum light,
The observations do not support these views, In particular, emission
lines are seen to persist up until the time of minimum light at which
time they seem to be above the reversing layer and their velocity with
respect to the absorption lines is probably always supersonic, implying

that shock phenomena exist throughout the pulsation cycle.

C. Interpretation of Broad Band Infrared Observations

The behavior of the infrared spectra of the variable stars
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studied here is more difficult to understand quantitatively than the
visual spectra. The resolution employed, 32.2;, is too low to discern
individual absorption lines from which a temperature and radial
velocity could be derived. The much longer pathlength required for
the formation of a molecular line as opposed to an atomic line implies
that the characterization of molecular absorption features by a single
set of physical parameters is a poor approximation. Keeping these
caveats in mind, an attempt will be made to understand the variations
of molecular band strengths in the context of the model discussed
above,

There is strong evidence that the variation of spectral features
and broad band flux get progressively out of phase with the visual
light curve as one goes to longer wavelengths. Smak (1964) found that
the minimum strength of Ti0 bands and maximum strength of H-emission
occurs at or close to the time of maximum visual light, Pettit and
Nicholson (1933) found that the maximum bolometric magnitude occurred
after the maximum visual magnitude and that the range in bolometric
magnitude was considerably less than the visual range. For six of their
best observed stars, Pettit and Nicholson found the maximum bolometric
magnitude to occur 0. 14 phase later than maximum visual magnitude
and to have a range of 0.89 mag. Five of these stars were observed
by the present author: R Aql, ¥ Cyg, R Leo, R L Mi, and o Ceti.
Averaged over one cycle, maximum £(225) occurred 0,20 phase later
than the visual while the range was 0.58 mag. The my of Pettit and
Nicholson is not corrected for stellar water absorption. On the basis

of the variation of water absorption with phase found here, a correction
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to my would tend to increase the phase lag and decrease the range,
Terrill (1969) has evidence which suggests that the change in the M
subtype of a long period variables classified from near infrared
spectra ''lags behind the change in visual light on the ascending branch
of the light curve with respect to the descending branch.'" Hetzler
(1936) finds that the light curve based on photographic photometry

at 8500& lags behind the visual light curve. Wing (1967) reports on
narrow band photometry at 1,04y of ¥ Cyg. He finds a phase lag of
50 days and a range of 2.5 mag. The range is larger than that given
by f(225) probably because 1.04y lies shortward of the black body
peak for x Cyg.

The explanation given by Wing to explain the phase lag is that
the infrared radiation comes from the photosphere, the visual originates
in higher layers, and the temperature variations of the two layers are
out of phase. This idea is also suggested by Wing, Spinrad, and Kuhi
(1967) to explain apparent “loops'' in their diagrams of band strength
versus color {see Figure 9). This picture implicitly assumes that the
line blanketing due to metallic oxide bands is much greater in the
visual than any opacity source in the red and infrared. Such a picture
is difficult to understand, however, since it implies that the temperature
and flux increase in the lower layers after they increase in the upper
layers.

Wisniewski and Johnson (1968) found from multicolor photometry
of Cepheids that the longer the wavelength, the greater the phase shift
with respect to the visual light curve. The stars with the smallest

phase shift also had the smallest infrared amplitudes in agreement



-180-

Fig. 9. - Here, the water vapor and carbon monoxide band
strengths are plotted against one another for two well observed stars.
Similar closed figures would result if the band strengths were plotted

against £(225}.
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with the results presented here. Finally, the bumps which appeared
on the descending branch of the visual light curves of the Cepheids
became the primary maxima at longer wavelengths.

All of these observations can be understood if the opacity
increases with increasing wavelength (Noyes, Gingerich, and Goldberg
1966). In particular, the radiation in the visual band would be expected
to be characteristic of the deepest layer which can be seen. The bump
observed by Wisniewski and Johnson (1968) might be interpreted as an
opacity anomoly which causes the visual radiation at that particular
phase to be characteristic of 2 higher layer than otherwise, Keeley's
(1970) theoretical results can be interpreted as predicting a phase lag
for the longer wavelengths since he has shown the higher the layer
considered, the longer it takes to respond to the disturbance which
triggers the pulsation.

That temperature derived from atomic and molecular absorp-
tion features in the visual seem to be higher than temperatures based
on broad band photometry could be attributed to the temperature grad-
ient and the dependence on wavelength of the continuous opacity. The
correlation of the phase lag between the infrared and visual light
curves and the range of flux in the infrared can be understood as
arising from scale differences between different stars., If a larger flux
amplitude is indicative of a more energetic pulsation and larger dis-
turbances propagating into the atmosphere, a more extended atmosphere
might be expected. For normal, Me-type long period variables there
is evidence that abnormally bright visual maxima are associated with

abnormally strong emission line strengths, further suggesting a
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correlation between the energy output and the magnitude of the shock

distur bance,

D. Behavior of the C0 Bands

The observed variations in the quantity W(C0) have already
been discussed in Section II. C. Since the pathlength required for the
formation of the CO lines is probably large compared to the thickness
of the shock front (Paper I and Merrill and Deutsch 1959}, and since
CO is generally completely associated for the temperatures of the
stars considered here, it is reasonable to assume that disassociation
of CO by the heating due to the shock may be neglected compared to
other factors influencing the strength of the absorption bands. The
spectrum of o Ceti taken on 1969 October 28 near maximum infrared
light, shows at least six ClZO16 bands, thus being characteristic of
a temperature around 3000°K {(Young 1966, Kunde 1968). One taken
near minimum infrared light, on the other hand, has a CO absorption
spectrum more characteristic of about 2000°K (Young 1966, Kunde
1968). Since the times of maximum and minimum flux approximately
correspond to the times of maximum and minimum temperature
in the region responsible for the 2. 25( light, it is suggestive to explain
the observed variation of W{CO0) in a single star in terms of tempera-
ture variations in the region of band formation. Any observed delay
between the titne of maximum f(225) and maximum W({CO0)} can be attri-
buted tc a combination of factors, The region of band formation must
necessarily lie above the emitting region, causing a lag in the tempera-

ture variations. This is the same effect which causes the phase shifts
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between the various light curves. The delay may also in part be
caused by the effects of the shock front, local heating and turbulence.

It should be noted that this temperature dependence of the CO
absorption variation in any one star is different than the dependence
observed for a group of stars of different temperatures, The differences
of CO band strength from star to star are probably attributable to effects
like those discussed in Paper I

It was noted previously that the spectra of U Ori and NML Tau,
two otherwise normal oxygen rich long period variables, have anomo-
lously strong minima CO absorption strength for their respective tem-
peratures. In particular, the first two vibrational bands seemed to be
characteristic of a considerably higher temperature than the higher
bands. A recent paper by Spinrad, et al {(1971) studied a high resolution
spectrum of a Ori. They compared the individual rotation lines of
different bands with theoretical profiles calculated by Kunde, If the
thecretical profiles were made to match the medium excitation rota~
tional lines of the (2, 0) band (6 < J < 80), two important discrepancies
were found., First, the lowest and highest excitation potential lines
were overpopulated compared to the Boltzmann distribution which
fit the intermediate lines. Spinrad, et al suggest that the lowest lines
seemed to be characteristic of a rotational temperature of only a few
hundred degrees. Second, the departure of the observed strengths of
the higher, (3, 1),(4, 2), etc., vibrational bands from the strengths
expected on the basis of a unique vibrational temperature increased
with height above the ground state in the sense that the observed

strengths were too weak. Other synthetic spectra computed by Kunde
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(private communication) at a lower resolution illustrate the same
effect when compared with spectra obtained in the present study,
namely the observed strengths of the upper vibrational bands become
progressively weaker when compared with the predicted strengths.
Thus, the spectra of U Ori and NML Tau may be extreme cases of
this., Spinrad, et al attribute this discrepancy to the fact that in a

low density medium the vibrational relaxation time is significantly
greater than the rotational relaxation time, implying that LTE
probably does not obtain. It is not necessary, however, to invoke
non-LTE effects to explain this discrepancy, for it could be due en-
tirely or in part to temperature stratification effects in the atmosphere.
Kunde's synthetic spectra were computed using a single slab model
characterized by a unique temperature. As pointed out in Paper I,

the very low { values of the CU bands implies a very long pathlength
for formation. Now the f values are higher for the higher vibrational
bands. Therefore these higher bands could form primarily at a higher
level and be characteristic of a lower rotational temperature than the
lower excitation bands.

The CO absorption spectrum of y Cyg may be taken to be
characteristic of those stars which apparently have a "low" O/C ratio,
viz. T Cas, R Aur and RS Lib. The spectrum of y Cyg on 1969 April
27 is remarkably similar to that of RT Vir on 1970 February 21 (Paper
I). The latter star is an M7 III irregular variable of small amplitude.
The colors {J-L) and spectral types (visual) of the two stars would
normally be interpreted as showing x Cyg to be 800°K cooler than

RT Vir. If RT Vir is assumed to have a ''normal" 0/C ratio (i.e.
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greater than ¥ Cyg) than the equality of strength of the 1.87, water
band in both stars could be interpreted as being due to the chserved
fact that this band increases in strength with decreasing temperature,
and that the lower temperature compensates for the lower HZO abun-
dance in ¥ Cyg. The similarity of the high excitation C0 bands,
though, suggest that in ¥ Cyg they are formed at the same temperature
as in RT Vir. The similarity of the many minor absorption features
is also suggestive of a similar temperature and perhaps similar H/C
ratios in both stars.

Finally, the CO absorption bands of o Ceti itself are peculiar.
They seem to be abnormally weak for the indicated temperature (either
by infrared colors or visual spectra). The minor absorption features
also are weak when compared with spectra of other stars, Taken
together, these two facts might indicate a higher atmospheric opacity

than exists in the other stars.

E, Behavior of the H,0 Band
The variation of strength of the 1,87, water band is complicated
by the low disassociation energy of the HZO molecule. As described
before, the time behavior of this band may be characterized by a rapid
rise to maximum strength, a slower decline, and a broad minimum.
The variations are out of phase with the variations in both the CO band

and the 2,25y flux resulting in "loops’’ when the H,0 band strength

2

is viewed as a function either of CO band strength or 2.25 flux (Figure

9).

The fact that the maximum strength of the 1.87 band always
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occurs either at the same time as or after the CO band maximum and
always after the 2.25( flux maximum is interpreted as indicating that
the mean level of formation of the water band lies above that of the
CO band. Since the HZO molecule reaches a maximum concentration
only for T < 2300°K (Tsuji 1964, Vardya 1966}, such a stratification
might be expected on theoretical grounds. The relatively rapid rise
in strength of the HZO band is interpreted as indicating that it is more
strongly influenced by the passage of the shock than is the CO band.
Keeley's {1970 )} models lend support to this idea., The disturbance
of any given layer with tinre becomes more and more asymmetric
in the sense that rise time becomes much steeper than the fall time,
It is interesting to note that maximum HZO absorption approxi-
mately corresponds to the time when the emission lines in the visual
spectral region seem to be in the upper part of LIV (Figure 8), i.e.
when they are free of overlying absorption. This can be taken to mean

that the shock disturbanc ion

¢l

is now passing through the high reg
where the 1.87; band is primarily formal. After maximum strength,
the gas cools, the turbulence decays, and the band gets weaker,

Model atmospheres calculated by Auman {(1969) have indicated
that water absorption bands increase in strength as stars of successively
cooler temperatures are considered, due to the declining relative im=-
portance of other opacity sources, and as the turbulence is increased.
But as the variation of HZO in a given star is similar to the variation
of CO band strength, it is again felt that the variation for a given star

with phase is not due to the same cause as the systematic variation

from star to star which is characterized by stronger CO and HZO bands
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being associated with cooler temperatures, If it were, it would mean
that the temperature variation in the molecular absorption region is
about 180° out of phase from the region where the continuum 2y flux
originates. This is physically implausible although not impossible.
Also, it was previously noted that at maximum strength, the band
structure of the CO absorption is characteristic of a higher temperature
than it is at minimum strength,

If this schematic picture is correct, it means that for any
single star, the variation of CO and HZO band strength is dominated by
the effects of temperature and turbulence on the molecular absorption
coefficient directly, not by changes in continuous opacity. The difference
between the resulting absorption spectra of the two molecules would
primarily arise from differences in height of formation,

It has also been suggested {(Frogel 1970) that the band variations
may be due to injection of matter into cool regions where molecules
may form thus increasing the column density of absorbing material,

Such injection would be caused by the pulsation,

F. Comparison With Model Atmospheres
The model atmospheres constructed by Auman (1969) are the
only ones made for late-type stars that consider water absorption in
any detailed fashion. It is instructive to compare the observations
made here with the models if only to indicate the direction in which
the models must be corrected. In Figure 10 are plotted log (FK=1° 67L1/
F)\'-‘Z, 3Ll) and log (szz, 3Ll/ F)\:Z. Ou) as functions of effective tempera-

ture for a sequence of giants and supergiants from Auman's models
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Fig. 10. - Shown here are the ratio of the maximum flux on
either side of the 1.87, HZO band, log f{167)/£(230), and a measure of
the depth of the 1.87y band relative to the maximum flux longward of
this band, log £(230)/f(200). The solid and dashed lines are the theoretical
values for giants and supergiants respectively (Auman 1969). The dots in
the lower figure represent the variables at maximum observed 1.87
band strength. The possible MS stars R Aur, T Cas, y Cyg, and RS Lib
were excluded. R Agr was excluded because of insufficient observations.
In the upper figure are those stars for which spectra in the 1.6 region
were available, as discussed in the text, regardless of phase. These
stars are R Aql, R Aqr, U Her, R Ser, o Ceti, Mira, U Ori, and NML
Tau. The arrows indicate the direction in which the (J-L) color temper-

ature was changing at the time of observation.



— RO~

cnng

fﬂ,ﬂ
230)

167)/f(

[N

/!
{
%

] log [‘f

!
J

200

/,
O)/K

(

3

P
-,

log Er(zs

O

P
e

N
-]

3000 2000
Temperature (°K)

Figure 10.




-191-

(1969, private communication), The first quantity measures

the ratio of the peak fluxes emitted on either side of the 1.87 water
band. The second quantity is a measure of the depth of this band. The
crosses in this figure represent the maximum water absorption and
corresponding color temperature for each star. The stars R Adql,

R Aur, R Cas, T Cas, y Cyg, and RS Lib were excluded either because
of incomplete observations or because of evidence for an abnormally
low value of 0/C. The arrows represent those stars for which both
2.2 and 1. 6, spectra were available, regardless of phase. U Her

and R Ser did not have 2y spectra taken at the same time as the 1.6y
spectra, but a reasonable extrapolation from available data was made
to obtain the 2,; quantities. The direction of the arrows indicate the
direction in which the temperature was changing.

It is at once clear from Figure 10 that the predicted strengths
of the bands are too great, Since the models were constructed assuming
a turbulence parameter of 2 km/sec, whereas reasons have been given
earlier for favoring a value of 10 km/sec, the predicted band strengths
may even be underestimated. It is extremely unlikely that the color
temperatures are in error by the amount necessary to bring the
observed points into agreement with the predicted relation. That
the observed points define a relation which is approximately parallel
to the predicted one is encouraging, however,

Several factors can contribute to the incorrectness of the models.
Auman {1969) performed his calculations treating the water opacity as
a harmonic mean opacity. He has discussed the difficulties and prob-

able incorrectness of such an approximation. A more correct approach,
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suggested by Auman, is to use both a2 harmonic and a straight mean.

He indicated that it was not at all clear how the calculated energy
distribution would be changed by such an approach, A second factor

is the possible importance of non-LTE effects. Calculations performed
by Auman (1969) indicate that for Te < 3000°K the pressures in the

band forming regions of giants and supergiants are too low to allow
either rotational or vibrational relaxation to obtain. Such an effect
may have been observed in the CO bands as discussed above, Auman
has also pointed out that convective motions may seriously affect the
structure of the lower atmosphere. In addition, radiation pressure
acting selectively on the HZO molecule may severely affect the equili-
brium distribution of this molecule, Such an effect was considered by
Weymann {(1962a) as a possible mechanism for mass loss, This will

be investigated in detail in Secction V. Finally, there is the prob-
lem of elemental abundances, Auman (1969) calculated two models in
which the C/H ratio was increased and decreased by a factor of two.
The model with the high carbon abundance (0/C a 1.26) had slightly
weaker water bands. Spinrad and Vardya (1966) have suggested that

the value of 0/C in "oxygen rich' stars they measured is ~1.05. It
is not clear what the emergent flux from a star with such a value of
0/C would look like. The apparent existence of various O/C values
among the stars studied here was discussed in a previous section,

In particular, it is clear that x Cyg, a very cool long-period variable,
has almost no water, The abundance problem will be considered in

more detail later.
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G. Some Comments on Mass Loss
Deutsch and Merriil {1959) pointed out that their shock model
led to a continuous outflow of matter from the star. Since the model
considered here is basically similar, it leads to the same conclusion-
stars in which strong shocks play an important role will have a high
rate of mass loss. Using the model parameters given in Section IV. B.

- 3
1a gm/cm”, V = 12 km/sec. and performing the same

with p ~ 10
calculation as Merrill and Deutsch, upper limits for the rate of mass
loss and the energy required may be derived by assuming that all of
the matter in the region characterized by the parameters escapes.

These values are 2 X 1042 ergs/year and 4 X 10-5

M@/year, These
are in reasonable agreement with high theoretical and observational
values (Keeley 1970, Deutsch 1960). If two different heights are
considered, then from mass conservation plvlrlz = pZVZrZZ, In the
reversing layer the density certainly falls off faster than rmZ, thus
giving an expansion velocily increasing outward, possibly accounting
for the algebraically lower velocities observed in the lowest excitation
lines compared to lines of higher excitation potential. Above the
reversing layer in the circumstellar envelope, the density may approxi-
mate the barometric law - p~ r_‘z, so that the expansion velocity will
be independent of height, as it seems to be in a Her (Deutsch 1960,
Weymann 1963), Tsuji (unpublished) has similarly proposed that

the material in the circumstellar envelope is part of that material
which was accelerated by the shock and subsequently ejected. He

5

estimates a mass ejection rate for R And of 10~ M@/yr.
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Gehrz and Woolf (1970) have associated large infrared excesses
observed in RV Tau stars with the strong shock waves that are pre-
sumed to exist in their atmospheres, implying that the latter leads
to mass loss. In a study of carbon stars (Frogel and Hyland, in
preparation) it was found that the long period carbon variables have
systematically weaker CO and CN bands in the 2y region than do the
irregular and semi-regular carbon variables. This was interpreted
as being due to increased veiling by circumstellar material. Gillett,
et al {(1971) have reported that the long period variable carbon stars
have higher infrared excesses than do the others. Presumably the
shock phenomena is considerably stronger in the long period variables
than in the others.

Gehrz and Woolf (197]1) have considered the effects of radiation
pressure on dust particles. They conclude that gas can be driven out
of a star via coupling with the dust particles, and that this provides
the dominant mechanism for mass loss in late type stars. There are
several important examples, however, of considerable mass loss
in late type stars without the accompanying infrared excess usually
associated with a shell. Several strong microwave OH sources (eg
R Aqgl, U Ori, U Her), and microwave HZO sources (the same stars
plus <A Boo)} have no measurable excess., The Se stars R And and
R Cyg have high mass loss rates and no excess.

The observations of HZO microwave emission from long period
variables can be interpreted as
indicating the presence of a considerable amount of water in the cir-

cumstellar environment of some of these stars., In particular, it was
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found (Frogel 1970) that a necessary condition for HZO microwave
emission from the long period variables which were observed was a
strong 1.87 absorption band. As pointed out previously, stars with
such strong absorption tend to be among those with the greatest 2.25,
flux variation and the greatest lag between visual maxima and 1. 87y
absorption maxima. Thus again it seems that the two guantities
phase lag and flux range are indicative of the magnitude of the dis-
turbance in the stellar atmosphere,

The connection between long period variables having strong
infrared HZO absorption and 0H microwave emission has been discussed
in detail elsewhere (Hyland, Becklin, Frogel, and Neugebauer 1971).
The observations and implications are similar to those of the HZO
sources and there is a considerable degree of overlap between the two

sets of sources.
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V. RADIATION PRESSURE

Since the absorption coefficient of the HZO molecule is very
large and nearly continuous in the 1-3, region where the star emits
its maximum amount of flux, (Tsuji 1966, Auman 1967, 1969) it was

decided to investigate the effects of radiation pressure on the H.,0

2
molecule. This was suggested as a possible mechanism for mass

loss by Weymann {1962 }. The analytic representation of the absorp-
tion coefficient given by Tsuji (1966) based on the just-overlapping
approximation is used. He has shown it to be in reasonable agreement
with empirical results and should certainly be of sufficient accuracy

to judge the importance of radiation pressure. The absorption coef-
Z £

ficient per HZO molecule is represented by

K = 5 ME _; Tilglag T T) Fem?
K{;{ ny fipng el o "Ny Nghg (e, }gnlnens( ) Tem™]
where
-nj
T = ﬂ 1%
ﬁnlnzn,g ! ‘{L -~l%:” exp
}, d expr— -13'9-* (nlwl +n2W2 +n3W3 )] }
q L kT
and
i ' 2
E{w, T} = hciw-w _| exp (-hclw-wo‘ )
LSRR . ‘
4k TR 4L TB?

W is the band origin of the transition characterized by the ni's; the

Wi's are molecular constants taken from Herzberg (1945). The absorp-
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tion due to the pure rotation band of HZO was also considered but
found to be negligible. The stellar radiation field was approximated
by a black body. Thus, the net force acting on an H,0 molecule is
given by

F, = — Sook B, (T)d)

R c o MM

Using the sequence of models given by Auman (1969) and Goon and
Auman (1970) and the relative concentration of HZO given by Tsuji
(1964), Table 5 was calculated. In this table, the radiation force,
FR’ and the gravitational force, FG’ per gram and per molecule
are compared for the sequence of models. An example of the radiation
force per molecule in.ly; intervals for a temperatu¥e of 3000°K is
given in Figure 11.

It might be thought that collisions with other molecules would
rapidly smooth out any excess momentum transferred to the HZO
molecules via the radiation field. Michaud (1970) in a study of dif-
fusion processes in peculiar A stars showed that this is not true:

"A radiation force as large as a gravitational force causes diffusion
through the same distance as the gravitational force, independent

of te " where t. is the time scale for a particle to transfer momentum
received from the radiation field through collisions. What is crucial
in judging the effects of radiation pressure on the H,0 molecule in
late~-type stars is convection and the turbulent velocity fields. While
convection may be unimportant in the upper parts of the atmosphere,
turbulence certainly is not. It is not at all obvious if these two effects

will cancel out the action of the '"negative gravity' field experienced
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Fig. 11, - The radiation force per H,0 molecule in 0.1 micron
intervals in cgs units is shown. Tsuji's (1966) analytic form of the
absorption coefficient was used and the radiation field was taken to be

that of a blackbody with Te = 3000°K.
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by the water molecules. If the T = 2500°K model is considered, it
is readily seen that a velocity of 10 km/sec is achieved in a time

ta2 X 105 sec, which is short compared to the period of a typical

Mira star, and over a distance of 8 X }Olo ¢m which is probably

comparable to or smaller than the scale height of the lower atmosphere.
If radiation pressure acting on HZO molecules is important,

it will profoundly effect the distribution of these molecules. The

scale height of the equilibrium distribution will be increased reducing

the mean temperature for these molecules. This will cause model

atmospheres to overestimate the importance of HZO absorption and

predict bands that are much strohger than observed. Also it will

lead to increased selective loss of water molecules. This may be a

contributing factor in those stars observed to have H,0 microwave

2
emission. Finally, there may be coupling with the rest of the gas

in the manner suggested by Gehrz and Woolf (1971) for dust grains.
Table 5 indicates, however, that only for the extremely cool stars

will the radiation force/gm of stellar material approach the gravita-

tional force. This problem must be studied in more detail.
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VI, DISCUSSION--ABUNDANCES AND EVOLUTION

Theores of stellar evolution make specific predictions as
to the change in observed elemental abundances due to atomic burning
and subsequent convective mixing. Observations of the abundances of
H, C, N, 0, and Li are important as they are relatively easy to make
and should be considerably effected by the CNO cycle and helium
burning. The evolutionary state and masses of the variable stars
considered here and the giants and supergiants considered in Paper
I are probably such that these two chains of reactions are the most
important. This section will consider what bearing the observations
reported here, in Paper I, and by other observers have on understanding

the evolutionary history of late-type stars.

A, Work of Other Observers

Spinrad, et al (1966) and Spinrad and Vardya (1966) have com-
bined observations of molecular band absorption from near infrared
spectra and from Stratoscope II (Woolf, Schwarzchild, and Rose 1964)
with model atmosphere calculations and arrive at values for relative
number densities of [0/C] ~ 1,05, [0/H ]~ 10"%-10"3, and [0/N] ~0. 3-3
for the M stars they considered. It is felt, however, that these results
must be ckonsidered as being highly uncertain. The H,0 abundances for
o Ceti and R Leo were determined by comparing the strengths of the
stellar 29400 and XllOOO?& lines with the same lines due to terrestrial
absorption and making corrections for temperature and saturation

effects., The uncertainties introduced by assuming that molecular

absorption features may be characterized by a unique set of physical

parameters have been described elsewhere, The inability to confirm
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the identification of HZO in @ Ori and p Per made by Woolf, et al {(1964)
in the Stratoscope Il data has already been discussed in Paper I. Similar
criticism's apply to the determinations of the CO abundance in M stars
by Spinrad, et al {1966} and Spinrad and Vardya {1966). Finally the
problems inherent in model atmospherecalculations have been sum-
marized in this paper.

Goon and Auman (1970) and Auman {1970} have interpreted the
discrepancy between the predicted and observed HZO band strengths
(Johnson, et al 1968), Johnson and Méndez 1970, Paper I) in late~type
giants and supergiants as evidence for an 0/C ratio close to unity.

In addition, Spinrad, et al (1971) have been unable to find any HZO
lines in very high resolution 2, spectra of a Ori. Auman (1970) has
also interpreted the apparentdifference in HZO band strength between
Miras and non-Miras reported here as being due to a lower 0/C ratio
in the former stars than the latter and attributed this di:e differences
in the amount of convective mixing that has occurred. Differences
between observations and predictions of model atmospheres must be
treated very carefully. In particular, although there may well be an
abundance difference between late-type stars and the sun, it is by no
means clear that this difference would entail a lower [0/C] ratio. In
fact, differences in band strength between theory and observation could
also be attributed to a general lowering of both 0 and C without reducing
their ratio. Such an effect would be predicted from the equilibrium

abundances of the CNO cycle and arguments in favor of this view will

be presented below,



-204-

Schadee (1968) has shown abundances of oxygen-containing
molecules become extremely sensitive to changes in the value of 0/C
when this quantity approaches unity. Abundance analysis of G and K
giants by Greene (1969) and Conti, et al (1967) have been consistent
with a solar or greater value for [0/C). Thus it would be necessary
to postulate some abrupt change in composition between K and M
giants if Spinrad and Vardya's {(1966) conclusions are correct. The
continuous increase in observed CO band strength reported in Paper I
would argue against any such abrupt change.

What is the evidence, if any, that would indicate that the stars
considered here and in Paper I are highly evolved and should have
surface abundances that would reflect some degree of mixing with
CNO processed material? The remainder of this paper will be an
attempt to answer this question.

Barbaro, et al {1966) have discussed evidence from old galactic
and globular clusters which indicates that the long-period variables
represent an extension of the giant branch of these clusters to higher
luminosities (''giant branch'' will refer to the steep, nearly vertical
track that stars follow in a temperature-luminosity diagram immediately
preceeding the onset of helium burning). From the main sequence
turnoff point, ages of a few times 108 years and masses of 1-2 M@
would be indicated for these stars, in agreement with masses derived
from binary systems containing a long period variable. This is con-
sistent with what would ge expected from the velocity and space dis-
tribution of field long period variables with periods greater than 200

days as discussed by Feast {1963) and Smak (1966). Also, the lifetime
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of these variables indicated by mass loss rates of 10-5

-107° M,/
year is consistent with the evolutionary time scale for stars of a few
solar masses at the tip of the red giant branch as discussed by Iben
(1967, 1968).

Blanco (1964) has summarized the kinematical properties of
the late-type giants. They appear to be similar to the Mira variables
of long period, although there is some evidence that they are slightly
younger. The G and K giants are also probably slightly more massive
than the typical long period variable. The giants typically have masses
of 3-4 M .

Inspection of the evolutionary lifetime diagrams calculated by
Iben (1965, 1966) indicates that stars of 3 and 5 M@ spend about 30
times as much time as a red giant after they leave the tip of the red
giant branch (i. e. when they are evolving to the left in the HR diagram)
then they do as a red giant before ascending to the giant tip (i. e. when
they are evolving to the right). Cannon {1970), on the basis of a study
of old galactic clusters, has inferred that a significant fraction of field
red giants, in particular those around Mv =1, B-V=+1.0, may have
already gone up to the red giant tip and down and are now in the core
helium burning stage. Unfortunately, evolutionary models do not pre-
dict the existence of giants much later than KO; these stars would all
lie in the forbidden Hayashi region. Kippenhahn (1966) has pointed out
that the theoretical position of the Hayashi line can be easily shifted
to the right either by increasing the opacities or decreasing the mixing
length in the stellar interiors. Such a change would not significantly

alter the relative evolutionary lifetime calculated by Iben.



-206-

Iben's calculations predict the following for stars from 2. 25 -
5 Me . As the star begins to ascend the giant branch, a convective
envelope begins to grow rapidly in depth. By the time the star reaches
the tip of the red giant branch, the convective envelope includes about
80% of the mass and mixing with the material that has been processed
through the CNO cycle occurs. The red giant tip marks the maximum
extent of the convective envelope. As the star approaches the helium
burning phase, the base of the convective zone recedes toward the
surface. The abundances in this outer region remain fixed at the
values reached at the tip of the red giant branch as the temperature and
luminosity are too low for any significant nucleosynthesis to occur

during the entire phase of helium burning. In particular, the surface

abundances will be unaffected by what goes on in the core. Faulkner

(1966) has also argued against mixing of material from the helium
burning core with material of the envelope. Since the amount of CNO
processed material that is mixed with the hydrogen rich envelope is
only a fraction of the total amount of material in the envelope, the
resulting envelope abundances will be intermediate between the initial
main sequence values and the values t hat obtain when the CNO cycle
is in equilibrium, The surface value of [Nl4/C12] is increased by
a factor of 3 over the main-sequénce value, \:016/(312] is _i_ncreased
by about 1.5, and [N*%/01] by about 2. 1f [C13/C12] is initially o,
it will become 1/27 (Iben 1966). From these models there is no way
to reduce the value of [O/C] toa 1. The temperature at which the CNO
process takes place has to be >40 X 106 OK, to get the equilibrium

abundances of the CNO cycle such that [0/C] < 1. To get this value
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in the surface abundance, it would be necessary to expel most of the
hydrogen rich envelope. There is the possibility, of course, that
stars which are massive enough to get an [0/C] ~ 1, lose a large
quantity of mass, slowing down their rate of evolution and causing
them to appear as less massive giants. It would be unlikely, though,
that a large number of stars should be of just the right mass to have a
resulting CNO equilibrium abundarce such that [0/C] ~ 1.,
Observations of Li depletion in late-type giants (Waller stein
1966, Merchant 1967) provide further evidence for the interpretation
of these stars as having already descended from the tip of the giant
branch. Wallerstein notes that the lithium content of the G giants he
looked at is significantly lower (nearly a factor of 100) than that of
the F giants. This is in agreement with the consequences of Iben's
(1965) conclusion that the G giants have been extensively mixed. The
results of Bonsack{discussed by Iben) also indicate a very low lithium
abundance in G and K giants. Merchant {(1967) discusses her observa-
tions of lithium together with all other past observations and concludes
that the general trend of decreasing lithium abundance with advancing
spectral type is consistent with an increasing degree of convective
dilution as a star evolves to the right in an HR diagram. She adds
that it may be possible to as sociéte the stars with the lowest lithium
abundance with evolution to the left in the HR diagram and to attribute
the spread in abundance at a given spectral type to a spread in the
masses and previous histories of the stars. On the basis of the evolu-
tionary lifetime quoted early, however, it would be expected that

the majority of the giants should be evolving toward the left, Inspec-
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tion of her Figure 8 indicates that the M giants may have significantly
higher lithium abundances than some of the latest K giants.

A final clue concerning the evolutionary state of the red giants
is the detailed abundance analysis by Greene (1969) of four K giants.
He concluded that the HCNO abundances were consistent with cycling
of some stellar material through the CNO cycle and subsequent mixing
with surface material. The results of an analysis of K giants by Conti,
et al (1967) are, on the other hand, ambiguous: some of their stars
do seem to have anomalous abundances when compared with the color

values,

B. Results of the Present Investigation

It is useful at this point to summarize the relevant observational
results:

The absorption due to CO increases with advancing spectral
type among the non variable giants. The supergiants tend to show
greater absorption than the giants although there is some overlap,
especially among the later types. The scatter in band strength at a
given spectral type is real. There is no evidence for water absorption in
the 1,87y band except for stars of type M6 and later. When considered
as a function of visually determined spectral type, the strength of this
water band in the long period variables of apparently normal composi-
tion is significantly greater than in the non-variable giants. Values
for the CO absorption when considered at the time of maximum visual
light seem to be consistent with the non.-variable giants, but values at

the time of maximum CO absorption seem to be systematically greater
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in the variables than the non-variables. The differences in the case
of the CO bands are small. The weakness of the C0O bands in the Mira
and their relatively great strength in the MS-type stars is quite clear,
though. The approximations and assumptions that have gone into
estimating the [CIZ/CB] ratio have already been discussed. Keeping
these in mind, it may be tentatively concluded that this ratio remains
relatively constant for all of the non-variable giants. It is probably
the same in the supergiants asinthe giants and may be higher in the

variables than in the giants. But for all three classes of stars the

[ClZ/Cl3] ratio is certainly considerably lower than the solar value.

If all of the above results are correct, it is then interesting
to speculate on the following interpretation of them. If the stars
started their evolutionary history with a solar value of [CIZ/CB],
then, in the absence of any surface spallation reactions, the existence
of a value considerably less than solar means that the original surface
material has been mixed to some degree with material which has been
processed through the CNO cycle. The relative constancy of this value
in the non-variable giants may be an indication of the relative uniformity
with which this mixing has taken place in all of these stars. A higher
value of[ClZ/Cl?jin the variables would be consistent with their loca-
tion on the tip of the giant branch (Barbaro 1966) where, presumably
mixing is not yet complete. The value found here, by Johnson and
Méndez (1970) for [ClZ/CB] based on the CO bands is considerably
lower than the value suggested by Iben (1966). This may be due entirely

to uncertainties in interpreting the relative strengths of the ClZO16

and C13O16 features, The difference is not felt to be significant.
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Greene (1970) has pointed out the large discrepancy between the value
determined from the CO features and that determined from CN
features.

Stronger CO and H,0 absorption in the variables would also
be expected on account of incomplete mixing since [C] plus [0] will
be greater although the ratio [C/O] may be similar. (The author first
heard the suggestion that the degree of mixing may be greater in
variables from Auman [1970].)

If, in fact, the giants are all uniformly mixed, then the trend
of increasing CO absorption with advancing spectral type could be
att ributable to effects discussed earlier in this paper and Paper I.
The supergiants with shorter lifetimes, also have a relatively higher
probability of being found on different parts of their evolutionary
tracks where, presumably, differing degrees of mixing will have
influenced their surface abundances, thus accounting for the much
larger range of absorption strengths. Wallerstein (1966) has suggested
that if enough G and K giants are surveyed for lithium, about 5% of
them should be found with strong lithium as these will be evolving to
the right in the HR diagram. A similar test should be possible with
regard to CO strength. Auman (1970) has suggested that perhaps the
presence of enriched helium envélopes in the late-type non-variable
giants cause them to be non-variable. Keeley (1970) has shown that
it is the hydrogen ionization zone in a star that induces pulsational
instability., Finally, it should be pointed out that the differences in
band strengths between variables and non-variables may be due to

effects associated with the pulsation phenomena alone,
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In summary, Iben's evolutionary models for stars of a few
solar masses predict that most late-type giants should be in the
helium burning phase and should have undergone a certain degree of
mixing. This mixing predicts increased [0/C] and [Cl3/C12]
ratios and decreased surface lithium, carbon, and oxygen abundances,
Detailed abundance analysis of field giants tend to support this picture
as do observations of giants in old clusters. Although these theoretical
models cannot predict giants cooler than 4OOOOK, this does not seem
to be a serious difficulty. There is evidence that the long period
variables represent an extension of the red giant tip. The infrared
spectra presented here and in Paper I can, with caution be interpreted
as supporting this picture and in particular are suggestive of abundance
differences between the variables and non-variables. There is, however,
a general lack of understanding of very cool atmospheres and, in par-
ticular, the role played by dynamic phenomena. The evidence now
seems to be quite strong that it is necessary to consider abundances
which depart sharply from the traditional solar ones due to a certain

admixture of material which has undergone at least hydrogen burning.
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Figs. 12 - 28. - This series of figures presents the data used
in this paper. The HZO and CO band strengths are measured by the
quantities WV and W(CO0) respectively. The flux at 2.25_ is measured
by log £(225). WV, W(CO0), and f(225) have been defined in the text.
Also indicated are the times of visual maximum (M) and minimum (m).
As an aid in associating the spectra which will be presented with these
figures, 1969 January 1 was JD 2440222 and 1970 January 1 was JD

2440587,
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The following series of spectra have been selected to illustrate
several of the points made in the text. The legend on the bottom of each
gives, in order, the name of the star, the date, the telescope, wave-
length, the slit size, and the amplifier gain. The rest is irrelevant for
the present purpose. In particular, note the following comparisons:

RT Vir with x Cyg on 27 April 1969; ¥ Cyg in November and June 1969
which are times of maximum f(225), W(CO0) and minimum f, W respec-
tively; U Ori, November 1969, NML Tau, September 1969 and W And,
the first two being close to and at f(225) maximum respectively; U Ori,
March 1969, September 1969, and NML Tau, December 1969, the first
being at maximum WYV, the second at maximum £(225) and minimum WYV,
the third being near maximum WYV and W(CO0); R Cnc, May and December
1969, maximum and minimum WYV respectively; the MS stars R Aur and
T Cas at maximum W{C0)and RS Lib at an intermediate value of W(CO0).

Finally, there is the complete series of spectra obtained for o Ceti, Mira.
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Fig. 29. -~ A series of spectra of U Her with the phase with
respect to visual maximum indicated. The left hand scale is designed
to show the changing brightness. The units are log F)\(W/cmz/micron)

+ C where C = 17.00.



Long+Const

—353"

U Her

phase

52

60

99

20

21

22
Al{microns)

23

24

Figure 29,




"0¢ 21n31g

HAT H SNHIS ¢
0Sh"¢  00h'CZ  0SE"C

G°0 0S5 9 GS°0 09 69 Hdd L
0s1°¢

9AJ IHD

poe*¢ 0s¢"¢  00¢ ¢ port¢  0s0°¢  000°¢ 0S6°1

—234 ~

|

|

|

!

|

_

00h"h  002°h  000°h  008°E
(NOYIIW/ZXXWI/MY 4 307

008" h

008" h

LT+



~235-—

‘1€ @2an81yg

Gsh*¢e

IWJ H GSNBIS ¢ A3H9 40SS WWS'0 IWZ 2 409 0L g34 12

HIA 1Y

00h°¢ 0S€"¢ 00e’¢ 0sg'¢ 002'c O0SI°Z 00I'2 0S0'z Q002 0S6°I1

_ I | _ | I ! | _

00S"€
4 9071

0oL €

006°€
CNDHITW/CXXWI /M)

001" h

00€™h
LT o+

00S™h



‘Z€ @ang81g

AJH9  80OSh WAS'0 IWZ'Z 409 69 ADN 1¢
00’2 0Sse'¢ 002" O0SI'¢  001'Z 0S0°2

9AJ THJ

0sh*¢ 00Rh"C¢  0sE'C 000°¢ 0S6°1

~23¢ -

|

_

!

!

_

008"h  OOR"h  002°h  0OO'H
CNOHIIW/CXXWI/MY 4 907

008" h

000" S

LT+



"¢¢ sin8iyg

dA1 B8 SNH3S ¢ A34 9 9007 WWS'0 IWZ'Z 4001 68 NN €1 9AD IHD
0Sh*¢, 0Oh'Z 0Se"Z 00€'z 0S¢°¢ 00C'¢ 0S1'2 001" 0S0°Z 0O0'Z 0S6°1
M _ _ _ I _ m _ w

—d37 -

00S°"h  QOE'h  00I"h  Q0B°€
CNOHITW/ZCXXW3/MY 4 907

00L" T

006" h

LT+



‘#g 210814

A3H9  €0SS WWS'0 IWZ ¢ 409 69 ABN I¢
00€"¢ OS2z 002'Zz 0S1'Z  001'¢  0S0°Z

I40 N

0sh*¢ 00h°¢ 0SE°¢C 000°¢ 0S6°1

—239—

|

|

00L°€  00S°€  OOE'€  OCI'E
“LT +  (NOHIIW/ZXXW3I/M3 4 90T

0067 €

001" h



—239-

NSH*¢

‘Gg @an81y4

00h* 2

nse" ¢

A3H9  800S WWS'0 IWZ'¢C 409 69 d3S 9¢
00E'2  0S¢'Z 00Z'Z 0SI'¢  0OT"¢  0S0°¢

N8Bl “WN
000°¢ 0S6°1

|

_

! ] I | _ _

00S°€
4 3087

goLg

006" €
CNDYHI W/ CRXWI /MO

007"
LT+

nNe"h

nNs™h



-2 YO

0Sh”

*gg 21n81g

¢ Qon'e

0se*¢

A3HS 8055 WWS™0 IWZ*Z 4001 83 130 RO
00e'¢ 0S2'z 0022 0SI'Z 001'CZ 0S0°2

ONB M
000°C 0S6°1

v !

4

I ] _ | _ i

]

00f° €
(CNDHIIW/CHXWI/M)D

000°€
4 901

00c €

008°€E 009°€

000" h

LT+



"1¢ @in81yg

b 9C IWJ B SNY3S ¢ A3HS 4008 WWS'0 IWC*C 409 69 HuW 20
0Sh'¢ 00h"Z 0SE'Z 00E'Z 0S2'¢Z 00C'Z OSI"¢ 00I'CZ 0SO°2

140 N
000°C 0S6"1

—wl -

|

|

000°€
4 907

009°€ 00h°€ 00Z°€
CNOHITW/ CXXWI/MD

008" €
S8°391 +

000" h



—34 2~

0Sh'e

‘¢ 2and1g

00k <

0se* e

AJHS  800S WWS'0 IWZ'¢ 408 69 435 SZ
00E'Z 0Se°¢  002°Z O0SI'Zz  001°Z 0S0°2

40 N
000°C 0561

|

1

| 1 _ | | _

006'8
CNOHOIW/ZX¥XW3/M)

00S°€
4 901

goL" €

001" H
A S

0CE"h

00s* h



—243

05Hh°¢

‘6¢ @2an3Tg

NonR*¢

0SE" ¢

A3H9  80SS WWS"0

IWZ*¢ 409 69 330 0¢

Noge*¢ 0Ss¢'¢ 00¢c'¢ 0ST°¢  001°¢ 0S0°¢

NYL TWN
000*Z 0S6'1

_

. m m

|

009°€

onn"g
4 9071

one-e

00f €
(NDEJIW/ CXXAT/MD

U7+

ong e

000"



— R ~

9" HATT BHdTE  A3H9 Q0SS WWS'0 IWZ'C 409 69 ABW E€¢

0sh*d

‘o 21n314g

00h*¢

0se"d

00€" ¢

0s¢ ¢

00c ¢

0st ¢

0o1°¢

0s0° ¢

ONJ
000°2 0S6"1

|

|

|

|

|

wr
o Q
o0
c

nox" ¢ nne ¢
4

(NDY I LW/ EXXWT/MD

NNy e

nne"e
GL 9T -+

noo



—24s

0Sh*¢

*1% sand1dg

00h*¢

0se"é

AJHS 4009 WWS'0 IWZ'Z 409 69 330 81
00€'Z 0Ss2'¢ 00Z°¢ 0SI'CT 001'Z 0S0°2

INJ d
000°C 0561

_ ] | | _ |

I

000" €
4 987

0oe e

00h" €
(NOHITW/CXXWI/M )

009°€
LT+

008" e

000" H



‘T 8and1yg

IWJ B AJHS 800S WWS'0 IWZ'Z 409 69 130 92
OSh'¢  0Oh'¢ 0S€'¢ 00E'C 0Se'¢  002'¢ 0S1'2 001'Z 0S0°2

4Ny H

000°¢ 0s6'1

_ _ _ _ | | _ _ !

—2UY§ -

008°€
CNBHIIW/ZXXW3/M)D

00h"€
4 907

009°€

00c"h 000" h

00%h"H

LT+



*¢y 2In81J

AJHS  80SS WWS'0 IWZ*C 409 69 330 0¢
00E'¢ 0S¢’z 00Z'¢ OSI'Z  001'Z  0SO°2

SHJ 1

0Sh'¢ 00h'¢ 0sE'¢ 000°¢ 0S6°1

—247-

_

|

|

I

~

00S°€
4 381

0oL €

006°€
(NDHITW/CRXWI/M D

001" h
LT+

00E" h

00S™h



‘v 2an81g

BWJ B SNB3S ¢ AJY9 8009 WWS'0 IWZ'C 409 0L 934 ¢2
0Sh"¢ 00h'Z 0S€'Z  00E"¢ 0S¢ 00C'¢ 0SI'2  001°'CZ  0S0°2

817 Sy
000°Z 0S6°1

m

—-a248-

1

_

|

I

|

ooe"¢e

005°2
4 01

0oL ¢

006°2
CNDYI I/ CRXWI/M)D

001" €

Sh 971 +

00s°€



"¢y 2an814

BW3 B SNH3IS ¢ A3HY  800%h WWS'0 IWC"¢ 408 68 NBIr O€ b IW
0Sh"Z 00R'Z 0S€'¢ 00€'¢ 0S¢'¢ 002°¢ 0SI'C 001°¢ 0S0°¢C 000°Z 0G6°1

] | m

—_d g -

|

|

_

00S°€
4 301

0L E

006° €
(NOHIIW/ CHXWI/M D

001" H
Sh 91 +

00E"h

00S*h



-2 50—

“9y ain81a

BWJ Y NSH3IS ¢ A3JHS 80aSHh WWS'0 IWZ'Z 409 69 HHW €0
00Z*¢

0Sh*<e

0Ch" ¢

0se"¢

goe"¢

0S¢ ¢

gs1°¢

0ol ¢

0s0° ¢

Y IW
000°C 0S6°1

_

2

|

_

@

]

|

00S°€
4 307

00L°E

006°€
CNOHITW/CRXW3/M D

001 h

Sh 97 +

00E" T

005" h



“l% 2and1y4

AJHS  HOOE WWS'0 IWZ"Z 4001 69 9Ny 20
00E'¢ 0S¢'2  00CZ'¢z 0Si"¢ 00I'C 0S0°¢2

HHIW

0sh"¢  00h°C 0SE'¢C 000°¢ 0se'1

_

-5 -

|

_

|

_

*

“

009" H

00Z'h  000"h
4 301

00R"
CNDHITW/EXXWI/M >

LT+

008" h

000" S



‘g 2and1y

A3HS 800" WWS'0 IWC™Z 409 69 9Nd Le BYIW
0Sh"Z 0Oh'Z 0Se'¢ ODE'Z 0SZ°Z 002'¢ OSI'Z 001'¢ 0S0°¢

000"¢ 0S6°1

—2s52 -

_

_

~

|

~

|

009"h  OCR"h  002°H  000"H
(NDHIIW/ZXXWI/MY 4 307

008" T

000" S

LT+



— <53~

‘6y 2In31g

0Sh°¢

00h* ¢

0se™ ¢

AJH9  900h WWS'0 IWZ'C 409 69 d3S S¢
00’2z 0Sg'¢  00C'e¢ 0S1'¢  00I'CZ 0S0°¢

BYIW
000°Z 0S6°1

]

_

|

] _ | _ | ”

009" h 00h"H  002°h 000" H
(NDHITW/CHXWI/MY 4 9071

008"

000°S

LT+



06 2ans13

IAJ 8 AJHY  dU0h WWS'0 IWC ¢ 409 69 130 82
00c ¢

BYIW

Osh'¢ 0O0OR°C 0Se°¢  00E"C  0S82°¢C 0s1°¢ 001°¢ 0S0°¢ 000°¢ 0S6°1

__25(./—

“

|

|

|

“

008" h

00Z"
4 907

gon" h

009" h

000°S

002" S

CNDHITW/ CXXWI/M D

LT+



"16 @and13

gy HAT B SNHIS 2 A3H9 800Hh WWS'0 IWC'C 409 69 ADN <
0Sh"z 00R"Z 0Se'z 0OE'Z 0S¢'¢ 00Z'¢ 0S1°¢  001°¢ 0SO°¢

BYIW
000°C 0561

| , | _ | “ ~ | |

_

00L°€  00S°E
4 301

006°€
(NDHOTW/ CXXWI/M D

001" h

00€" T
60° 391 +

00s h



g6 2an314

A3HS  G00h WWS'0 IWZ'¢ 408 69 340 O
00€'¢ 0Se'¢ 00Z'CZ 0SI'CZ  001°CZ 0S0°¢2

BHIW

0sh*¢ 00h'Z¢ 0SE°¢C 000°¢ 0s6°1

[ |

—~dS6-

|

|

_

~

000" fi
ERON

0o0nh" h 00c"

(NOHIIW/ CAXWI/M D

009" h

LT+

008" Hh

000° S



—2 57

'g¢ @an81g

BWJ B SNHJS ¢ AJH9 900h WWAS 0 IWZ ¢ 408 0L 834 dc
0Ssh*Z 00R'Z 0S€'Z 00E'Z 0S¢'¢ 002'¢ 0S1'¢ Q0I'Cc  0S0°¢

H4BH W
000°C 0S6°1

_ ~ . , | } i _ _

,

005" €
4 901

00L°E

006°€
CNDYITW/ CXXW3I/M)

00T°Hh

00€"
Sh 971 +

005" h



~258-
REFERENCES
Auman, Jr., J. R, 1969, Ap.J., 157, 799,

1970, talk given at Conference on Late-Type Stars, Tucson.

Barbaro, G., Dallaporta, N., and Nobili, L. 1966, in Collogquium on

Late-Type Stars, ed. M. Hack (Trieste), 368,

Blanco, V. M. 1964, in Galactic Structure, €d. A. Blaauw and

M. Schmidt (Chicago: University of Chicago Press).

Cannon, R. D. 1970, M.N.R.A.S., 150, 111.

Conti, P. S., Greenstein, J. L., Spinrad, H., Wallerstein, G., and
Vardya, M. S. 1967, Ap.J., 148, 105,

Deutsch, A. J. 1960, in Stellar Atmospheres, ed. J. L. Greenstein

(Chicago: University of Chicago Press).
Deutsch, A. J., and Merrill, P, W. 1959, Ap.J., 130, 570.
Faulkner, J. 1966, Ap.J., 144, 978.

Feast, M. W, 1963, M.N.R.A,S., 125, 27.

Fix, J. D. 1969, M, N.R.A.S., 146, 51,

Frogel, J. A. 1970, Ap.J. (Letters), 162, L5,

Fujita, V. 1970, Interpretation of Spectra and Atmospheric Structure

in Cool Stars (Tokyo: University of Tokyo Press),

Fujita, Y., Yamashita, Y., Kamijo, ¥., Tsuji, T., and Utsumi, K.

1964, Publ., Dom. Astroph. Obs., '}‘E‘, 293,

Gehrz, R. D., and Woolf, N. J, 1970, Ap.J. (Letters), 161, 1213,

. 1971, Ap.J., to be published.

[ S,

Gillett, F. C., Merrill, K. M., and Stein, W, A, 1971, Ap.J., to be

published.



-259-

Goon, G., and Auman, Jr., J. R. 1970, Ap.J., Lé»l.,-’ 533
Gorbatskii, V. G. 1961, Soviet A. J., 5, 192.
Greene, T. F. 1969, Ap.J., }2‘1, 737.

1970, Ap.J., 161, 365.

Herzberg, G. 1945, Infrared and Raman Spectra of Polyatomic Molecules

{New York: D. Van Nostrand Co.).
Hyland, A. R., Becklin, E. E., Frogel, J. A., and Neugebauer, G.
1971, Ap.J., to be published.
Iben, Jr., I. 1965, Ap.J., Lﬁ, 1447.
1966, Ap.J., 143, 483.
1967, Ap.J., 147, 650,
1968, Ap.J., 3’?’%, 581.
Johnson, H. L., Coleman, I., Mitchell, R. I., and Steinmetz, D. L.

1968, Comm. Lun. and Planet. Lab., 1, 83.

Johnson, H. L., and Méndez, M. E. 1970, Astron.J., 75, 785.

Joy, A. H. 1954, Ap.J. Suppl., ‘L, 39.

Kamijo, F. 1962, P.A.S.J., 14, 271,
. 1963, P.A.S.J., 15, 440,

Keeley, D. 1970, Ap.J., 161, 657.

Keenan, P. C. 1954, Ap.J., 120, 484.

Kippenhahn, R. 1966, in Colloquium on Late-Type Stars, ed. M. Hack

(Trieste), 319.

Kunde, V. G. 1968, NASA Technical Note, NASATN D-4798.

Landau, L. D., and Lifshitz, E. M. 1959, Fluid Mechanics (London:

Pergamon Press).



-260-

Machara, H. 1968, P.A.S.J., 20, 77.
McCammon, D., Minch, G., and Neugebauer, G. 1967, Ap.J., 147,
575.

Mendoza, V., E. E. 1967, Bol. de los Obs. Ton. y Tac., 4, 114.

Merchant, A. E. 1967, Ap.J., 147, 606.

Merrill, P, W. 1940, Spectra of Long Period Variable Stars {Chicago:

University of Chicago Press).
1952, Ap.J., 116, 18.

ibid., 337.

ibid., 344.

Merrill, P. W., Deutsch, A. J., and Keenan, P. C. 1962, Ap.J.,
136, 21,

Merrill, P. W., and Greenstein, J. L. 1956, Ap.J. Suppl., 2, 225.

1958, P.A.5.P., 70, 98.

Merrill, P. W. 1960, in Stellar Atmospheres, ed. by J. L. Greenstein

{Chicago: University of Chicago Press).
Michaud, G. 1970, Ap.J., }2’9, 641.
Noyes, R. W., Gingerich, O., and Goldberg, L. 1966, Ap.J., 145, 344.
Pettit, E., and Nicholson, S. B. 1933, Ap.J., Z‘é’, 320.
Schadee, A. 1968, Ap.J., 151, 239.

Smak, J. 1964, Ap.J. Suppl., 91, 141.

1966, Ann. Rev. Astr. and Ap., 4, 19.

Spinrad, H., and Newburn, Jr., R. L. 1965, Ap.J., 141, 965.

Spinrad, H., Pyper, D. M., Newburn, Jr., R. L., and Younkin, R. L.

1966, Ap.J., 143, 291.



-261-

Spinrad, H., and Vardya, M. S. 1966, Ap.J., 146, 399.

Spinrad, H., Kaplan, L. D., Connes, P., Connes, J., and Kunde, V G,
1971, to be published.

Terrill, C. L. 1969, Astron. J., 74, 413,

Tsuji, T. 1964, Ann. Tokyo Obs., 9, 1.

1966, P.A.8.J., 18, 127.
1968, Astron. J., 73, 5120,

Vardya, M. S. 1966, M.N.R.A.S,, 134, 347.

Wallerstein, G. 1966, Ap.J., 143, 823.
Weymann, R. 1962, Ap.J., 136, 476.

. 1963, Ann. Rev. Astr, and Ap., 1, 97.

Wickramasinghe, N. C. 1968, Ap.J., 140, 273,
Wilson, O. C. 1960, in Stellar Atmospheres, ed. by J. L. Greenstein
(Chicago: University of Chicago Press).

Wing, R. F. 1966, in Colloguium on Late-Type Stars, ed. M, Hack

(Trieste), 205,
Wing, R. F., Spinrad, H., and Kuhi, L. V. 1967, Ap.J., 147, 117.

Wisniewski, W. Z., and Johnson, H. L. 1968, Comm. Lun. and Planet,

Lab., 7, 57.
Woolf, N. J., Schwarzchild, M., and Rose, W. K. 1964, Ap.J., 140, 833,

Young, L. A. 1966, Avco Everett Research Laboratory, AMP 1.88.





