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ABSTRACT 

Near-infrared light curves have been compiled for twenty-five Mira variables of types M and S from 
photoelectric measurements of the radiation contained in a narrow bandpass near 1.04 ju. An average of 
twenty-seven observations per star was collected over a 5-year interval. The 7(104) magnitudes are 
almost completely free from molecular blanketing; the amplitudes at this wavelength are typically only 
1.0 mag and never exceed 2.5 mag. Observations at the same phase in different cycles usually agree to 
within 0.1 .mag, but differences as large as 0.5 mag have been recorded. Maximum light in 7(104) occurs 
approximately 0.1 period after visual maximum. Light curves at different infrared wavelengths with 
varying degrees of blanketing all have the same general character as the visual light curve of each star, 
although the amplitude depends upon the amount of blanketing. 

Spectral types have been derived from measurements of TiO and VO bands made simultaneously 
with the measurements of 7(104). We give 595 spectral types for the twenty-two M and mild S stars 
and a judgment as to each star’s most representative type at minimum light. 

Pronounced humps on the rising branch, near phase 0.7, were observed in many stars; several stars 
have shown humps in some cycles but not in others. They cannot be attributed to changes in blanketing, 
since they are as evident in 7(104) as at other wavelengths and since the spectral type actually stays 
constant at its latest value during the rapid rise from minimum to secondary maximum. The rise from 
minimum seems to be associated with an increase in photospheric temperature, while the delay in the 
resulting dissociation of TiO and VO emphasizes the extreme stratification of these atmospheres. 

I. INTRODUCTION 

Few phenomena in astronomy have attracted and held the attention of so many 
observers, amateur and professional alike, as the light variations of long-period variable 
stars of the Mira type. A large part of this interest stems from the fact that the changes 
in brightness (and in spectrum) are qualitatively predictable but never exactly pre- 
dictable, so that continual monitoring is necessary. During the past 50 years, members 
of the American Association of Variable Star Observers (AAVSO) have produced 
approximately 3 million estimates of the visual magnitudes of Mira variables; mean 
periods, mean light curves, and other information distilled from these data are given in 
Campbell (1955). Although all Mira variables show obvious cycle-to-cycle differences, 
each nonetheless possesses a distinctive mean light curve which differs significantly 
from those of most other Miras. The cycle-to-cycle differences themselves are not 
random: for example, bright and faint maxima tend to alternate, and bright maxima 
tend to occur ahead of schedule and to have earlier spectral types than faint maxima 
(see, e.g., Harrington 1965; Keenan 1966). 

The light curve at each wavelength is the net effect of changes in temperature, radius, 
continuous opacity, and spectral features in both absorption and emission. The effect 
of TiO absorption upon the visual and photographic magnitudes of M-type Mira vari- 
ables is strongly phase-dependent and often reaches several magnitudes (Smak 1964, 

* Operated by the Association of Universities for Research in Astronomy, Inc., under contract with 
the National Science Foundation. 
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1966). We have long wondered whether some of the irregularities in the visual and 
photographic curves, and their failure to reproduce themselves, might not simply be the 
result of superficial distortions, by changing spectral features, of a more fundamental 
and regular continuum light curve. This idea can be tested by measuring continuum 
radiation, for example in the clear region near 1.04 recommended for this purpose by 
Wing (1967a). It will be shown here, howevèr, that the brightness of the infrared 
continuum exhibits some of the same peculiarities and irregularities (but with smaller 
amplitude) as are seen in the heavily blanketed visual region. Some progress in in- 
terpreting the curves has nevertheless been possible as a result of collecting a large 
quantity of accurate, homogeneous data and measuring the spectral type corresponding 
to each point on the light curve. 

Some important results have been obtained from previous infrared photometry of 
Mira variables with wide bandpasses. Photographic magnitudes at an effective wave- 
length of 8500 Â were measured by Hetzler (1936) for thirty Mira variables. His light 
curves have much smaller amplitudes than the corresponding visual light curves as a 
result of the longer wavelength and the decreased blanketing by TiO bands. The maxima 
on Hetzler^ curves are reached at about the time of the visual maxima, but they persist 
longer. The cycle-to-cycle repetition is better than in the visual, but is clearly imperfect. 
The radiometric curves (which refer to all radiation transmitted by the Earth’s atmo- 
sphere) published by Pettit and Nicholson (1933) for eleven Mira variables have still 
smaller amplitudes, and their maxima occur about 0.1 period after visual maximum. 
Pettit and Nicholson also constructed the bolometric light curve for the mean of six 
well-observed late-type Miras and found its maximum to occur slightly later still, at 
phase 0.14. 

Mendoza V. (1967) has published a large number of observations on the Johnson 
(1966) system of wide-band multicolor photometry. With somewhat narrower filters, 
including one about 350 Â wide at 1.02 p, Eggen (1967) has observed substantial 
segments of the light curves of several Mira variables. 

Light curves of two Mira variables have been published in the narrow-band 7(104) 
magnitude used here. Wing (1967a) showed that the amplitude of x Cyg in 7(104) was 
less than 2.5 mag in the 1965 cycle, when the F-amplitude exceeded 8.5 mag, and that 
the maximum in 7(104) showed the same phase lag as does the bolometric curve of 
Pettit and Nicholson (1933). A similar comparison of the 7(104) and V light curves, 
with similar results, was presented by Wing, Spinrad, and Kuhi (1967) for the Taurus 
infrared star (now known as IK Tau). In neither case, however, were observations from 
different cycles compared. 

In this paper we discuss observations of 7(104) and spectral type that have been 
collected during the past 5 years for Mira variables of types M and S. Although more 
than 200 different Miras have been observed, we restrict attention here to the twenty- 
five variables with the most complete light curves. 

II. OBSERVATIONS 

a) The 27-Color and 5-Color Photometric Systems 

Two different but related systems of narrow-band near-infrared photometry were 
used in this investigation. A 27-color system defined by means of a spectrum scanner 
was used by Wing at Lick Observatory from 1965 to 1968, and a 5-color system defined 
with interference filters has been used since 1969 by Lockwood at Kitt Peak National Ob- 
servatory. The five filters all have close counterparts on the Lick system, although the 
filter are approximately 100 Â wide whereas a 30 Â bandpass was used with the scanner. 

The Lick system measures the strengths of bands of CN, TiO, VO, and ZrO in the 
7500-11000 Â region and defines the continuum quite well in most kinds of cool stars. 
Descriptions of this system and the observing procedures used are given in Wing (19676) 
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and Wing et al. (1967). Since these papers were written, all 27-color observations have 
been formally reduced and transformed to the system of absolute fluxes given by Hayes 
(1970). With the exception of the most recent observations, all the data on the Lick 
system are contained in Wing’s thesis (1967í;). They are expressed as fluxes per unit 
wavelength interval on a magnitude scale, and the zero point of the whole system has 
been set by requiring that 7(104) = 0.00 mag for Vega. Most of the observations were 
made with the 36-inch Crossley reflector, and some 120-inch measurements were kindly 
contributed by Dr. Hyron Spinrad. 

The Kitt Peak observations were likewise mostly made with a 36-inch telescope. 
Five interference filters were selected to respond to some of the same spectral features as 
are measured on the Lick system. The characteristics of these filters, and the correspond- 
ing points on the Lick scanner program, are listed in Table 1. The designations given in 
column (1) are convenient abbreviations for the wavelengths. Filters 78, 88, and 105 are 
sensitive to the presence of TiO and VO bands, while filter 104 measures the 7(104) 
magnitude; the notations 104 and 7(104) can be used interchangeably. Filter 87, which 
is less affected by TiO than the first and third filters in stars earlier than M7, serves as a 
reference point for the measurement of the TiO index. Observations of infrared stars on 
this system have been published by Lockwood (1970) and Lockwood and McMillan 
(1971). The values of standard stars and the complete 5-color photometry of Mira 
variables can be found in Lockwood (1971). 

After the Kitt Peak observations of different nights had been tied together by means 
of standard stars, they were transformed to the absolute scale of the Lick system. Since 
no significant color-dependent effects for stars in the spectral range 09-M5 could be 
found, the transformations simply involved the evaluation of the zero points, the 
standard errors in which were no greater than 0.003 mag. No rigorous tests for color 
terms could be made for very late type stars, all of which are variable, since no simulta- 
neous observations were made with the two photometric systems. It is reasonable to 
suppose that systematic differences do exist between the Lick and the transformed Kitt 
Peak numerical results in the case of very late type stars in spectral regions broken by 
molecular bands. However, since we have not been able to establish the existence of any 
such systematic differences from actual comparisons of data, we conclude that they 
rarely exceed 0.05 mag at any of the five wavelengths. The internal standard errors of 
the magnitudes, within each system, are approximately ±0.015 mag. 

In the case of the 7(104) magnitude, with which this paper is primarily concerned, the 
transformations are particularly accurate because the spectra of M stars are quite clean 

TABLE 1 

Properties of Interference Filters 

Corresponding 
Central Point on 

Central Width at Trans- Scanner 
Wavelength Half Power mission Program* Feature 

Designation (Â) (Â) (percent) (Â) Measured 
(1) (2) (3) (4) (5) (6) 

78  7817 90 66 7812 TiO 
87   8778 82 69 8718 
88   8884 114 50 8880 TiO 

104   10351 125 51 10400 7(104) 
105   10506 100 45 10564 VO 

* 30 Â bandpass used on scanner program. 
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from 10250 to 10450 Â. The systematic error resulting directly from the shift in wave- 
length of 50 Â amounts to only 0.015 mag over the range of spectral type A0-M4, and 
an error of about the same size is expected over the range M4-M9. Such errors are 
inconsequential, and no corrections for them were applied. The total uncertainties in 
the 7(104) magnitudes for M stars should not exceed ±0.03 mag, which is smaller than 
the symbols used in plotting the light curves. For S stars near minimum light, the 
errors of transformation are probably somewhat larger as a result of unidentified absorp- 
tions in this spectral region. 

b) Spectral Types 

Both photometric systems measure the strengths of the same TiO and VO bands. 
Although somewhat different numerical procedures have been developed for obtaining 
band-strength indices from the fluxes (see Wing 1967c and Lockwood 1971 for details), 
the spectral types in both cases are independent of interstellar reddening and are ob- 
tained from the sum of the TiO and VO indices, calibrated by means of the same stan- 
dards of spectral type. For types M0-M8, we have relied upon the standard stars classi- 
fied on the MK system by Keenan (1963), who likewise used both TiO and VO bands. A 
significant difference exists, however, between the spectroscopic and photometric 
classification systems in the case of Mira variables of types M5 and later in that Keenan 
(1966) uses the relative strengths of various bands while we use absolute strengths. For 
types later than M8, which are encountered only among Mira variables, we have followed 
the earlier recomendation of Wing (1967J), which has been widely adopted, of defining 
types M9.0 and M10 by o Get at minimum and R Gas at minimum, respectively. Both 
stars have been found to attain somewhat different band strengths at the minima of 
different cycles, but better standards for these types have not been found. 

The following spectral types are used in this paper: <M1, Ml, M2, M3, M4.0, M4.5, 
M5.0, M5.5, M6.0, M6.5, M7.0, M7.5, M8.0, M8.2, M8.5, M8.8, M9.0, M9.2, M9.5, 
M9.8, M10. 

Although the number of subdivisions increases with spectral type, so does the interval 
in band strength per subdivision. Each band-strength interval is several times as large as 
the pure observational uncertainty in the measured indices. The largest error in the 
spectral types given here, including possible systematic differences between the two 
systems, should be plus or minus one of the divisions listed above. The relatively low 
accuracy of our photometric types earlier than about M3 is a consequence of the weak- 
ness of the infrared TiO bands. 

For the mild S star x Cyg, in which TiO is much stronger than ZrO, we give “M 
equivalent” spectral types, determined exactly as for M stars. There is no evidence that 
our measurements of TiO and VO are contaminated by other absorptions in this star. 
For the pure (or nearly pure) S stars, however, we prefer not to attempt to give types of 
any kind, since unidentified bands (Keenan 1957 ; Wing 1967c; Spinrad and Wing 1969) 
appear near minimum light and affect the photometric TiO and VO indices. 

c) Temperatures 

Since the measurements at each wavelength are reduced to a system of absolute 
fluxes, it is possible to derive temperatures from the data. On the 27-color system, 
blackbody curves have been fitted to the best continuum points, and the resulting 
temperatures have been tabulated for all scans (Wing 1967c). For unreddened stars of 
types GO-M7.5, these temperatures have been found to match closely the effective 
temperatures whenever the latter are known. However, it is not possible to obtain 
accurate temperatures for M8-M10 stars on this system because only the region near 
10400 Â remains free of serious blanketing. On the Kitt Peak system, absorption at the 
shortward continuum point, 87, becomes appreciable at a much earlier spectral type, 
about M5. The location of the continuum is also uncertain in cool S stars, on both 
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systems. Since good temperatures can be derived for fewer than 20 percent of the 
observations reported here, we have not included temperatures in the tables. A discussion 
of the temperatures of Mira variables derived from the 27-color scans is being prepared 
separately (Wing 1971), and in § IV we mention some temperature determinations that 
have been helpful in interpreting certain features of the light curves. 

III. LIGHT CURVES 

a) Computation of Phases 

Since it is the purpose of this paper to combine observations made in different cycles, 
the method of computing the phases of observations must be chosen with care. The 
mean periods determined by the AAVSO and given in the General Catalog of Variable 
Stars (GCVS; Kukarkin et al. 1969), although preferable to the lengths of particular 
cycles, are not always adequate because changes in mean period are not uncommon. 
The epoch of zero phase, which by convention refers to the visual maximum, is particu- 
larly important to establish correctly in order that the phase shifts between visual and 
infrared maxima may be examined. For the present purposes, the phases must be 
referred to a period and epoch that represent the star’s average behavior in recent years. 

Light elements satisfying these criteria may be obtained conveniently from the 
predictions of the times of visual maxima published annually by the AAVSO (Mayall 
1964-1970). We have solved simultaneously for the period and epoch which give the 
best fit, by the least-squares criterion, to all the predicted times of maximum occurring 
within the seven calendar years 1964-1970, during which our observations were made. 

The twenty-five Mira variables which have been observed most extensively at both 
Lick and Kitt Peak are listed in Table 2. Column (2) gives the mean spectral type at 
normal maxima according to Table 8 of Keenan (1966); similarly, column (3) gives the 
type which, from the photometric measurements given below, is most representative of 
the star at minimum light. The types in columns (2) and (3) can thus be considered 
characteristics of the star determined from observations in many cycles. They are not, 
in general, the earliest and latest types that have been observed, as inspection of our 
individual results will quickly show (see Tables 3 and 5 below). 

Column (4) gives the mean period listed in the GCVS. The last two columns give the 
recent elements, derived as described above and used in plotting the light curves. The 
derived periods are in good general agreement with the catalogued values, the differences 
exceeding 1 percent in only seven cases and never exceeding 2 percent. The largest 
apparent changes are for T Cep (decrease) and for V Cas and U Her (increases). R Aql is 
the only star in Table 2 with a well-documented history of period changes (Schneller 
1965), and its mean period has apparently remained constant since 1954. 

In the tables and light curves that follow, the cycles are numbered serially, with 
cycle 1 designating the cycle of the first infrared observations, which were made in 1965 
(except for x Cyg which begins with cycle 0, and R CVn which was first observed in 
January 1966). The cycle numbers as well as the phases are derivable from the elements in 
Table 2 by dividing the period into the number of days since the listed epoch (this 
yields the sum of cycle number and phase). 

b) Light Curves of o Cei and T Cas in Six Colors 

The photometry of o Cet (Mira) and T Cas at the five wavelengths of Lockwood’s 
filter system is presented in Table 3. The entries are absolute fluxes per unit wavelength 
interval, on a magnitude scale. Observations made before JD 2440200 are Lick scanner 
observations extracted from the 27-color data; the remainder are Kitt Peak filter 
observations transformed to the Lick system, as explained in § II. The phases are based 
upon the light elements given in Table 2. For the Lick observations, the spectral types 
tabulated here are mostly taken from Wing (1967c) and thus are based upon the complete 
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TABLE 2 

Light-Curve Program Stars 

Spectral Type Adopted Elements 

Star 
(1) 

Normal 
Maximum* 

(2) 

Normal 
Minimum 

(3) 

Mean 
Period t 

(4) 

Epoch (JD) 
(2438000+) 

(5) 
Period 

(6) 

R Aql... 
R Aur. . 
R Boo.. 
R Cam. 
R CVn.. 
R Cas.. 
T Cas... 
V Cas... 
T Cep... 
o Cet.. . 
R Cyg.. 
RT Cyg. 
x Cyg... 
R Dra.. 
S Her... 
U Her.. 
R Leo... 
RLMi .. 
WLyr. . 
X Oph.. 
Z Oph... 
U Ori... 
R Peg ... 
R Tri... 
S UMa.. 

M6.5e 
M6.5e: 
M4.5e 
S3, 7e 
M6.5e 
M7e 
M7.5e 
M5.5e 
M6.5e: 
M5.5e 
S3,9e 
M2. Se 
S7,2e 
M5e 
MS, Se 
M6.5e 
M7e 
M7e 
M4.5e 
M6.5e 
K4ep 
M6.5e 
M7e 
M4e+- 
S0.5,9e 

M8.5 
M9.0 
M8.0 

M8.5 
M10 
M8.5 
M8.5 
M8.S 
M9.0 

M8.2: 
M9.0 
M8.2 
M8.5 
M9.0 
M9.0: 
M8.8 
M8.0 
M8.5 
M6.0 
M9.0 
M8.8 
M8.2 

29340 
458.37 
223.46 
270.09 
327.97 
430.97 
445.0 
227.95 
387.79 
331.65 
426.35 
190.24 
406.84 
245.56 
307.60 
405.40 
312.57 
372.28 
196.40 
334.22 
349.10 
372.45 
377.84 
266.40 
225.89 

594.6 
112.0 
716.8 
561.5 
651.8 
488.4 
345.3 
572.1 
369.1 
455.6 
184.9 
686.5 
444.3 
627.3 
619.8 
435.6 
579.8 
392.6 
748.7 
498.7 
416.2 
558.4 
281.9 
531.4 
536.3 

29242 
453.2 
223.1 
271.3 
328.0 
425.6 
444.1 
232.4 
381.9 
333.4 
428.4 
189.1 
405.8 
244.8 
305.6 
411.4 
309.3 
368.6 
197.6 
329.7 
346.1 
370.9 
379.6 
266.7 
225.3 

* Keenan (1966). t Kukarkin et al. (1969). 

27-color scans; the Kitt Peak types are believed not to differ systematically from the 
Lick types (see § II). To the right of the name of each star is given the full range of 
spectral type observed by us. 

For comparison with the infrared light curves, photoelectric measurements of the 
F-magnitudes of o Get and T Gas are collected in Table 4. Most of these were taken 
from Wing (1967c) and were obtained with the Lick Observatory 24-inch reflector and 
UBV photometer, but we also include values published by Johnson et al. (1966), Men- 
doza V. (1967), Landolt (1969), and Evans (1970). Several of the values listed are actually 
the means of two or more closely spaced observations by the same observer. The F- 
magnitudes of o Get from cycle —1 (1963) and cycle 0 (1964) precede the first infrared 
measurements. 

The light curves of o Get and T Gas in F and the five infrared wavelengths are shown 
in Figures 1 and 2, respectively. The F curves are accompanied by the mean visual 
curves tabulated in Campbell (1955). It can be seen at a glance that the two stars have 
light variations of strikingly different character, and that this character is preserved at 
the different wavelengths. The hump on the rising branch of the AAVSO curve for T 
Gas appears also at the infrared wavelengths, including the continuum region measured 
by 7(104). No such feature appears in any of the curves for o Get. The light curve of 
T Gas has a smaller amplitude than that of o Get at each wavelength. The maximum at 
each infrared wavelength occurs after the visual maximum in both stars. The two stars 
differ greatly, however, in the phase of minimum light, which occurs near phase 0.62 in 
o Get and phase 0.44 in T Gas, independent of wavelength. 
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TABLE 3 
INFRARED OBSERVATIONS OF o GET AND T CAS 

JD Cycle Phase 78 87 88 104 105 Spectral 
Type 

2438990.0 
39005.0 
39013.0 
39028.9 
39040.9 
39050.9 
39058.9 
39070.9 
39091.8 
39097.8 
39101.8 
39110.8 
39165.6 
39201.6 
39320.0 
39334.0 
39347.0 
39370.0 
39394.9 
39422.8 
39425.9 
39726.0 
40104.0 
40106.0 
40263.6 
40277.6 
40433.9 
40452.9 
40464.9 
40481.9 
40493.9 
40518.8 
40539.8 
40591.7 
40617.7 
40633.6 

2439013.0 
'39041.0 

39060.9 
39097.9 
39207.7 
39319.9 
39335.0 
39371.9 
39393.8 
39423.9 
39671.0 
40105.8 
40263.7 
40264.6 
40277.6 
40383.0 
40396.9 
40453.9 
40465.9 
40493.9 
40519.8 
40586.8 
40617.7 
40633.6 

2440706.0 

0.60 
.65 
.67 
.72 
.76 
.79 
.81 
.85 
.91 
.93 
.94 
.97 
.13 
.24 
.59 
.63 
.67 
.74 
.82 
.90 
.91 
.81 
.94 
.95 
.42 
.47 
.93 
.99 
.03 
.08 
.11 
.19 
.25 
.41 
.48 
.53 

0.50 
.57 
.61 
.69 
.94 
.19 
.23 
.31 
.36 
.43 
.99 
.96 
.32 
.32 
.35 
.59 
.62 
.75 
.78 
.84 
.90 
.05 
.12 
.15 

0.32 

o Ceti 
2.64 

2.81 
2.73 
2.54 
2.36 
2.21 
1.96 
0.59 
0.19 

-0.05 
-0.42 
-0.46 
0.37 
2.77 
2.77 
2.75 
2.54 
2.08 
0.54 
0.33 
2.03 

-0.02 
-0.06 
1.83 
2.12 
0.03 

-0.74 
-0.90 
-0.86 
-0.75 
-0.33 
0.14 
1.41 
2.02 
2.41 

(M4.5-M9.2) 
1.59 

1.78 
1.71 
1.52 
1.33 
1.20 
0.95 

-0.14 
-0.47 
-0.68 
-1.01 
-1.19 
-0.63 
1.61 
1.70 
1.68 
1.47 
0.97 

-0.44 
-0.64 
1.04 

-0.60 
-0.62 
0.32 
0.57 

-0.79 
-1.35 
-1.45 
-1.45 
-1.44 
-1.29 
-1.05 
-0.02 
0.55 
0.90 

1.46 
1.58 
1.56 
1.22 
1.36 
1.23 
1.12 
0.96 

-0.04 
-0.35 
-0.53 
-0.86 
-1.04 
-0.47 
1.45 
1.53 
1.47 
1.29 
0.89 

-0.32 
-0.47 
0.93 

-0.47 
-0.49 
0.28 
0.51 

-0.67 
-1.22 
-1.33 
-1.34 
-1.33 
-1.17 
-0.93 

0.02 
0.55 
0.87 

4.31 
3.87 
3.45 
3.20 
2.76 
3.75 
3.92 
4.33 
4.54 
4.69 
2.61 
2.69 
4.57 
4.59 
4.74 
4.17 
3.86 
3.18 
3.2Q 
3.30 
3.15 
2.51 
2.89 
3.11 
4.42 

3.24 
2.80 
2.37 
2.18 
1.81 
2.51 
2.67 
3.12 
3.37 
3.54 
1.59 
1.65 
2.91 
2.95 
3.08 
2.52 
2.22 
1.70 
1.72 
1.85 
1.75 
1.23 
1.53 
1.70 
2.85 

3.12 
2.75 
2.38 
2.24 
1.87 
2.51 
2.69 
3.02 
3.21 
3.35 
1.71 
1.79 
2.83 
2.87 
2.99 
2.48 
2.22 
1.75 
1.78 
1.90 
1.81 
1.31 
1.59 
1.78 
2.84 

-0.21 
-0.15 
-0.19 
-0.22 
-0.25 
-0.38 
-0.40 
-0.44 
-0.76 
-0.95 
-1.04 
-1.17 
-1.35 
-1.19 
-0.34 
-0.31 
-0.36 
-0.44 
-0.58 
-1.01 
-1.06 
-0.46 
-1.00 
-1.02 
-0.79 
-0.65 
-1.00 
-1.26 
-1.33 
-1.35 
-1.37 
-1.37 
-1.30 
-0.88 
-0.58 
-0.39 

T Cassiopeiae (M6.0-M9.0) 
1.50 
1.33 
1.12 
1.10 
1.06 
1.07 
1.19 
1.32 
1.50 
1.56 
0.86 
0.97 
1.49 
1.52 
1.61 
1.28 
1.14 
0.99 
1.03 
1.14 
1.12 
0.80 
0.90 
0.97 
1.53 

0.47 
0.60 
0.58 
0.45 
0.40 
0.25 
0.22 
0.15 
-0.40 
-0.72 
-0.87 
-1.10 
-1.34 
-1.12 
0.42 
0.53 
0.47 
0.27 

-0.04 
-0.89 
-1.01 
0.09 

-0.76 
-0.78 
-0.59 
-0.43 
-0.94 
-1.30 
-1.36 
-1.40 
-1.41 
-1.40 
-1.34 
-0.86 
-0.46 
-0.18 

2.05 
1.78 
1.47 
1.36 
1.11 
1.36 
1.54 
1.89 
2.12 
2.30 
0.99 
1.09 
1.71 
1.73 
1.85 
1.52 
1.34 
1.10 
1.12 
1.24 
1.17 
0.78 
0.90 
0.99 
1.72 

M8.8 
9.0 
9.0 
8.8 
8.8 
8.8 
8.8 
8.5 
7.5 
7.0 
6.5 
6.0 
5.5 
7.5 
9.0 
9.2 
9.2 
9.0 
8.8 
7.5 
7.0 
8.8 
7.0 
7.0 
8.0 
8.0 
6.5 
5.0 
4.5 
4.5 
5.0 
5.5 
6.0 
6.5 
7.5 
8.0 

M8.8 
8.5 
8.2 
8.0 
7.0 
8.2 
8.2 
8.8 
8.8 
9.0 
7.0 
7.5 
8.0 
8.0 
8.0 
8.2 
8.2 
8.0 
7.5 
7.5 
7.0 
6.0 
6.5 
7.0 

M8.2 
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TABLE 4 

Visual Magnitudes of o Ceti and T Cassiopeiae 

JD Cycle Phase V (mag) JD Cycle Phase V (mag) 

o Ceti 

2438299.0. 
2438367.6. 
2438391.6. 
2438466.6. 
2438480.6. 
2438629.0. 
2438634.0. 
2438640.0. 
2438647.0. 
2438651.9. 
2438653.9. 
2438666.0. 
2438669.8. 
2438676.9. 
2438681.9. 
2438801.6. 
2438821.6. 
2438964.0. 
2438978.0. 
2438988.0. 
2438993.0. 
2439014.0. 
2439018.9. 
2439023.9. 
2439039.9. 
2439059.8. 
2439062.9. 
2439095.8. 
2439099.7. 
2439108.7. 
2439129.6. 
2439165.7. 
2439199.7. 
2439322.0. 
2439336.0. 
2439348.0. 
2439363.0. 
2439371.0. 
2439385.0. 

0.53 
0.74 
0.81 
0.03 
0.07 
0.52 
0.54 
0.55 
0.58 
0.59 
0.60 
0.63 
0.64 
0.66 
0.68 
0.04 
0.10 
0.52 
0.57 
0.60 
0.61 
0.67 
0.69 
0.70 
0.75 
0.81 
0.82 
0.92 
0.93 
0.96 
0.02 
0.13 
0.23 
0.60 
0.64 
0.68 
0.72 
0.74 
0.79 

8.03* 
8.12* 
7.09* 
3.33* 
3.51* 
7.90 
8.05 
8.20* 
8.46 
8.44* 
8.58 
8.79 
8.65* 
8.68* 
8.75* 
3.40 
3.09 
8.57 
8.97 
9.01 
9.18 
9.25 
9.12 
9.24 
8.89 
8.51 
8.30 
4.50 
4.09* 
3.39 
3.04* 
3.59 
5.24 
9.21 
9.45 
9.49 
9.27 
9.09 
8.63 

2439393.0. 
2439420.9. 
2439421.9. 
2439448.7. 
2439508.7. 
2439747.0. 
2439752.0. 
2439756.0. 
2439766.0. 
2439770.0. 
2439785.0. 
2439786.0. 
2439810.0. 
2440128.9. 

2438821.7. 
2438993.0. 
2439013.9. 
2439023.9. 
2439032.8. 
2439039.9. 
2439053.9. 
2439056.7. 
2439095.8. 
2439165.7. 
2439199.7. 
2439240.0. 
2439322.0. 
2439336.0. 
2439348.0. 
2439363.0. 
2439370.9. 
2439392.9. 
2439420.9. 
2439445.7. 
2439508.7. 
2439657.0. 
2440128.7. 

0.81 
0.89 
0.90 
0.98 
0.16 
0.87 
0.89 
0.90 
0.93 
0.94 
0.99 
0.99 
0.06 
0.02 

T Cassiopeiae 

0.07 
0.46 
0.50 
0.53 
0.55 
0.56 
0.59 
0.60 
0.69 
0.85 
0.93 
0.01 
0.20 
0.23 
0.26 
0.29 
0.31 
0.36 
0.42 
0.48 
0.62 
0.95 
0.02 

8.35 
5.75 
5.58 
3.64* 
4.42 
5.38 
5.20 
4.96 
4.60 
4.56 
4.12 
4.00 
3.24 
3.70 

8.35 
11.07 
10.69 
10.47 
10.18* 
10.02 
9.61 
9.52* 
9.02 
8.39 
7.93 
7.68 
9.27 
9.62 
9.94 

10.25 
10.42 
10.70 
11.11 
11.09* 
9.77 
7.85 
7.46Î 

* Catalina observations (Johnson et al. 1966; Mendoza V. 1967). 
t Evans (1970). ÎLandolt (1969). 

Both stars show rather good cycle-to-cycle repetition in the infrared, better than that 
of the majority of the Miras we have studied. Different cycles are indicated by different 
symbols according to the scheme given in the caption of Figure 1. (The same correspon- 
dence between symbol and cycle number is used in all subsequent figures.) The greatest 
discordance between cycles in the infrared curves for o Cet occurs near phase 0.2 in the 
78, 87, and 88 curves, where the two observations of cycle 2 {open circles) fall well below 
the series from cycle 6 {open triangles). The two sets of observations were made with 
different equipment, but the differences are larger than can be attributed to errors in 
transformation (see § lia) and must indicate real differences between the two cycles. 
In fact, the maximum of cycle 6 (1969) was exceptionally bright visually, the brightest 
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Fig. 1 Fig. 2 

Fig. 1.—Light curves of Mira (o Get) in V and at the infrared program wavelengths. Wavelength 
designations to the right of the curves are defined in Table 1, and photometric data are from Tables 3 
and 4. Cycles are numbered serially, the infrared observations starting with cycle 1 in 1965, and are coded 
as follows: -1 =* ♦, 0 = 0,1 = •, 2 = O, 3 = >, 4 = □, 5 = A, 6 = A, 7 = ▼, 8 = V, 9 = ♦, 
10 = o. 

Fig. 2.—Light curves for T Gas in six colors. Coded as in Fig. 1. 

since 1906 (Sky and Telescope 1969). Note that o Get also reached an unusually early 
spectral type (M4.5) at this maximum; the displacement of the points from cycles 2 and 
6 is at least partly a direct result of the difference in TiO absorption. It is interesting that 
nearly the same continuum magnitude 104 was attained in cycles 2 and 6. 

Many instances of substantial cycle-to-cycle differences are present in our data, even 
in the 104 curves. For example, the 104 curve for o Get clearly indicates a difference in 
continuum brightness at minimum between cycles 1 and 2, both of which were observed 
at Lick. Surprisingly, a significantly later spectral type was reached at the brighter of the 
two minima (M9.2 compared with M9.0). 
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The V curve for o Cet shows much greater scatter than any of its infrared curves. At 
Lick Observatory, good coverage in V was obtained near the times of three consecutive 
minima. The 1964 minimum (open diamonds) was definitely brighter than the 1965 and 
1966 minima. Of the observations near the 1964 minimum, five were made at Lick and 
five at the Catalina station of the Lunar and Planetary Laboratory (Johnson et al. 1966; 
Mendoza V. 1967), and it is noteworthy that no systematic differences between the two 
sets of equipment are evident. On the other hand, the fact that nearly all photoelectric 
F-magnitudes of o Cet and T Cas at bright phases lie above the AAVSO curves may 
indicate a systematic difference between the two kinds of visual magnitudes. 

Both o Cet and T Cas have much smaller amplitudes in /(104) than at the other 
wavelengths studied. This is generally true of Mira variables of types M and S and is a 
direct result of the freedom of 7(104) from molecular blanketing. The 78, 87, and 88 
curves are depressed by TiO and the 105 curve by VO; the growth of these bands with 
decreasing temperature and decreasing continuum brightness serves to amplify the light 
variation. In o Cet, the brighter portions of the 104 and 105 curves have the same shape 
because the VO absorption is negligible at those phases, but the growth of VO toward 
minimum strongly depresses the lower portions of the 105 curve. 

The effects of molecular blanketing upon the observed amplitudes can be checked 
quantitatively by means of the depressions measured with respect to blackbody con- 
tinua fitted to the 27-color scans and tabulated in Wing (1967c). The VO depressions in 
o Cet range from zero at maximum light to 0.8 mag at minimum, causing the mean 
amplitude in 105, 1.9 mag, to be 0.8 mag greater than the mean amplitude of 1.1 mag 
in 104. The program wavelength most strongly depressed by TiO is 78, in which the 
amplitude of o Cet is about 3.3 mag in a typical cycle, or 2.2 mag greater than the 104 
amplitude. Part of this difference is the direct result of the change in TiO absorption, 
and the remainder represents the change in the slope of the continuum between 78 and 
104 as a result of the temperature change. There is some uncertainty in evaluating the 
relative importance of these two contributors because at minimum light the continuum 
is not well defined in the shortward half of the 27-color program. If, however, we adopt 
the result of Pettit and Nicholson (1933) that the temperature of o Cet at minimum is 
1920° K and correct the continuum accordingly, then we find that the change in TiO 
blanketing at 78 is 1.1 mag while the remaining 1.1 mag corresponds to the (78 — 104) 
color change for a temperature varying from 1920° to 3100° K at maximum. The tem- 
perature of Mira variables at maximum are well determined on the 27-color, program 
and are consistently much higher than the values given by Pettit and Nicholson (Wing 
1967c, 1971). 

The light curves of o Cet obtained photographically by Hetzler (1936) at an effective 
wavelength of 8500 Â agree well with our curves at 87 and 88 which are likewise affected 
by moderately strong TiO absorption. The amplitudes in 87 and 88 are about 2.9 mag 
in a typical cycle as compared with Hetzler’s 2.8 mag. Hetzler observed the rising 
branch of o Cet in three cycles and found no trace of a hump, again in agreement with 
our data. He did not observe T Cas, but he did observe humps in the curves of several 
other stars, the best examples being x Cyg and T Cep. On comparing his curves with the 
visual curves determined by the AAVSO, he remarked, “the infra-red curves, except for 
being shallower, correspond closely with the visual curves ... shoulders or still-stands 
in the visual are duplicated in the infra-red.,, We have shown that his remark applies 
even to the infrared continuum. 

On the other hand, the continuum curves in 7(104), with their smaller amplitudes 
and more pronounced phase lags of maximum light, resemble the radiometric curves of 
Pettit and Nicholson (1933) more closely than the near-infrared curves of Hetzler 
(1936). For o Cet, Pettit and Nicholson found a radiometric amplitude of 1.1 mag and a 
phase lag of about 0.12 period, both in excellent quantitative agreement with the 
7(104) curve. 
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c) Light Curves in 1(104) for Twenty-three Additional Stars 

The preservation of the form of the light curve of each variable at the different 
wavelengths of our program, demonstrated above for o Get and T Gas, is a property of 
the other well-observed Miras also. The continuum light curve at 7(104) contains 
nearly all the useful information concerning humps, phases of maximum and minimum, 
and cycle-to-cycle repetition that could be extracted from the complete set of light 
curves. Another kind of information—the difference in amplitude from filter to filter—is 
essentially that from which the spectral types have been derived. Therefore, we will 
present only the 7(104) magnitudes and spectral types for the remaining twenty-three 
stars of Table 2. These are given in the last two columns of Table S in which the stars are 
arranged alphabetically by constellation. Again, the cycle numbers and phases have 
been obtained from the elements given in Table 2. The spectral types from Lick observa- 
tions (made prior to JD 2440200) have been derived from the complete 27-color data 
(Wing 1967c), while the Kitt Peak types are from S-color observations given completely 
in Lockwood (1971). To the right of the name of each star in Table 5 appears the full 
observed range in the photometric spectral types. The three stars for which no types 
are listed are S stars. 

Ï) General Remarks concerning the Light Curves 

The 7(104) light curves for twenty-three Mira variables are shown in Figures 3-6. 
The stars have been arranged in order of increasing period in order to show any correla- 
tions that may exist between the form of the light curve and the period. Different 
symbols have been used for different cycles, as in the previous figures. 

The amplitudes in 7(104) are quite small, typically only 1.0 mag, and they appear to 
be correlated with the period. A similar correlation exists between the visual amplitude 
and the period, both for these particular stars and for Miras in general (Merrill 1960). 
It should be emphasized, however, that there is substantial scatter in each of these 
correlations. The mean 7(104) amplitudes for the twenty-five stars studied, obtained 
by averaging the extrema of different cycles in a somewhat subjective fashion, are listed 
in Table 6. For comparison, we also list the mean visual amplitudes given in the “Re- 
marks” to the GCVS, the mean range in a wide bandpass at 8500 Â measured by 
Hetzler (1936), and the mean range in the radiometric magnitude mr from Table 3 of 
Pettit and Nicholson (1933). The ranges in 7(104) are similar to the ranges in radio- 
metric magnitude. Whereas Hetzler’s ranges are about one-half the visual ranges, the 
7(104) and radiometric ranges are about one-fifth the visual ranges. 

The following general remarks can be made on the basis of Figures 3-6: 
1. All stars show cycle-to-cycle differences that are considerably greater than the 

errors of measurement and transformation. Most Miras repeat less faithfully than o 
Get itself (Fig. 1). Typical differences are about 0.1 mag. 

2. The largest cycle-to-cycle differences (^0.5 mag) have been found in x Cyg and 
R Gas, both of which have unusually large amplitudes and periods greater than 400 
days. The brightest 7(104) maxima of these stars were also bright visually and of 
abnormally early spectral types. 

3. However, brighter-than-average maxima do not always correspond to spectral types 
that are earlier than average for maximum light. The same is true at other phases^—i.e., 
whether a star is brighter or fainter than its average brightness at a given phase does not 
imply that its spectral type is earlier or later than average for that phase. 

4. Humps on the rising branch of the light curve centered at about phase 0.7, dis- 
cussed above in the case of T Gas (Fig. 2), are seen to be common phenomena. The 
majority of the stars studied have shown evidence of humps in at least some cycles. In a 
few stars the humps have accurately reproduced themselves (e.g., R Cam, T Cep), but 
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TABLE 5 

1(104) MAGNITUDES AND SPECTRAL TYPES 

JD Cycle Phase 1(104) Spectral 
Type JD Cycle Phase I(104) Spectral 

Type 

R Aql (M6.0-M8.5) R Boo (cont.) 
2438950.9 

38985.8 
38993.8 
39012.7 
39020.8 
39028.8 
39041.7 
39058.7 
39070.7 

, 39097.6 
39202.1 
39237.0 
39319.9 
39328.8 
39333.9 
39345.8 
39356.8 
39369.8 
39393.7 
39422.7 
40018.0 
40339.0 
40345.0 
40349.9 
40358.9 
40367.9 
40382.9 
40395.9 
40403.9 
40433.8 
40493.7 
40518.6 
40528.6 
40705.9 

39018.0 
39098.0 
39164.9 
39201.9 
39237.7 
39335.0 
39373.0 
39394.0 
39423.0 
40264.7 
40465.0 
40495.0 
40539.8 
40586.8 
40617.8 
40633.8 
40705.7 
40839.0 

0.22 
.34 
.37 
.43 
.46 
.49 
.53 
.59 
.63 
.72 
.08 
.20 
.48 
.51 
.53 
.57 
.61 
.65 
.73 
.83 
.87 
.97 
.99 
.01 
.04 
.07 
.12 
.16 
.19 
.29 
.50 
.58 
.62 
.23 

R Aur (M6.0-M9.5) 
.99 
.18 
.32 
.40 
.48 
.70 
.78 
.83 
.89 
.75 
.19 
.26 
.36 
.46 
.53 
.56 
.72 
.02 

R Boo (M2-M8.2) 
38993.7 1 .24 
39165.1 2 .01 
39208.0 2 .20 
39237.0 2 .33 
39262.9 2 .45 
39319.8 2 .70 
39334.7 2 .77 
39356.7 2 .87 
39371.7 2 .94 
39394.7 3 .04 

1.30 
1.39 
1.58 
1.73 
1.78 
1.68 
1.57 
1.40 
1.10 
0.76 
0.90 
1.70 
1.72 
1.75 
1.64 
1.58 
1.37 
1.21 
1.21 
1.08 
0.85 
0.84 
0.85 
0.86 
0.91 
1.02 
1.12 
1.19 
1.55 
1.71 
1.54 
1.44 
1.39 

1.15 
1.32 
1.99 
2.32 
2.29 
1.38 
1.52 
1.54 
1.44 
1.58 
1.37 
1.69 
2.19 
2.47 
2.31 
2.11 
1.59 
1.23 

3.52 
3.56 
3.51 
3.65 
3.90 
3.98 
3.92 
3.77 
3.64 
3.49 

M8.0 
8.2 
8.2 
8.5 
8.5 
8.5 
8.5 
8.5 
8.2 
8.2 
7.0 
8.0 
8.5 
8.5 
8.5 
8.5 
8.5 
8.2 
8.0 
7.5 
7.5 
6.0 
6.0 
6.5 
7.0 
8.0 
7.5 
8.0 
8.0 
8.0 
8.2 
8.2 
8.2 
7.5 

6.0 
8.0 
9.0 
9.5 
9.2 
8.5 
8.5 
8.5 
8.0 
8.2 
8.2 
8.5 

8.8 
8.8 
8.8 
8.2 
7.0 

7.5 
5.0 
6.0 
7.5 
8.0 
7.0 
6.0 
5.0 
3 
3 

2440264.0 
40278.0 
40297.9 
40316.9 
40326.8 
40327.8 
40339.8 
40344.8 
40349.9 
40367.7 
40382.7 
40395.7 
40403.7 
40481.6 
40618.9 
40632.9 
40662.9 
40695.8 
40705.7 
40730.8 

R Cam 
39041.8 
39060.7 
39262.9 
39333.9 
39345.8 
39356.9 
39371.8 
39393.7 
39422.7 
40303.9 
40326.8 
40338.8 
40344.8 
40349.8 
40367.7 
40383.7 
40395.7 
40408.7 
40481.6 
40494.6 
40618.9 
40633.9 
40661.8 
40695.7 
40705.7 
40730.8 
40763.7 

39151.1 
39202.1 
39240.9 
39319.8 
39334.7 
39356.7 
39369.7 
39394.7 
39669.9 
40016.8 
40278.0 
40297.9 
40316.8 

0.94 
.99 
.09 
.17 
.22 
.22 
.27 
.30 
.32 
.40 
.47 
.53 
.56 
.91 
.53 
.59 
.72 
.87 
.92 
.03 

.77 

.84 

.59 

.85 

.89 

.93 

.99 

.07 

.17 

.42 

.51 

.55 

.57 

.59 

.66 

.72 

.76 

.81 

.08 

.13 

.58 

.64 

.74 

.87 

.90 

.00 

.12 

R CVn (M5.5-M8.5) 
.52 
.68 
.80 
.04 
.08 
.15 
.19 
.26 
.10 
.16 
.96 
.02 
.08 

3^7 
3.54 
3.37 
3.37 
3.38 
3.41 
3.47 
3.51 
3.56 
3.82 
4.06 
4.25 
4.31 
3.79 
3.97 
4.07 
3.82 
3.65 
3.63 
3.44 

4.98 
4.97 
5.15 
4.92 
4.91 
4.89 
4.76 
4.56 
4.52 
5.08 
5.23 
5.19 
5.15 
5.13 
4.94 
4.86 
4.86 
4.90 
4.51 
4.47 
5.27 
5.11 
4.90 
4.99 
4.95 
4.79 
4.54 

2.95 
2.62 
2.37 
1.98 
1.94 
1.97 
1.98 
2.12 
1.98 
1.97 
2.12 
1.96 
1.91 

M5.0 
4.5 
5.0 
5.0 
6.0 
5.5 
7.0 
7.0 
7.0 
8.0 
8.0 
8.0 
8.2 
6.5 
7.5 
7.5 
7.5 
5.0 
4.5 
2 

§.5 
8.5 
8.2 
6.0 
6.5 
7.0 
7.5 
8.0 
7.0 
7.0 
5.5 
5.5 
6.0 

74 
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TABLE 5 (continued) 

JD Cycle Phase *1(104) Spectral 
Type JD Cycle Phase 1(104) Spectral 

Type 

R CVn (cont.) V Cas (cont.) 
2440327.8 

40338.8 
40344.7 
40349.7 
40367.7 
40382.7 
40395.7 
40403.7 
40494.6 
40593.0 
40618.9 
40632.9 
40660.9 
40661.8 
40673.9 
40695.7 
40705.7 
40730.7 

39013.0 
39041.0 
39097.9 
39111.9 
39167.7 
39207.7 
39319.9 
39328.9 
39335.0 
39346.0 
39356.9 
39371.9 
39393.8 
39423.9 
39671.0 
40017.0 
40264.6 
40351.0 
40383.0 
40396.9 
40408.9f 

40433.9 
40465.9 
40493.9 
40617.6 
40633.7 
40706.0 
40824.9 

38976.0 
39013.0 
39029.0 
39041.0 
39052.0 
39097.9 
39346.0 
39371.9 
39393.8 
39423.0 
40351.0 
40368.0 
40383.0 
40396.9 
40408.8 
40433.9 

0.11 
.14 
.16 
.18 
.23 
.28 
.32 
.34 
.62 
.92 
.99 
.04 
.13 
.13 
.16 
.23 
.26 
.34 

R Cas (M6.0-M10) 
.23 
.30 
.43 
.46 
.60 
.69 
.95 
.97 
.99 
.02 
.04 
.08 
.13 
.20 
.78 
.59 
.17 
.38 
.45 
.48 
.51 
.57 
.65 
.71 
.00 
.04 
.21 
.49 

V Cas (M5.0-M8.5) 
.74 
.90 
.97 
.02 
.06 
.26 
.33 
.44 
.54 
.66 
.65 
.73 
.79 
.85 
.90 
.01 

1.93 
1.94 
1.96 
1.98 
2.08 
2.20 
2.33 
2.41 
2.72 
2.24 
2.00 
1.91 
1.94 
1.91 
1.97 
2.16 
2.27 
2.55 

0.25 
0.45 
0.80 
0.91 
1.58 
0.69 
•0.23 
■0.25 
■0.23 
•0.27 
•0.28 
■0.30 
■0.22 
-0.01 
1.30 
1.28 
0.24 
1.20 
1.57 
1.70 
1.81 
1.92 
1.79 
1.61 
0.28 
0.29 
0.68 
1.42 

3.03 
2.85 
2.78 
2.70 
2.66 
2.65 
2.65 
2.83 
3.18 
3.22 
3.09 
3.00 
3.06 
3.07 
3.00 
2.78 

M6.0 
7.0 
7.0 
7.0 
7.5 
7.5 
8.0 
8.0 
8.5 
7.5 
6.0 
5.5 
6.5 
6.5 
7.0 
7.5 
7.5 
8.0 

8.8 
9.0 
9.5 
9.5 
9.8 
9.2 
6.0 
6.0 
6.0 
6.0 
6.5 
6.5 
7.0 
7.0 
9.8 

10 
7.5 
8.8 
9.2 
9.5 
9.8 

10 
9.8 
9.8 
8.5 
8.5 
8.5 

10 

8.0 
6.5 
5.5 
5.0 
5.0 
7.0 
8.0 
8.2 
8.5 
8.2 
8.5 
8.5 
8.5 
8.5 
8.5 
6.5 

2440465.9 
40482.8 
40494.7 
40519.8 
40617.6 
40706.0 

39012.9 
39040.9 
39070.8 
39101.7 
39167.6 
39263.0 
39319.9 
39369.7 
39394.9 
39422.9 
40105.8 
40298.0 
40316.0 
40350.0 
40368.9 
40382.9 
40403.8 
40433.9 
40452.8 
40464.8 
40481.9 
40493.7 
40518.7 
40527.7 
40617.6 
40706.0 

R Cyg 
38975.9 
38990.0 
39004.8 
39012.8 
39040.8 
39047.8 
39060.7 
39097.7 
39237.9 
39263.0 
39328.8 
39360.9 
39390.8 
39422.7 
40316.0 
40350.9 
40368.9 
40383.8 
40518.7 
40529.7 
40763.9 

RT Cyg 
38975.9 
39004.8 
39028.9 
39041.9 
39060.8 
39070.8 
39097.7 
39372.7 

0.15 
.22 
.27 
.38 
.80 
.18 

T Cep (M5.5-M8.8) 
.69 
.76 
.84 
.92 
.09 
.34 
.49 
.62 
.69 
.76 
.55 
.05 
.10 
.19 
.24 
.27 
.33 
.41 
.46 
.49 
.53 
.56 
.63 
.65 
.89 
.12 

.85 

.88 

.91 

.93 

.99 

.01 

.04 

.13 

.46 

.52 

.67 

.75 

.81 

.89 

.97 

.06 

.10 

.13 

.45 

.47 

.02 
(M4.0-M8.8) 

.53 

.68 

.81 

.88 

.98 

.03 

.17 

.63 

2.67 
2.76 
3.13 
3.10 
2.72 

0.20 
0.25 
0.25 
0.17 
0.09 
0.70 
0.65 
0.20 
0.17 
0.21 
0.41 
0.13 
0.16 
0.30 
0.30 
0.31 
0.35 
0.45 
0.56 
0.55 
0.55 
0.46 
0.25 
0.17 
0.05 
0.20 

3.88 
3.81 
3.58 
3*45 
3.20 
3.18 
3.06 
3.01 
4.09 
4.35 
4.66 
4.08 
3.84 
3.48 
2.93 
2.89 
2.90 
2.92 
4.09 
4.23 
2.87 

5.14 
5.03 
4.90 
4.78 
4.59 
4.54 
4.46 
4.99 

M6.0 
7.0 
8.0 
8.0 
8.5 
6.5 

8.2 
8.2 
8.0 
7.5 
7.5 
8.5 
8.8 
8.2 
8.0 
8.0 
8.5 
5.5 
6.5 
7.0 
8.0 
8.0 
8.2 
8.5 
8.2 
8.2 
8.2 
8.2 
8.0 
8.0 
6.0 
6.5 

7.5 
7.5 
6.5 
5.0 
4.0 
4.0 
4.5 
6.5 
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TABLE 5 (continued) 

JD Cycle Phase 1(104) Spectral 
Type JD Cycle Phase 1(104) Spectral 

Type 

RT Cyg (cont.) R Dra (cont.) 
2440304.0 

40317.0 
40350.9 
40368.9 
40382.9 
40403.8 
40433.9 
40465.8 
40481.7 
40482.7 
40493.7 
40705.9 

38975.9 
39041.8 
39097.6 
39262.9 
39346.9 
39360.8 
39369.8 
39372.8 
39393.7 
39422.7 
40103.7 
40264.0 
40278.0 
40299.0 
40316.9 
40326.9 

8 
8 
8 
8 
8 
9 
9 
9 
9 
9 
9 

10 

0.55 
.62 
.80 
.90 
.97 
.08 
.24 
.41 
.49 
.50 
.56 
.68 

X Cyg (M2-M9.0) 
38838.1 0 .97 
38892.0 1 .10 
38951.0 1 .25 
38989.9 1 .34 
39004.8 1 .38 
39017.8 1 .41 
39028.8 1 .44 
39040.9 1 .47 
39060.8 1 .52 
39097.7 1 .61 
39202.0 1 .87 
39237.0 1 .95 
39241.0 1 .96 
39263.0 2 .02 
39320.0 2 .16 
39334.0 2 .19 
39345.9 2 .22 
39356.8 2 .25 
39369.9 2 .28 
39390.8 2 .33 
39422.7 2 .41 
39670.0 3 .02 
39725.9 3 .16 
40018.0 3 .88 
40304.0 4 .58 
40327.0 4 .64 
40367.9 4 .74 
40383.9 4 .78 
40408.8 4 .84 
40452.8 4 .95 
40464.7 4 .98 
40481.7 5 .02 
40493.7 5 .05 
40518.7 5 .11 
40529.7 5 .14 
40705.9 5 .57 

R Dra (M4.5-M8.5) 
.42 
.69 
.92 
.60 
.94 
.99 
.03 
.05 
.13 
.25 
.03 
.69 
.74 
.83 
.90 
.94 

5.33 
5.13 
4.99 
4.76 
4.44 
4.45 
4.78 
5.00 
5.01 
5.08 
5.22 

■0.25 
■0.38 
0.18 
0.73 
0.96 
1.23 
1.50 
1.69 
2.03 
1.65 
0.77 
0.38 
0.35 
0.31 
0.31 
0.42 
0.54 
0.66 
0.78 
1.03 
1.46 

-0.18 
■0.03 
0.22 
1.61 
1.33 
0.47 
0.35 
0.23 

-0.14 
-0.28 
-0.30 
■0.30 
-0.24 
-0.20 
1.62 

4.15 
3.95 
3.86 
4.42 
3.86 
3.71 
3.65 
3.65 
3.54 
3.68 
3.66 
4.26 
4.14 
3.95 
3.76 
3.75 

M8.2 
8.5 
8.5 
8.2 
7.5 
6.5 
7.0 
8.5 
8.5 
8.8 
8.5 
8.2 

8.0 
8.8 
8.8 
9.0 
9.0 
9.0 
8.8 
8.8 
8.0 
5.5 
6.0 
6.0 
7.5 
8.2 
8.5 
8.8 
8.8 
8.8 
9.0 
4.5 
7.0 
7.5 
8.8 
8.8 
8.5 
8.2 
8.2 
5.0 
3 
2 
3 
4.5 
5.0 
9.0 

8.2 
8.2 
6.0 
8.5 
6.5 
5.5 
5.0 
5.0 
5.5 
7.0 
5.5 
8.0 
8.0 
8.0 
6.0 
5.0 

2440338.9 
40344.8 
40350.9 
40358.9 
40367.8 
40382.8 
40395.8 
40403.8 
40464.7 
40481.7 
40482.6 
40493.7 
40619.0 
40705.8 
40745.9 

S Her 
38985.8 
39040.7 
39237.0 
39241.0 
39320.8 
39334.8 
39356.8 
39394.7 
39423.6 
40315.9 
40326.9 
40339.9 
40350.8 
40368.8 
40408.7 
40453.7 
40464.7 
40481.7 
40494.7 
40619.0 
40705.8 

38975.8 
38993.8 
38041.7 
39060.6 
39208.1 
39237.0 
39320.8 
39333.8 
39356.8 
40105.7 
40315.9 
40338.9 
40349.9 
40368.8 
40383.8 
40395.8 
40403.7 
40481.6 
40518.6 
40619.0 
40705.8 
40745.9 

0.99 
.02 
.04 
.07 
.11 
.17 
.22 
.26 
.51 
.58 
.58 
.62 
.14 
.49 
.65 

(M2-M8.8) 
.20 
.38 
.02 
.03 
.29 
.34 
.41 
.54 
.63 
.55 
.59 
.63 
.66 
.72 
.85 
.00 
.04 
.09 
.14 
.54 
.83 

U Her (M7.5-M9.5) 
.31 
.36 
.47 
.52 
.88 
.95 
.15 
.18 
.24 
.06 
.57 
.63 
.65 
.70 
.74 
.76 
.78 
.97 
.06 
.31 
.52 
.62 

3.59 
3.64 
3.59 
3.60 
3.62 
3.65 
3.65 
4.12 
4.17 
4.18 
4.13 
3.70 
4.29 
4.26 

2.94 
3.38 
2.91 
2.93 
3.31 
3.42 
3.65 
3.80 
3.65 
3.85 
3.72 
3.37 
3.22 
3.18 
3.27 
3.00 
2.88 
2.81 
2.78 
3.61 
3.26 

1.92 
2.12 
2.38 
2.69 
2.24 
1.58 
1.52 
1.61 
1.76 
1.36 
2.73 
2.74 
2.69 
2.58 
2.45 
2.38 
2.36 
1.46 
1.27 
1.83 
2.61 
2.72 

M4.5 
5.0 
4.5 
5.5 
5.5 
6.5 
7.0 
7.5 
8.0 
8.0 
8.0 
8.2 
5.0 
8.2 
8.5 

7.0 
8.5 
2 
3 
8.0 
8.2 
8.8 
8.8 
8.2 
8.2 
8.0 
8.0 
8.0 
7.5 
6.5 
4.0 
3 
3 
4.5 
8.0 
6.5 

8.0 
8.2 
8.8 
9.2 
9.5 
9.0 
8.8 
9.0 
8.8 
8.0 
8.8 
8.8 
8.8 
8.8 
8.5 
8.8 
8.8 
8.0 
7.5 
8.0 
8.5 
8.8 
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TABLE 5 (continued) 

JD Cycle Phase 1(104) Spectral 
Type JD Cycle Phase 1(104) Spectral 

Type 

R Leo (M6.0-M9.2) W Lyr (M2-M8.0) 
2439071.1 

39098.1 
39112.0 
39151.0 
39165.0 
39201.9 
39237.8 
39510.0 
40016.7 
40263.9 
40277.8 
40297.8 
40315.7 
40326.7 
40338.7 
40344.7 
40350.7 
40368.7 
40383.7 
40494.0 
40519.0 
40586.9 
40616.9 
40632.9 
40660.8 
40661.7 
40674.7 
40695.7 
40705.7 
40730.7 

39098.1 
39151.0 
39165.0 
39201.9 
39240.8 
39319.7 
39424.1 
39510.1 
40263.9 
40277.8 
40297.8 
40315.7 
40326.7 
40339.7 
40350.7 
40368.7 
40383.7 
40519.0 
40592.9 
40601.0 
40617.9 
40632.9 
40660.8 
40661.7 
40672.7 
40674.7 
40695.7 
40705.7 
40730.7 

0.59 
.68 
.72 
.85 
.89 
.01 
.13 
.01 
.65 
.44 
.49 
.55 
.61 
.65 
.69 
.71 
.73 
.78 
.83 
.19 
.27 
.49 
.59 
. 64 
.73 
.73 
.77 
.84 
.87 
.95 

R LMi (M6.5-M9.0) 
.91 
.06 
.10 
.20 
.30 
.52 
.80 
.03 
.08 
.11 
.17 
.22 
.25 
.28 
.31 
.36 
.40 
.77 
.97 
.99 
.04 
.08 
.15 
.16 
.19 
.19 
.25 
.28 
.34 

0715 
-0.11 
-0.27 
-0.55 
-0.65 
-0.91 
-0.79 
-0.98 
-0.08 
0.04 
0.14 
0.27 
0.22 
0.11 
0.00 

-0.10 
-0.20 
-0.34 
-0.38 
-0.61 
-0.43 
0.02 

-0.10 
-0.30 
-0.60 
-0.59 
-0.62 
-0.63 
-0.68 
-0.85 

1.22 
1.13 
1.16 
1.34 
1.60 
2.13 
1.34 
1.05 
1.18 
1.16 
1.26 
1.35 
1.39 
1.57 
1.69 
1.90 
2.09 
1.78 
1.38 
1.31 
1.27 
1.24 
1.33 
1.35 
1.41 
1.42 
1.56 
1.61 
1.83 

M9.2 
9.2 
9.2 
9.2 
9.0 
8.2 
8.5 
7.0 
8.8 
8.0 
8.0 
8.0 
8.5 
8.5 
8.2 
8.2 
8.2 
8.2 
8.2 
7.0 
7.5 
8.2 
8.2 
8.2 
8.2 
8.0 
8.0 
7.5 
7.5 
6.0 

7.5 
7.0 
7.5 
8.0 
8.2 
9.0 
8.8 
7.5 
6.5 
6.5 
6.5 
7.0 
7.5 
7.0 
7.5 
8.0 
8.0 
8.2 
7.0 
6.5 
6.5 
6.5 
7.0 
7.0 
7.0 
7.0 
7.0 
7.5 
8.0 

2438950.9 
38970.9 
38989.8 
39012.8 
39028.7 
39040.8 
39047.7 
39102.6 
40299.0 
40316.0 
40326.9 
40339.0 
40344.9 
40349.9 
40357.9 
40367.9 
40382.9 
40396.8 
40403.9 
40433.9 
40464.7 
40705.9 
40745.8 
40763.9 

38985.8 
39012.7 
39028.8 
39047.7 
39070.7 
39101.6 
39168.1 
39237.0 
39319.9 
39333.9 
39345.8 
39371.7 
39422.7 
40316.0 
40339.9 
40349.9 
40368.9 
40383.8 
40396.8 
40403.9 
40433.9 
40452.8 
40453.8 
40464.7 
40481.7 
40493.7 
40518.6 
40528.6 
40705.9 
40784.8 

Z Oph 
38975.8 
38989.7 
39028.7 
39047.7 
39241.0 

1 
1 
1 
1 
1 
1 
1 
1 
7 
7 
7 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
9 

10 
10 

0.02 
.12 
.22 
.34 
.42 
.48 
.51 
.79 
.85 
.93 
.99 
.05 
.08 
.10 
.14 
.19 
.27 
.34 
.38 
.53 
.68 
.90 
.11 
.20 

X Oph (M7.0-M8.5) 
.48 
.56 
.61 
.67 
.73 
.83 
.03 
.24 
.49 
.53 
.57 
.65 
.80 
.51 
.58 
.61 
.67 
.72 
.76 
.78 
.87 
.93 
.93 
.96 
.01 
.05 
.13 
.16 
.69 
.93 

(< M1-M7.5) 
.62 
.66 
.77 
.82 
.38 

4.79 
4.78 
4.83 
4.91 
5.14 
5.23 
5.06 
5.08 
5.08 
4.96 
4.97 
4.95 
4.95 
4.91 
4.87 
4.91 
4.98 
5.00 
5.10 
4.92 
5.09 
4.88 
4.81 

1.40 
1.36 
1.25 
1.16 
1.06 
1.00 
0.81 
1.09 
1.35 
1.29 
1.18 
0.97 
1.02 
1.54 
1.38 
1.31 
1.19 
1.13 
1.11 
1.08 
1.05 
0.94 
0.95 
0.86 
0.86 
0.87 
0.93 
0.94 
1.17 
0.88 

6.21 
6.20 
5.93 
5.85 
5.77 

M4.5 
5.0 
5.0 
6.5 
7.5 
8.0 
8.0 
6.0 
6.0 
5.0 
4.0 
4.0 
4.0 
4.0 
4.5 
5.0 
5.5 
7.0 
8.0 
8.0 
6.0 
5.5 
2 
4.0 

8.5 
8.2 
8.2 
8.0 
8.0 
7.5 
7.0 
8.2 
8.5 
8.5 
8.2 
8.2 
7.0 
8.2 
8.2 
8.2 
8.2 
8.0 
8.0 
8.0 
7.5 
7.0 
7.0 
7.0 
7.5 
8.0 
8.0 
8.0 
8.0 
7.0 

5.5 
5.5 
4.5 
4.5 
4.5 

77 

© American Astronomical Society * Provided by the NASA Astrophysics Data System 



1
9

7
lA

p
J.

..
1

6
9

..
.6

3
L

 

TABLE 5 (concluded) 

JD Cycle Phase 1(104) Spectral 
Type JD Cycle Phase 1(104) Spectral 

Type 

Z Oph (cent.) R Peg (cont.) 
2439319.9 

39334.8 
39372.7 
39391.6 
39422.6 
40338.9 
40349.9 
40367.8 
40382.8 
40396.7 
40408.7 
40482.6 
40518.6 
40526.6 
40708.9 

0.61 
.65 
.76 
.82 
.91 
.56 
.59 
.64 
.68 
.72 
.76 
.97 
.07 
.10 
.62 

U Ori (M7.5-M9.0) 
39042.0 
39062.0 
39102.0 
39150.9 
39165.8 
39207.8 
39236.7 
39347.0 
39372.0 
39423.1 
40263.7 
40264.7 
40277.7 
40298.7 
40316.7 
40339.6 
40466.0 
40483.0 
40494.0 
40539.8 
40586.0 
40600.8 
40618.8 
40633.7 
40661.7 
40705.7 

38989.9 
39028.9 
39040.9 
39047.9 
39050.9 
39060.9 
39091.8 
39101.7 
39263.0 
39320.0 
39334.0 
39372.9 
39393.9 
39422.8 
39425.9 
40369.0 
40382.9 
40396.9 
40403.9 
40465.9 
40482.8 
40494.7 
40519.8 

.30 

.36 

.47 

.60 

.64 

.75 

.83 

.13 

.19 

.33 

.60 

.60 

.64 

.69 

.74 

.80 

.14 

.19 

.22 

.34 

.47 

.51 

.56 

.60 

.67 

.79 
R Peg (M5.5-M9.0) 

.87 

.97 

.99 

.02 

.03 

.05 

.13 

.16 

.58 

.73 

.77 

.87 

.93 

.01 

.01 

.50 

.53 

.57 

.59 

.75 

.80 

.83 

.90 

6?27 
6.18 
6.01 
5.86 
5.54 
6.21 
6.22 
6.27 
6.23 
6.15 
5.97 
5.38 
5.25 
5.18 
6.32 

1.21 
1.32 
1.78 
2.19 
2.18 
1.83 
1.65 
0.90 
0.93 
1.22 
2.14 
2.15 
2.13 
1.99 
1.83 
1.68 
0.95 
0.99 
1.02 
1.38 
1.81 
1.93 
2.06 
2.10 
1.94 
1.54 

2.20 
1.78 
1.71 
1.76 
1.74 
1.69 
1.75 
1.78 
2.77 
2.20 
2.09 
2.11 
2.02 
1.84 
1.83 
2.82 
2.94 
2.93 
2.92 
2.38 
2.22 
2.15 
2.15 

M6.0 
6.0 
4.5 
3 

<1 
5.5 
5.5 
5.5 
5.0 
4.5 
4.0 

<1 
<1 
<1 
7.5 

8.2 
8.2 
8.5 
9.0 
9.0 
8.5 
8.5 
7.5 
8.0 
8.5 
8.8 
8.8 
8.8 
9.0 
9.0 
9.0 
8.2 
8.2 
8.2 
8.5 
8.8 
9.0 
9.0 
9.0 
8.8 
8.5 

9.0 
7.5 
6.5 
7.0 
7.0 
7.0 
7.5 
7.5 
8.8 
8.5 
8.5 
8.2 
7.5 
5.5 
5.5 
8.5 
8.5 
8.5 
8.8 
8.5 
8.2 
8.2 
8.2 

2440586.6 
40617.6 

0.07 
.15 

R Tri (M3-M8.5) 
38994.0 
39033.0 
39041.9 
39051.0 
39061.0 
39070.9 
39097.9 
39167.7 
39207.7 
39320.0 
39335.0 
39347.0 
39357.0 
39373.0 
39423.0 
40103.9 
40263.7 
40264.7 
40298.7 
40304.6 
40433.9 
40453.9 
40465.0 
40482.9 
40494.8 
40518.8 
40527.8 
40538.8 
40560.8 
40592.7 
40617.7 
40633.7 
40673.6 

S UMa 
38970.8 
38989.7 
39112.1 
39166.0 
39202.0 
39240.9 
39320.8 
40298.9 
40316.7 
40326.7 
40338.7 
40344.7 
40349.7 
40357.7 
40368.8 
40383.7 
40396.7 
40593.0 
40603.0 
40618.0 
40633.0 
40661.9 
40673.8 
40695.7 
40705.7 

.73 

.88 

.91 

.95 

.99 

.02 

.12 

.39 

.54 

.96 

.01 

.06 

.10 

.16 

.34 

.90 

.50 

.50 

.63 

.65 

.13 

.21 

.25 

.32 

.36 

.45 

.49 

.53 

.61 

.73 

.82 

.88 

.03 

.93 

.01 

.56 

.79 

.95 

.13 

.48 

.82 

.90 

.95 

.00 

.03 

.05 

.08 

.13 

.20 

.26 

.13 

.17 

.24 

.31 

.43 

.49 

.58 

.63 

1774 
1.82 

2.67 
2.63 
2.62 
2.47 
2.42 
2.41 
2.30 
2.77 
3.08 
2.49 
2.36 
2.29 
2.32 
2.30 
2.66 
2.71 
3.04 
3.07 
3.02 
2.93 
2.29 
2.33 
2.39 
2.60 
2.75 
3.03 
3.12 
3.19 
3.23 
2.99 
2.81 
2.78 
2.44 

4.90 
4.65 
5.31 
5.13 
4.81 
4.43 
5.33 
5.09 
5.02 
4.90 
4.72 
4.66 
4.57 
4.53 
4.46 
4.45 
4.55 
4.61 
4.59 
4.59 
4.74 
5.07 
5.18 
5.43 
5.30 

M6.0 
6.5 

7.0 
5.0 
4.0 
3 
3 
3 
4.5 
8.0 
8.5 
5.0 
5.0 
5.5 

7.0 
8.2 
5.5 
6.5 
7.0 
7.5 
7.5 
4.5 
6.0 
6.5 
7.0 
7.5 
8.0 
8.0 
8.2 
8.2 
8.5 
8.5 
8.2 
6.0 

78 
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Fig. 3 Fig. 4 

Fig. 3.—Light curves in 7(104) for Mira variables in the period range 189d-266d. Photometric data 
and corresponding spectral types are given in Table 5. Below the name of each star appears the mean 
spectral type at maximum light from Keenan (1966) and the period used in calculating the phases (see 
Table 2). Light cycles are coded as in Fig. 1. 

Fig. 4.—Light curves in 7(104) for Mira variables in the period range 271d-329d. Coded as in Fig. 1. 

more commonly the cycle-to-cycle differences are greater in the phase interval 0.6-0.8 
than in other parts of the light curve. During the flat part of the hump, the spectral 
type generally continues to decrease. 

5. Maximum light in 7(104) occurs near phase 0.1 or 0.2 in most of these stars. 
6. Minimum light in 7(104) occurs near phase 0.6 on the average, but it tends to 

occur at an earlier phase in stars with a hump on the rising branch. The phases of the 
visual minima (Campbell 1955) and the 7(104) minima do not seem to differ systemati- 
cally. 

7. The data of Table 5 show that each star’s earliest spectral type has nearly always 
been recorded between phases 0.95 and 0.15, and usually very close to phase 0.00. 
Between the phase of visual maximum and the phase of infrared maximum, the spectral 
type usually advances substantially. 
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80 G. W. LOCKWOOD AND ROBERT F. WING Vol. 169 

Fig. 5.—Light curves in 7(104) for Mira variables in the period range 346d-411d. Coded as in Fig. 1. 
Fig. 6.—Light curves in 7(104) for Mira variables in the period range 405d-453d. Coded as in Fig. 1. 

8. The latest spectral type is usually reached close to the time of minimum light but 
is retained for perhaps 0.2 period while the 7(104) magnitude brightens rapidly. That is, 
the recovery from minimum occurs sooner in brightness than in spectral type. 

ii) Notes on Individual Stars 

Each Mira variable is an individual whose behavior cannot be specified simply by a 
few quantities such as period, amplitude, and mean type at maximum. In this section we 
bring in additional information concerning several of the stars and draw attention to 
some specific features in the light curves which illustrate both normal and abnormal 
behavior. We will discuss eleven of the stars in the order that their light curves appear in 
Figures 3-6. 

RT Cygni.—This high-velocity, weak-lined Mira shows some spectroscopic evidence 
of high luminosity (Pettit 1944; Keenan 1966). The displacement between the two 
observed rising branches is unusually large (0.2 mag). The earliest recorded spectral 
type, M4.0, occurred near phase 0.0 when the temperature was ^3800° K, correspond- 
ing to a normal giant of type K5. From the spectroscopic types catalogued by Keenan 
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TABLE 6 

Comparison of Mean Amplitudes 

Star V* 8500 Âf ffbt 7(104) 

R Aql... 
R Aur. . 
R Boo. . 
R Cam.. 
R CVn.. 
R Cas. . 
T Cas... 
V Cas... 
T Cep.. 
o Cet. .. 
RCyg.. 
RT Cyg 
x Cyg... 
R Dra.. 
S Her... 
U Her. . 
R Leo... 
R LMi.. 
WLyr. . 
X Oph.. 
Z Oph... 
U Ori... 
R Peg... 
R Tri... 
S UMa.. 

5.4 
5.6 
5.1 
4.9 
4.2 
5.6 
4.0 
4.3 
4.3 
5.9 
6.4 
4.5 
8.2 
4.8 
5.0 
5.0 
4.2 
5.5 
4.3 
2.0 
4.6 
5.7 
5.4 
5.5 
3.9 

2.6 

1.7 

2.9 

2.2 
2.8 

4.0 
2.3 

2.4 

2Â 

2.5 
1.7 

0.91 

1.11 
1.39 

1.14 

0.90 
0.95 

0.74 

0.85 

0.90 
1.20 
0.75 
0.75 
1.00: 
1.65: 
0.70 
0.55 
0.55 
1.10 
1.55: 
0.75 
2.00: 
0.65 
0.90 
1.35 
1.10 
0.95 
0.35 
0.55 
1.00 
1.20 
1.15 
0.85 
0.85 

Mean. 5.0 2.5 1.00 0.97 

* Kukarkin et al. (1969). 
t Hetzler (1936). 
t Pettit and Nicholson (1933). 

(1966), as well as our photometry, we judge the mean type at a normal maximum to be 
M4e rather than the value M2.5e given by Keenan. 

W Lyrae.—The amplitude is unusually small, especially in cycle 8 (but see also V 
Cas, X Oph, and T Cep). The range in spectral type is nevertheless quite substantial in 
both cycle 1 and cycle 8: between phases 0.0 and 0.5, while the /(104) magnitude stays 
nearly constant, the type advances from about M4 to about M8. 

R Trianguli.—The/( 104) curve shows remarkably good cycle-to-cycle repetition, with 
seven cycles represented, except near phase 0.7 where there is a more pronounced hump 
in one cycle than in another. The variable R Tri is similar to RT Cyg in being much 
hotter than the TiO band strength suggests. It executed a well-defined loop in the 
(TiO, temperature)-plane in passing through the maximum of cycles 1-2 (Spinrad and 
Wing 1969, Fig. 9). 

R Camelopardalis.—The light curve clearly shows a hump at phase 0.7 in at least two 
cycles, although no such feature appears in the mean visual curve (Campbell 1955). 
Nassau (1964) has called attention to the fact that the ZrO bands in this S star are 
stronger than the TiO bands at maximum light, but weaker than the TiO bands at 
minimum. The Lick scans, which measure both molecules, show that the ZrO bands are 
relatively insensitive to temperature while the TiO bands, in agreement with Nassau’s 
results, range from virtual disappearance at maximum to a strength corresponding to 
M7.5 at minimum. 

R Aquilae—The period has decreased from about 350d at the turn of the century to 
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293<?0 since 1954 (Ahnert 1964,1965; Schneller 1965). The value 292^2 used here, based 
on recent visual maxima, gives a good fit for the infrared minima; a period of 285d would 
bring the two declining branches into agreement but would upset the fit at minimum. 
Spectroscopically R Aql is quite a normal Mira variable, although it is a source of OH 
radio lines (Wilson, Barrett, and Moran 1970) and the microwave water line (Turner et 
al. 1970, in which the star is identified only as IRC+10406). 

S Herculis.—This star is noteworthy for the large hump observed in cycle 5 and the 
wide range in spectral type (M2-M8.8) recorded in cycle 2. The type M2 is much earlier 
than any observed by Keenan (1966) and occurred when the visual magnitude was the 
brightest ever recorded, measured photoelectrically at F = 6.83 (Wing 1967c). The 
7(104) magnitude, however, does not seem to have been abnormally bright at that time. 

X Ophiuchi.—This star is important as a visual binary showing some orbital motion; 
its mass has been estimated by Fernie (1959). The small mean visual amplitude, only 2.0 
mag, is partly the result of the proximity of the K-type companion, but the 7(104) curve, 
on which the influence of the companion should be negligible, shows that X Oph is indeed 
a small-amplitude Mira. 

Z Ophiuchi.—At maximum light, the TiO bands usually disappear completely and the 
atomic lines are greatly weakened (Merrill, Deutsch, and Keenan 1962, Figure 8). The 
7(104) light curve, however, is very similar to that of the much cooler variable U Ori, 
appearing just below Z Oph in Figure 5. Several minima have been observed, the type at 
minimum ranging from M5.0 to M7.5. Wyckoff (1970) has noted that the nekr-infrared 
spectrum of Z Oph is peculiar in that different TiO bands suggest different spectral types. 

T Cephei.—The 7(104) curve has a unique shape among the stars studied here, as well 
as a surprisingly small amplitude for a star with such a long period. There is some evi- 
dence (§ lia) that the period is decreasing. The mean visual curve (Campbell 1955) 
shows a slight hump on the rising branch. 

X Cygni.—This star is famous for having the largest visual amplitude of any well-ob- 
served Mira variable, and it also has the largest range in 7(104) that we have recorded 
(2.33 mag). The curve for cycle 1 (filled circles) in 1965 was shown previously in Wing 
(1967a), where it is compared with the concurrent V curve, also obtained photoelectrical- 
ly. The 1965 maximum was a bright one, reaching V = 4.11. The subsequent maximum 
of 1966 reached only V « 5.9 and was also 0.5 mag fainter in 7(104). The two Lick series 
of observations are well displaced from one another not only in 7(104) but also in the dia- 
gram of band strength versus temperature, shown in Figure 9 of Spinrad and Wing (1969). 

R Cassiopeiae.—Like x Cyg, R Cas has both a large amplitude and major differences 
in magnitude between one infrared maximum and another. The bright maximum shown 
in Figure 6 was the brightest ever observed visually, reaching V = 4.94 in July 1966 
(Wing 1967c). At minimum light, R Cas has stronger VO bands than any other star dis- 
cussed in this paper, and we have used its spectrum at minimum to define spectral type 
M10 (Wing 1967Ô; Lockwood and McMillan 1971). 

d) Light Curves in K (2.2 ¡x) 

For most of the Mira variables discussed here, the wavelength 1.04 p. is close to the 
peak of the energy distribution at maximum light, when the spectral type is MS or M6. 
At minimum light, however, the peak energy in these same stars has shifted to the 1.5-2.0- 
¡X range. It is therefore of interest to compare the 7(104) curves with light curves mea- 
sured closer to the energy maximum at minimum light. The X-magnitude of the standard 
wide-band multicolor system (Johnson 1966), with an effective wavelength of 2.2 ju, will 
serve this purpose. 

Mendoza V. (1967) has compiled a catalog of observations of Mira variables on the 
standard system. Two stars—o Cet and x Cyg—have a sufficient number of observations 
at different phases to show the character of their light curves at 2.2 p. In Figure 7, the K- 
magnitudes of o Cet and x Cyg are plotted against the phases computed from the light 
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Fig. 7.—Light curves for o Get {upper) and x Cyg (lower) in the wide-band ^-magnitude at 2.2 /*. 
Data from Mendoza V. (1967) are plotted against phases computed from the light elements of Table 2. 
Coded as in Fig. 1. 

elements of Table 2. The correspondence between symbol and cycle number is the same 
as in the 7(104) curves for these stars shown in Figures 1 and 6, respectively. Measure- 
ments made within 3 days of one another have been averaged. 

The TT-curve for o Get, as drawn, is very similar to the 7(104) curve in its amplitude 
(^1.1 mag), its lack of a hump on the rising branch, and its rather good repeatability. 
The phase of minimum in K is somewhat later than in 7(104), and the subsequent rise to 
maximum is steeper. The TT-magnitude is not free from molecular absorption, and in late 
M stars the principal absorber is H20 which acts to increase the amplitude by depressing 
the minimum of the light curve. The amplitude at a continuum point in the 2-/z region is 
thus probably not greater than 1.0 mag, or slightly less than the amplitude in 7(104). 

The TT-curve for x Cyg shows large cycle-to-cycle differences, as does its 7(104) curve 
(Fig. 6), and the amplitude is not well defined. However, the series of four K observations 
of cycle 1 in 1965 (filled circles) was concurrent with a series in 7(104) which extended 
from a bright maximum to a faint minimum, so that the brightest and faintest measure- 
ments of K must be close to the extreme values, setting an upper limit to the mean ampli- 
tude in K of ^1.3 mag. It is interesting that x Cyg, which possesses the largest known 
ranges in V and 7(104), has a K range that is probably no larger, in a typical cycle, than 
that of o Cet. This result can be understood in terms of absorption in the K filter. Not 
only does x Cyg at minimum have weaker H20 bands than o Cet as a result of its lower 
oxygen-to-carbon ratio (Spinrad et al, 1966), but also the absorption by the CN molecule 
(Wing and Spinrad 1970), which is greatest at maximum light, is stronger in x Cyg than 
in o Cet. Thus the net effect of CN and H20 absorption within the K filter is to increase 
the amplitudes of M stars and to decrease the amplitudes of S stars. The first-overtone 
bands of CO also fall within this filter, but are relatively insensitive to phase. 

IV. DISCUSSION 

The gigantic loops executed by Mira variables in diagrams of molecular-band strength 
versus temperature (Wing 1967c;; Spinrad and Wing 1969), and the fact that a given vari- 
able follows different paths in such diagrams in different cycles, indicate that the atmo- 
spheric layers producing the continuum and the molecular absorptions behave semi- 
independently. In the visual region, where the spectrum is broken by strong molecular 
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absorption features, the light we measure is coming from various layers, the relative 
contributions of which to the wide-band magnitude are constantly changing. It was per- 
haps not unreasonable to hope that by measuring nearly pure photospheric radiation 
throughout the cycle, as is done by the /(104) magnitude, a simpler light curve would 
result. However, we have found that even the photospheric brightness variations are 
only semiregular in nature, and that infrared photometry does not lessen the need to ob- 
serve Mira variables continually. Evidently, one should not expect more consistent be- 
havior by such tenuous and distended atmospheres. 

It is of some interest to look for systematic differences in the forms of the light curves 
of stars of types M and S. In addition to the four S stars, three of our stars (T Cas, T Cep, 
and S Her) may be called MS stars on the basis of the presence of weak ZrO bands (Spin- 
rad and Newburn 1965; Keenan 1966; Wing 1967c). 

It is intriguing that all three MS stars show substantial humps and that T Cas and T 
Cep have unusually small 7(104) amplitudes for their periods. On the other hand, there 
are no clear systematic differences in the shapes or amplitudes of the 7(104) curves be- 
tween pure M and pure S stars, although the unidentified absorptions at faint phases 
in some stars with strong S characteristics (e.g., R Cyg) may introduce a systematically 
larger amplitude compared with M stars of the same bolometric amplitude. No complete 
7(104) light curves have yet been obtained for carbon-type Miras, but from what is 
known about their mean visual light curves and Hetzler’s (1936) photographic infrared 
curves, we would not expect their 7(104) curves to differ systematically from those of M 
or S stars. 

One of our original objectives was to see if abnormally bright (and faint) visual max- 
ima, in a given star, are also abnormally bright (and faint) in the infrared continuum. 
We find no simple answer to this question, for two separate phenomena appear to be 
involved. First, several variables have been observed to reach almost exactly the same 
maximum 7(104) magnitude in cycles that differed considerably in maximum visual 
magnitude. Examples of such behavior have been pointed out previously in the case of 
the normal (M7.0Í--M8.8) Mira variable W Peg (Wing 1967c) and the very cool Mira 
IK Tau (Spinrad and Wing 1969), and other examples can be found in the data of this 
paper (see, for example, our discussions of o Get and S Her in §§ III# and IIIc, respec- 
tively). In these cases, earlier spectral types were recorded in the cycles that were bright- 
er visually, but there is little evidence for important differences in the maximum tem- 
perature. The picture that emerges is that the photospheric temperature and bolometric 
magnitude probably go through similar variations in different cycles, but that different 
degrees of dissociation of TiO are reached in the upper atmosphere with resulting differ- 
ences in blanketing in the visual region. Second, in other cases we have observed bright 
visual maxima that were also bright in 7(104), so that differences in spectral type cannot 
be the sole cause. The most striking examples of this behavior are x Cyg and R Gas in 
Figure 6. In these cases, the temperatures estimated from the near-infrared energy dis- 
tributions (Wing 1971#) were substantially higher at the brighter maxima, and the spec- 
tral type was abnormally early as well, so that an abnormally bright bolometric maxi- 
mum is probably involved. In short, it seems that some bright visual maxima result 
from unusually high photospheric temperatures and bright bolometric magnitudes 
whereas others merely reflect a high degree of molecular dissociation in the upper atmo- 
sphere. 

In a similar vein, we have attempted to interpret what is happening in the atmosphere 
when a Mira recovers from minimum light and especially when it goes through a hump 
on the rising branch of the light curve. The brightenings and humps are evidently un- 
related to changes in spectral type, not only because 7(104) is free of blanketing but also 
because the spectral type stays practically constant, at its latest value for the cycle in 
question, from about phase 0.5 to about phase 0.7, regardless of whether or not a hump 
occurs during the interval. For example, the type of S Her in cycle 5 (filled triangles in 
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Fig. 4) remained at M8.0 while 7(104) brightened by 0.5 mag in 24 days in climbing from 
minimum to a pronounced secondary maximum. Likewise, observations of the rising 
branch of R Leo in three different cycles yielded three parallel but well-displaced branch- 
es, along each of which the spectral type remained constant. Although our temperatures 
are not well determined when the spectral types are later than M8.0, the sense of tem- 
perature changes can be ascertained with confidence from the observed changes in color, 
especially when the spectral type remains constant. We consistently find that the tem- 
perature increases steadily from the time of mimimum until visual maximum, again with- 
out regard for whether a hump occurs. 

Pettit and Nicholson (1933) showed that the radius is decreasing throughout the ris- 
ing branch, reaching a minimum value at phase 0.0. Since we have confirmed the phasing 
they found for the temperature and bolometric magnitude variations, we also concur, at 
least qualitatively, with their conclusions regarding the radius variation. In fact, the 
occasional occurrence of secondary maxima is strong evidence for a decrease in radius at 
late phases: our data show that the temperature continues to increase during the brief de- 
cline in light after secondary maximum, and this can happen only if the radius becomes 
smaller. 

It is difficult to support the hypothesis that the humps on the rising branch are indica- 
tive of pulsation in the first overtone of the fundamental period, for the humps do not 
occur midway between the primary maxima, and in some stars they occur only occasion- 
ally. Rather, the humps seem to be merely the result of the interplay between rising 
temperature and decreasing radius during this part of the cycle. 

We have attempted to account for a variety of observed features in the light curves of 
Mira variables in terms of changes in temperature, radius, and spectral type, but no 
attempt was made to explain the changes in the physical parameters themselves. The 
light curves suggest that an important event occurs near the time of minimum light, 
causing a sudden increase in photospheric temperature and the beginning of a new cycle. 
At minimum light, the atmosphere is saving energy, since losses by radiation are small; 
the crucial problem, it seems to us, is to identify the form of the energy stored at this 
time and to show how it is converted to the forms that are observed, both photometrical- 
ly and spectroscopically, throughout the cycle until the next minimum. We hope that our 
observations will stimulate efforts to construct the dynamical models which ultimately 
will reveal the physical nature of the Mira phenomenon. 

This project was made possible by generous allotments of telescope time at Lick 
Observatory and Kitt Peak National Observatory. Wing’s observations were mostly 
made during the tenure of a Lick Fellowship, and he would like to acknowledge the ad- 
vice and encouragement received from many members of Lick Observatory and the 
Berkeley Astronomy Department, and particularly from his thesis advisor, Dr. H. Spin- 
rad. While this paper was being written, Wing was supported at the Ohio State Univer- 
sity by a grant from the National Science Foundation. Lockwood would like to thank 
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