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ABSTRACT

We present a detailed description of a continuing survey for distant, cool supergiants near the galactic
plane in the southern hemisphere. Candidate stars are found on near-infrared objective-prism plates,
and confirming observations are made with near-infrared narrowband photometry and medium-
resolution CCD spectroscopy. The fluxes of 36 southern and equatorial standard stars for the eight-
color narrowband system are given. We show how stars are classified in temperature and luminosity
type and how the photometry is used to derive distances and reddening. Further papers of the series will
present data on the new supergiants found and our conclusions as to distant galactic structure in the
southern Milky Way. We expect the survey to result in a several-fold increase in the number of cool

supergiants known in the Galaxy.

1. INTRODUCTION

The supergiants of late spectral type are important both
in studies of stellar evolution and as indicators of galactic
structure. They represent a turning point in the evolution
of massive stars at which they attain their largest size and
lowest surface temperature. Stars in this range undergo
significant mass loss and are often surrounded by extensive
circumstellar shells, observable both spectroscopically and
through infrared emission from grains. Individually, these
stars are interesting as examples of extended atmospheres,
the spectra of which can be fully understood only if turbu-
lent motions, spherical geometry, and molecule formation
in the outer layers are taken into account.

Because of their high luminosities in the infrared, where
interstellar absorption is relatively unimportant, late type
galactic supergiants can be detected and recognized at
great distances. Hence, if their distances can be deter-
mined, their distribution in three dimensions can provide
important information about the structure of our Galaxy.
In particular, they should be useful as indicators of spiral-
arm structure, since in general they are young enough not
to have moved very far from their places of birth. Also, if
we can learn to detect differences in chemical composition
among these supergiants, we can use them to study com-
position gradients in the Galaxy. Even without measuring
any kind of composition parameter in individual stars, we
can, in principle, explore abundance gradients in the Gal-
axy simply by finding and counting the supergiants, since
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stellar evolution theory (Meylan & Maeder 1983) indi-
cates that the number ratio B/R of blue to red supergiants
in any coeval group is a function of the metallicity of the
interstellar cloud from which the stars formed. Further-
more, red supergiants are useful as extragalactic distance
indicators since they are the brightest stellar objects on red
and infrared images of external spirals and appear to have
a well-defined upper limit to their luminosity (Humphreys
& Davidson 1979).

Despite these attractive features, the late type su-
pergiants, by themselves, have never been used effectively
in studies of galactic structure. One problem has been that
luminosity  classifications—the basis for distance
estimates—are hard to assign, especially in the crowded
blue spectral region. Another is that the number of su-
pergiants of spectral type M known in the Galaxy prior to
this study, for which two-dimensional spectral types con-
firming their supergiant nature have been published, is only
about 200. Most of these have been found in relatively
shallow objective-prism surveys and lie within 2 or 3 kpc of
the Sun, and the majority are in the northern hemisphere.
Our knowledge of distant red supergiants has thus been
wholly inadequate for the purpose of tracing spiral arms.
Even the statistical use of B/R ratios has not been possible
because our knowledge of red supergiants has been far less
complete than that of blue ones.

As we will show in this series of papers, a great many
more late type supergiants can be identified by means of
techniques now available, and their distances can be esti-
mated well enough to encourage applications to problems
of galactic structure. The great sensitivity of the infrared
CN bands to luminosity and their visibility in all su-
pergiants of types G, K, and M make it possible to deter-
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mine absolute magnitudes and hence distances from obser-
vations of low spectral resolution. In particular, White &
Wing (1978) have shown how two-dimensional spectral
classifications can be obtained for M stars from narrow-
band photometry on an eight-color near-infrared system,
and Warner & Wing (1977) have given examples of dis-
tance determinations for heavily reddened stars from the
eight-color photometry. Although further calibration work
is desirable (and has been undertaken by the authors), it is
in principle possible to determine the reddening and dis-
tance of any normal (i.e., classifiable) star of late type K or
M observed on the eight-color system.

Before the eight-color photometry can be used to iden-
tify new late type supergiants, we must have a technique
for selecting suitable candidate stars for photometric ob-
servation. We would not expect to find many new su-
pergiants among the stars of existing positional or photo-
metric catalogs in which the stars have been selected
according to visual or photographic magnitude; indeed,
supergiants belonging to distant spiral arms are not likely
to have had any previous observation. On the other hand,
the low-dispersion near-infrared objective-prism survey of
the southern galactic plane conducted by one of us (DIM)
is a rich source of supergiant candidates. Details of this
survey, which has also been used to discover new carbon
stars (MacConnell 1988) and to classify JRAS point
sources (MacConnell 1989), are given in Sec. 2 below.

Since 1984 we have been conducting follow-up observa-
tions, in the form of eight-color narrowband photometry
and near-infrared CCD spectroscopy, of supergiant candi-
dates marked in the objective-prism survey; these tech-
niques are discussed in Secs. 3 and 4 below, respectively.
The objective of this work is not only to find new su-
pergiants but also to provide two-dimensional classifica-
tions and estimates of distance and reddening in order to
probe the spiral-arm structure of the Galaxy and the dis-
tribution of absorbing material between longitudes 210°
and 30°.

Preliminary descriptions of the project have been pre-
sented at several IAU symposia and meetings of the AAS
(MacConnell & Wing 1984; MacConnell ez al. 1985, 1986,
1987; Wing et al. 1987). Here we discuss in detail the
infrared objective-prism search technique used to find su-
pergiant candidates, the photometric and spectroscopic
techniques used to classify them in two dimensions, and
the procedures used to derive the interstellar reddening
and distance. Subsequent papers of this series will present
identifications, classifications, and photoelectric data for
the supergiants found in various sectors of the southern
Milky Way and will consider the luminosity calibration,
the distribution of interstellar dust, and our conclusions
regarding the spiral-arm structure of the Galaxy as deter-
mined from the cool supergiants.

2. THE NEAR-INFRARED OBJECTIVE-PRISM SURVEY
2.1 Characteristics of the Survey Plates

The plates used for the near-infrared survey of the
southern Milky Way were taken by D.J.M. with the 61/91
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cm Curtis Schmidt camera of the University of Michigan
located at Cerro Tololo Inter-American Observatory
(CTIO), starting in 1969. The emulsion used was Kodak
I-N behind an RG680 filter giving a spectral coverage from
0.68 to 0.88 um. The 6° and 4° prisms were mounted with
their apices rotated 180° to achieve the effective dispersion
of a 2° prism; this combination produces spectra 0.5 mm in
length with a dispersion of about 3400 A mm~! at the
telluric 4 band. In spite of the small plate scale, 96.6 arc-
sec mm ™!, spectrum overlaps were not a problem at this
low dispersion except in the most crowded regions. During
the years 1969-1971, unwidened exposures of 5 and 30 min
duration were made on separate plates on centers spaced
every 4° in galactic longitude on the galactic plane and at
b==4° a total of 138 fields. Starting in 1972, 60 min
ammonia-sensitized plates were taken on all of the b=0°
centers and on many of those off the plane. (In recent
years, some plates have been taken using other sensitizing
methods.) Due to the need to search for guide stars, most
plates are shifted from their nominal centers by up to a few
tenths of a degree. The approximate limiting I magnitudes
are 9, 11, and 13 for the 5 min, 30 min, and sensitized 60
min exposures, respectively. Also taken on the same cen-
ters was a set of direct 5 min visual exposures which are
used to prepare finding charts to help with the follow-up
observations, and to check cases of possible spectrum over-
lap.

Table 1 gives the nominal plate centers in galactic co-
ordinates, the actual 1950 equatorial coordinates of the
center of the deepest plate at each position, and the number
of objective-prism plates available in each field. If the num-
ber of plates is greater than 2, there is at least one 60 min
sensitized plate available on that center. In several fields
more than one 60 min exposure was taken in an effort to
achieve better spectral resolution (governed by seeing) or a
more uniform background. The column “Code” lists a one-
or two-letter name, which we use in our preliminary star
designations, for each field surveyed to date. The final col-
umn gives the number of supergiant candidates marked in
each field.

2.2 Selection of Supergiant Candidates

The advantages of the near-infrared spectral region in
searches for red supergiants are twofold: (1) these stars
have their peak energy output in or near this region, and
(2) extinction caused by interstellar dust is half that in the
visual region and one-third that in the blue. For these rea-
sons Nassau et al. (1954) and Blanco & Miinch (1955)
used unwidened, near-infrared objective-prism plates to
search for M supergiants in the northern and southern
Milky Way, respectively. They found that good candidates
could be detected as stars showing weak to moderate TiO
absorption and a characteristic tapered appearance to their
spectra which they attributed to high obscuration. In the
present survey, we have relaxed the condition that a star
show TiO bands and have marked all stars showing a
wedged shape. Thus our selection is based on color and not
on any spectroscopic criterion. Unreddened stars of very
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TABLE 1. Plate centers for near-infrared survey.

1 b a (1950) & No. Code Candidates 1 b o (1950) & No. Code Candidates
210 -4 06 30.8 400 45 3 Q ] 302 -4 12 42.2 -66 32 3 z 23
210 0 06 2.3 402 49 3 P23 302 0 1238.2 -6248 5 M 73
210 +4 07 00.1 +04 28 3 R 7 302 +4¢ 12 42.7 -58 27 5 N 11
214 -4 06 34.9 -0232 3 T 66 306 -4 13 21.4 -6622 4 AC 40
214 0 06 50.1 -0044 3 3 31 306 0 13 09.9 -6220 3 AN 92
214 +4 07 07.1 40106 4 U 39 306 +4 13 10.3 -S5022 3 AR 31
218 -4 06 8.9 -06 18 3 AN 32 310 -4 13 58,7 -6535 3 AR 20
218 0 06 58.2 -04 16 4 AN 51 310 0 13 42.1 -6144¢ 3 AD €3
218 +4 07 13,3 -0220 3 A0 27 310 +4 13 40.0 -S742 6 AP 29
222 -4 06 52.6 -0953 3 AP 1S 314 -4 16 34.4 -6421 3 AH 16
222 o 07 05.2 -07 46 4 v [ L] 314 [ 14 13.9 -60 29 3 AG 30
222 +4 07 18.8 -06 02 3 AQ 23 314 +¢ 16 08.6 -57 00 3 A 21
226 -4 07 03.4 -1227 4 A8 37 310 -4 15 07.1 -6235 3 AK 73
226 0 07 12.1 -1135 4 AR (S 318 0 14 46.7 -5931 3 AT @9
226 +4 07 20.3 -08 36 2 AT 20 310 +4 14 35.1 -S540 3 AL 67
230 -4 07 06.0 -1649 3 AU 65 322 -¢ 15 36.1 -6024 3 BR 52
230 0 07 20.4 -1455 & W 56 322 0 15 11.3 -5720 3 BG 65
230 +4 07 37.4 -1255 4 AV 38 322 +4 15 02.2 -53 11 3 BI 54
23¢ -4 07 12.7 -2029 3 AX 18 326 -4 1559.0 -5742 4 BK 75
234 0 07 29.0 -1825 3 AW 36 326 0 1536.0 -5¢%52 3 BY 77
234 +4 07 3.3 -1638 & AY 26 326 +4 15 27.7 -5143 3 BL 44
238 -4 07 23.6 -24 00 3 AZ 17 330 -4 16 20.5 -5456 3 BN 80
238 0 07 3e.3 -2142 4 X 55 330 0 1556.9 -52 04 3 BM 44
238 +4 07 54.3 -1936 3 BA 26 330 44 1543.1 -4918 4 BO SO
242 -4 07 31.9 -2724 4 BC 19 33¢ -4 16 41.3 -5231 4
242 0 07 46.9 -2519 3 BB 40 336 0 16 20.8 -49 34 3
242 +4 08 02.2 -2317 4 BD 11 336 44 16 06.8 -46 32 3
246 -4 07 42.1 -30 20 3 BR 17 338 -4 16 50.0 -49 27 '

246 0 0787.0 -2852 3 Y 76 330 0 16 35.5 -46 13 ¢
246 +4 08 02.7 -26 46 4 By [ ] 3390 +4 16 29.3 -43 20 4
250 -4 07 49.8 -34 20 3 342 -4 17 00.4 -45 39 3
250 0 08 05.8 -32 11 3 342 0 16 ¢9.5 -43 42 3
250 +4 08 22.9 -30 00 4 342 +4 16 36.6 -40 4¢ 3
25¢ -4 00 00.0 -37 45 S 346 -4 17 20.7 -42 53 &
25¢ 0 08 18.7 -3537 3 346 0 17 04.7 -40 24 ¢
254 +4 08 35.6 -33 15 3 346 +4 16 €9.1 -37 53 4
256 -4 00 12.7 -41 05 3 350 -4 17 34.4 -39 40 4
256 0 08 25.5 -30 38 6 350 0 17 14.4 -3652 S
256 +4 08 46.0 -36 18 7 350 +4 17 00.8 -34 37 4
262 -4 08 22.0 -44 28 7 35¢ -4 17 6.8 -36 03 4
262 0 08 ¢1.5 -4149 3 BP SO 356 0 17 24.2 -3612 6
262 +4 09 56.9 -39 ¢4 3 35¢ +4 17 11.8 -31 41 S
266 -4 08 37.4 -47 16 3 356 -4 17 52.5 -32 01 3
266 0 08 55.0 4 358 0 17 37.5 -30 26 5
266 +4 09 11.7 3 358 +6¢ 17 22.7 -37 %57 4
270 -4 08 54.1 -50 05 S 002 -4 10 00.6 -29 27 3
270 0 09 12.0 -44 35 3 002 ©0 17 ¢9.6 -26 45 3
270 +4 09 29.4 -45 27 3 002 +4 17 33.1 -24 35 3
27¢ -4 09 10.7 -53 59 ¢ 006 -4 16 11.1 -25 27 3
27¢ 0 09 28.2 -S0 35 3 006 ©0 17 56.8 -23 40 4
274 +4 09 41.8 -47 46 5 006 +4 17 40.3 -2113 3
278 -4 09 31.0 -56 38 6 010 -4 16 21.4 -2130 3
276 0 09 8.6 -53 31 3 010 0 16 00.5 -20 18 3
276 +¢ 10 06.4 -50 25 3 010 +¢ 17 S0.1 -17 58 2
202 -4 09 54.9 -59 20 3 014 -6 10 24.1 -19 2
202 0 10 09.¢ -55 42 3 014 0 10 11.8 -16 3
282 +4 10 26.3 -52 18 3 014 +4 17 52.3 -14 3
266 -4 10 21.6 -6120 4 016 -4 18 33.3 -15 12 2
2866 0 10 32.1 -5 10 S 016 0 18 21.7 -13 15 4
286 +4 10 49.4 -5¢ 31 4 018 +4 10 06.4 -1137 2
290 -4 10 S0.6 -6333 4 C 12 022 -¢ 16 ¢2.5 -1130 2
290 0 1057.1 -6008 6 A 77 022 0 18 26.9 -09 37 ¢
290 +4 1116.2 -5605 ¢ D 16 022 +4 10 14.5 -08 15 32
29¢ -4 1125.5 -6653 3 @ 37 026 -4 18 47.8 -08 12 3
29¢ 0 11310 -6136 3 R 44 026 ©0 18 36.0 -05 49 3
29¢ +¢ 11 62.9 -5731 ¢ ¥ 26 026 +4 18 20.1 -04 20 2
29¢ -4 12017 -6562 4 I 32 030 -4 10 56.4 -06 23 3
29¢ 0 12 02.5 -62 16 3 " 50 030 0 18 42.7 -0246 3
290 +4 12 12.6 -S5¢ 15 & J 22 030 +4 18 20.8 -0110 2

late type may be equally red but have a different appear- type stars, and indeed several new supergiants of types A
ance due to the presence of strong TiO and VO bands, and  and F have been found in this survey (see, for example,
such stars are not marked in our survey. Wedge-shaped =~ MacConnell er al. 1987), but experience has shown that
spectra can also be presented by heavily reddened early  relatively few such stars will appear on infrared plates.
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The present study was undertaken to find fainter and
more distant cool supergiants by using both lower disper-
sion and longer exposures than were used in previous sur-
veys. Our deep plates have six times the exposure for those
used in the Blanco—Miinch survey, while our dispersion is
a factor of 2 lower, and our ammonia sensitization adds
approximately another factor of two. The net effect of these
differences is to extend the limiting magnitude by about 3.5
mag. Whereas Blanco and Miinch were able to find su-
pergiants in the neighboring Sagittarius and Carina Arms,
we can expect to detect similar stars at distances up to five
times as great.

The spectrum plates are scanned visually by D.J.M. us-
ing a binocular microscope at a magnification of 12 diam-
eters. Each plate is examined independently of others on
that center searching for stars having a tapered form (with
the point at the short-wavelength end). Stars with strong
TiO bands are expected to be normal M giants and are not

marked. Stars noted as of interest on separate plates of the

same field are reexamined on the best deep plate, and a
single list of candidates is compiled for that field. The final
column of Table 1 gives the number of stars marked as cool
supergiant candidates in the fields surveyed to date. A total
of 2600 candidates have been marked thus far in 46% of
the fields.

We do not mean to imply that more than 5600 late
type supergiants can be identified on our plates. For one
thing, the number of candidates should be reduced by
about 16% to allow for plate overlap. More important,
because of the very small scale of our survey spectra, we
cannot expect a very large fraction of the candidates to
be bona fide supergiants. Statistics reported by Wing et al.
(1987), based on the follow-up observations then available,
indicated that about 30% of the candidates tested were, in
fact, more luminous than luminosity class II. We have
subsequently found that there are some regions of the
galactic plane that are relatively devoid of supergiants
and where the percentage of candidates confirmed as
supergiants is lower, perhaps 20%. At this point our best
estimate is that approximately 25% of the candidates
marked on the survey plates will be confirmed as
supergiants.

If this success rate seems low, we should clarify the
nature of the candidate selection process. The criterion of
tapered shape is necessarily subjective and depends criti-
cally on the seeing, focus, and plate background. Only a
minority of the candidates show the tapered shape strongly
and clearly; most of these are true supergiants, although a
few turn out to be stars of type S as discussed in Sec. 4
below. The majority of the candidates have less distinct
shapes, and many are borderline cases that could equally
well be marked as candidates or not. In a sample of 14
overlapping 60 min plates, only 26% of the candidates in
the regions of overlap had been marked independently on
both plates. Unfortunately, supergiants which suffer rela-
tively little reddening cannot be distinguished on the sur-
vey plates from ordinary early M giants of moderate red-
dening; since our aim has been to find as many new
supergiants as possible, including those which are not
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heavily reddened, we must include a large number of or-
dinary giants on our list of candidates. A success rate of
25% would hardly be satisfactory if we were merely pub-
lishing the list of candidates and leaving the follow-up
work to others. However, we have efficient techniques at
our disposal for determining luminosity classes of the can-
didate stars, and it is our intention to publish two-
dimensional classifications for all stars identified in this
project.

2.3 Equatorial Coordinates and Charts

Part of the task of surveying a field is determining the
coordinates of each star marked as a supergiant candidate.
These measurements have been made, by D.JM., on a
variety of instruments over a span of two decades. Most of
the earlier measurements were made at Case Western Re-
serve University, where equatorial coordinates of candi-
dates were measured on the deepest spectrum plate of each
field relative to a grid of eight SAO reference stars well
distributed over the plate. More recently, positional mea-
sures have been made using the HST Guide Star Astro-
metric Support Program (GASP), developed at the Space
Telescope Science Institute from plate scans used for the
HST Guide Star Catalogue (Lasker et al. 1990). The po-
sitional errors are at most a few arcsec in each coordinate.

We have been using a Polaroid Land camera to make
enlargements from the direct visual plates for our own use
during the follow-up observations. We expect to use GASP
to produce finding charts for publication.

3. CLASSIFICATION PHOTOMETRY

The red stars marked as supergiant candidates in our
objective-prism survey would be of little value in galactic-
structure applications if we did not have a way of knowing
which ones are true supergiants and a consistent method of
estimating their distances. Confirmation of supergiants re-
quires classification on a system sensitive to luminosity dif-
ferences among late type stars, e.g.,, MK classification, or
the photometric measurement of a luminosity-sensitive
spectral feature. Distance determination requires, in addi-
tion, the measurement of an apparent magnitude, a method
for correcting this magnitude for interstellar absorption,
and the calibration of the spectroscopically derived lumi-
nosity class (or the luminosity criterion itself) in terms of
absolute magnitude.

We have chosen the eight-color near-infrared system of
narrowband photometry introduced by Wing (1971) as
our primary technique for follow-up work because obser-
vations on this system, together with its associated calibra-
tions, provide all the information needed to determine the
distances of red supergiants. In particular, the eight-color
photometry provides the following:

(1) An apparent magnitude, 7(104), measured at
10400 A in a region nearly always free of significant
atomic or molecular blanketing.

(2) A color index indicating the slope of the near-
infrared continuum.
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TABLE 2. Properties of interference filters.

Filter >‘C AA Feature measured
&) &)
1 7120 60 TiO v(0,0) band; also CN
2 7540 50 Continuum; weak CN
3 7810 40 TiO v(2,3) band
4 8120 50 CN (3,1) band
5 10395 50 Continuum; I(104)
6 10540 60 Continuum; VO for Sp. 2M6
7 10810 60 Continuum
8 10975 70 CN (0,0) band

(3) A measurement of one of the strongest TiO bands,
which can be detected in stars as early as type K3.5.

(4) An index of the strength of the Red System of CN,
based in part on the strong, uncontaminated (0,0) band at
11000 A.

The indices of TiO and CN, which respond to temperature
and luminosity, respectively, are used for two-dimensional
classification. The interstellar reddening can then be found
by comparing the observed color to the intrinsic color cor-
responding to the observed spectral type, and the interstel-
lar absorption at 10400 A can be inferred from the red-
dening by assuming a normal interstellar reddening law.
Finally, the distance is found by comparing the corrected
apparent 7(104) magnitude to the absolute magnitude in-
dicated by a calibration of the luminosity class or CN in-
dex. These procedures and calibrations are discussed in
detail in the following sections.

3.1 Filter and Detector Characteristics

The properties of the interference filters defining the
eight-color system are given in Table 2. Their central wave-
lengths A, range from 0.7 to 1.1 ym in the near infrared,
their widths AA (these are full widths measured at half the
peak transmission) average about 55 A, although filters 1
and 8, which measure strong bands of TiO and CN and are
therefore often strongly depressed, were made somewhat
wider than the average.

The filter sets in current use were manufactured in 1978
by MicroCoatings, Inc., and have retained their original
transmission properties well. The values given for A, and
AA in Table 2 are the nominal values used in placing the
order; the measured values differ slightly from set to set but
are all well within the specified tolerances of £10 A in
both quantities. Nearly all the observations for this pro-
gram to date have been obtained with the filter set acquired
by CTIO, although a set belonging to the Ohio State Uni-
versity has also been used. Another essentially identical set
is available at KPNO. The reductions of standard-star ob-
servations show no evidence of systematic differences be-
tween the filter sefs.

The filters were chosen to measure the strongest near-
infrared bands of TiO, CN, and VO as indicated in the last

825

column of Table 2. The VO molecule appears only in stars
of type M6 and later and is rarely encountered among the
stars of this program; the bands of TiO and CN, on the
other hand, are seen in all late K and M giants and su-
pergiants, and they provide the basis for their two-
dimensional classification. The filter widths were chosen to
maximize the system’s sensitivity to these absorption fea-
tures and also its ability to avoid the bands of these mole-
cules in order to measure the continuum. By including
filters that are nearly free of blanketing in two widely sep-
arated wavelength regions, the system offers a means of
measuring useful color temperatures as well as establishing
a continuum with respect to which the molecular absorp-
tions can be measured.

The filters are sufficiently narrow that the sensitivity
function of the detector plays no role in defining the sys-
tem, other than to set the zero points used in transforming
from the instrumental to the standard system. Thus any
detector that responds throughout this wavelength region
can be used, and no color terms are involved in the reduc-
tions. Unfortunately there are few photometric detectors
available for work in the 1 um region. The eight-color
system was originally set up (Wing 1971) using photomul-
tipliers with S-1 photocathodes, but they have such low
quantum efficiency (maximum ~0.1%) that a large tele-
scope would be needed to reach typical stars of the present
program. It is the availability of a Varian LSE cell, Model
159A (InGaAsP cathode), at CTIO that has made this
project feasible. Our comparisons show that the Varian cell
at CTIO is 40 times more sensitive than CTIO’s best S-1
cell over the wavelength range covered by filters 1-6, al-
though the difference is not so large at the longest wave-
lengths, dropping to only a factor of 3 at filter 8. Nearly all
the photometry for this project has been obtained with the
Yale 1.0 m telescope at CTIO, with the Varian cell and
ASCAP single-channel photometer.

3.2 Standard Stars and Absolute Calibration

The eight-color system may be considered to be defined
by the magnitudes of 90 bright standard stars of all types
published by Wing (1979). These stars are well distributed
about the sky in both hemispheres, and their magnitudes
have been carefully tied together through a decade of ob-
servation with S-1 cells. Unfortunately, most of these stars
are too bright to observe with a 1.0 m telescope and the
much more sensitive Varian cell, which has a strict upper
limit of 2 X 10° counts s~ ! to its anode current. Therefore a
set of fainter standards was added to the system starting in
1978 when Varian cells became available at both KPNO
and CTIO.

The 48 new standards are all of spectral types F, G,
and K and of luminosity classes III, IV, and V, since such
stars are less likely to be variable than hotter, cooler, or
more luminous stars, and since there are no color terms
that need to be evaluated for the reductions. Their visual
magnitudes are around 6.0-6.5, and their near-infrared
magnitudes are bright enough to be observed comfortably
in all 8 filters at a 1.0 m telescope without being too bright
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TABLE 3. Fluxes of faint standard stars.

BS Name Spectral v Adopted Magnitudes
Type 7120 7540 7810 8120 10395 10540 10810 10975
A) Faint Equatorial Standards
107 Fé6 V 6.04 4.485 4.595 4.677 4.788 5.381 5.405 5.487 5.572
448 G2 IV 5.76 4.063 4.168 4.224 4.318 4.874 4.893 4.991 5.051
616 KO 6.28 4.449 4.487 4.519 4.658 5.020 5.043 5.127 5.259
988 14 Eri F1 V 6.14 4.594 4.705 4.795 4.896 5.528 5.565 5.642 5.716
1446 G8 III 6.01 4.043 4.054 4.072 4.180 4.515 4.507 4.577 4.684
1970 K4 III 6.31 4.047 3.871 3.898 3.940 4.111 4.117 4.162 4.249
2313 F8 V 5.87 4.235 4.325 4.404 4.484 5.060 5.089 5.171 5.255
3033 GO 6.53 4.727 4.799 4.838 4.922 5.410 5.431 5.511 5.579
3424 K1l III 6.45 4.501 4.530 4.531 4.665 4.990 4.996 5.080 5.194
3649 A9 IV 6.35 4.875 4.991 5.083 5.193 5.845 5.881 6.000 6.098
4253 G8 III 5.45 3.567 3.609 3.633 3.755 4.146 4.157 4.227 4.331
4478 K1l III 6.17 4.237 4.266 4.271 4.410 4.733 4.736 4.818 4.949
4657 F5 V 6.11 4.518 4.606 4.677 4.762 5.363 5.391 5.470 5.549
5183 G0-1 IV-V 6.33 4.640 4.741 4.792 4.877 ©5.466 5.486 5.579 5.642
5536 K3 III 6.18 3.981 3.921 3.912 4.036 4.195 4.187 4.251 4.347
5721 8 Ser FO V 6.12 4.706 4.845 4.944 5.065 5.723 5.762 5.860 5.975
6124 G8 III 6.07 4.195 4.246 4.279 4.390 4.801 4.810 4.875 4.960
6390 KO III 6.33 4.353 4.380 4.408 4.510 4.850 4.860 4.915 5.000
6844 F2 Vv 6.63 5.153 5.290 5.378 5.500 6.143 6.181 6.260 6.382
7321 24 Aql KO IIIa 6.41 4.445 4.470 4.490 4.623 4.937 4.963 5.027 5.134
7809 gkl 6.11 4.031 4.036 4.043 4.179 4.443 4.461 4.539 4.605
8205 F5 Vv 6.13 4.529 4.650 4.722 4.835 5.471 5.484 5.606 5.668
8530 G6 III Ba 5.93 4.040 4.065 4.088 4.240 4.617 4.623 4.705 4.848
8934 13 Psc K1 III 6.38 4.356 4.365 4.367 4.488 4.744 4.761 4.829 4.934
B) Faint Southern Standards
358 F7 IV 6.52 4.940 5.051 5.128 5.226 5.840 5.873 5.963 6.038
1031 KO 6.50 4.362 4.307 4.301 4.445 4.636 4.642 4.700 4.818
1766 F2 IV-V 6.34 4.869 5.001 5.095 5.200 5.831 5.874 5.960 6.068
2685 gGo 6.11 4.336 4.424 4.482 4.562 5.092 5.113 5.204 5.272
3729 K1l III 6.54 4.559 4.566 4.571 4.721 5.016 5.024 5.090 5.209
4373 F4 V 6.45 4.875 4.982 5.061 5.156 5.770 5.800 5.883 5.970
4999 K1l III 6.19 4.275 4.314 4.336 4.458 4.844 4.856 4.933 5.020
5689 G6 III-IV 6.20 4.252 4.295 4.325 4.415 4.800 4.814 4.876 4.947
6454 F7 V 6.47 4.777 4.877 4.950 5.042 5.631 5.657 5.737 5.811
7330 G5 Vv 6.48 4.754 4.843 4.904 4.990 5.547 5.577 5.670 5.730
8124 KO 6.12 3.918 3.870 3.874 3.975 4.174 4.180 4.250 4.356
8914 K2 6.32 4.297 4.290 4.300 4.439 4.702 4.711 4.780 4.886
C) Primary Standard (Vega)
7001 O Lyr A0 Va 0.03 -1.145 -0.950 -0.830 -0.695 0.000 0.050 0.155 0.320

in any filter at telescopes up to 2.0 m in aperture. Initially,
24 equatorial standards—one in each hour of right
ascension—were chosen and tied to the 90 original stan-
dards through observations from both KPNO and CTIO.
By themselves, the equatorial standards have the drawback
that they never pass close to the zenith at observatories at
temperate latitudes and are therefore less than ideal for
extinction measurements. Consequently 24 additional faint
standards, 12 with declinations between +30° and +40°

and another 12 with declinations between —30° and —40°,
were selected and tied to the equatorial standards.

In Table 3 we present the adopted magnitudes of the
new equatorial and southern standards. They form a care-
fully iterated set after repeated reductions of observations
obtained over a period of more than 10 yr. Most of these
stars have been observed more than 100 times and we be-
lieve that their magnitudes are known as accurately as
those of the standards of any photometric system. The
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spectral types and ¥ magnitudes listed in Table 3 are from
the Bright Star Catalogue (Hoffleit & Jaschek 1982). At
the end of the table the corresponding magnitudes of Vega
(a Lyr), one of the 90 original standards, are given as a
way of specifying the system calibration.

The magnitudes of standard stars, and hence also of
program stars reduced with respect to them, are expressed
on a system of absolute fluxes per unit wavelength interval.
The use of an absolute scale allows the observed energy
distributions to be compared directly to flux distributions
of blackbodies or model atmospheres, so that temperatures
can be obtained from the colors. In addition, the set of
eight magnitudes for any star, when plotted against wave-
length, can be treated as a spectrum.

Since the magnitudes of standards have been tied to-
gether by the observations, we need only assume an abso-
lute energy distribution for one star in order to place the
whole set on an absolute scale. We have assumed that a
Lyr (Vega) can be represented by the model-atmosphere
energy distribution chosen by Schild et al. (1971) to fit the
available absolute flux measurements of that star. More
recent calibration work (e.g., Hayes et al. 1975) and com-
parisons with models (e.g., Kurucz 1979) have led to the
choice of somewhat different models for @ Lyr, but the
slope of the near-infrared continuum has been left un-
changed. The assumed fluxes for a Lyr given in Table 3
have been derived from Table 5 of Schild et al. (1971),
after conversion from frequency to wavelength units and
renormalization. The zero point of the whole system of
fluxes has been set by adopting a magnitude of 0.00 for a
Lyr in filter 5 at 10 400 A; this magnitude, called 7(104),
is the one normally used when stellar apparent magnitudes
are discussed because it remains a good continuum point in
even the coolest M stars (Wing 1967a).

3.3 Photometric Reductions

The photometric data for this project are reduced rela-
tive to the standard stars listed in Table 3. Extinction and
transformation coefficients are measured on every night of
observation, normally from between 20 and 25 observa-
tions of standard stars. An effort is made to distribute the
observations of standards fairly uniformly in time and ran-
domly in airmass. No distinction is made between extinc-
tion stars and transformation standards; rather, all obser-
vations of standards obtained during a night are used
together in a single least-squares solution for the extinction
and transformation coefficients at each wavelength. The
transformation coefficients here are simply the zero points
needed to convert from the instrumental system to the
standard system; the filters are sufficiently narrow that no
color terms are needed in the transformations.

Extinction coefficients appropriate for Cerro Tololo in
the filters of the eight-color system are given in Table 4.
The mean values are not actually used in the reductions
but are listed for illustrative purposes. We do impose upper
and lower limits to the extinction coefficients that can be
used in the reductions to guard against using the occa-
sional unrealistic computed value, and these limits are also
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TABLE 4. Extinction coefficients for Cerro Tololo.

Coefficient (mag/air mass)

A (B
Mean Min. Max.
7120 0.070 0.040 0.090
7540 .050 .025 .080
7810 .045 .025 .080
8120 .065 .030 .090
10395 .030 .015 .055
10540 .035 .020 .055
10810 .035 .020 .060
10975 .050 .030 .080

tabulated in Table 4. Since Rayleigh scattering is almost
negligible at these wavelengths and the filters were chosen
to avoid the important telluric bands of H,O and O,, the
coefficients are quite small and the uncertainties in their
values are seldom a significant source of photometric error.
On nights of high absolute humidity we do see an increase
in the measured coefficients in filters 1, 4, and 8 which
contain weak lines of H,O, but we have no evidence that
the true coefficients on clear nights at Cerro Tololo ever
fall outside the maximum and minimum values tabulated.

The residuals of standard stars indicate that the errors
in the magnitudes obtained from single observations, on
most nights, are in the range 0.007-0.010 mag. The eight
residuals for a given star tend to be strongly correlated, so
that the errors in differential quantities (colors and band-
strength indices) are smaller, in the range 0.005-0.007
mag. The same accuracy is normally achieved for program
stars as for standards in filters 1-6, where the Varian cell
has good sensitivity, but the accuracy for the fainter pro-
gram stars in filters 7 and 8 may be impaired by the rapidly
decreasing cell sensitivity and the correspondingly greater
importance of photon statistics. We normally collect at
least 20 000 counts above sky in-each filter to ensure that
the final accuracy is not photon-noise limited, but for faint
stars this total is not always reached in filter 8. Because of
the importance of the (0,0) band of CN as an indicator of
absolute magnitude, it is worthwhile spending more time
measuring filters 7 and 8 than the other filters, and it is not
unusual to devote more than half the total integration time
on a faint star to measuring this pair of filters. Even so, the
estimated errors in the magnitudes are largest in these fil-
ters, usually in the range 0.010-0.015 mag for program
stars depending on their brightness.

There is another problem that had to be recognized and
dealt with before the accuracy quoted above could be
achieved: the sensitivity of CTIO’s Varian cell is not stable
in the long-wavelength tail of its response function (long-
ward of ~10600 A). Initially, the reductions of standard
stars showed large residuals in filters 7 and 8—much larger
than expected from photon statistics—even on nights
which reduced very well in filters 1-5. Eventually the prob-
lem was traced to the temperature sensitivity of the cell’s
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response in its long-wavelength tail. Because of the small
capacity of the Varian cell’s dry-ice cold box, it is not
possible to maintain a constant temperature for more than
about 4 h, and when the box is opened to add dry ice, the
cathode temperature is raised further. Furthermore, after
refilling, the cathode temperature drops slowly for 1-2 hr
before stabilizing, during which time data collection must
proceed. Changes in cathode temperature have no percep-
tible effect on cell sensitivity in the wavelength range of
filters 1-5 (7000-10 500 A) but are positively correlated
with sensitivity changes at longer wavelengths.

Installation of a digital thermometer with remote read-
out helped us to understand these temperature changes and
to develop observing procedures that normally limit the
sensitivity changes to no more than 5% in filter 8. How-
ever, because of hysteresis between the recorded tempera-
ture changes and the sensitivity changes seen in the resid-
uals of standard stars (probably due to not measuring the
temperature exactly at the photocathode), we have not
been able to derive satisfactory sensitivity corrections di-
rectly from the temperature readings. Rather, our correc-
tion procedure relies upon the standard-star residuals and
is successful only because of the large number of standard-
star observations normally obtained.

A night of observation is first reduced by the all-sky
method described above, and the residuals for standard
stars in filters 68 are plotted against the time of observa-
tion. Smooth curves are drawn through the points to rep-
resent our best estimate of the cell’s actual sensitivity vari-
ation with time; the curves for filters 6-8 are drawn with
the same phasing but different amplitudes, roughly in the
proportion 1:4:5, respectively, and often the corrections for
filter 6 are so small that they can be neglected. These
curves are then read back into the computer so that cor-
rections to the fluxes of both program and standard stars
can be computed as a function of time. Of course, the
residuals shown by standard stars following these correc-
tions are artificially low; the corrections are applied not to
improve the appearance of the standard-star reductions but
to obtain the best possible reductions for the program stars.

Our correction procedure depends upon the availability
of accurately known magnitudes for the standard stars.
Before these corrections were introduced, the magnitudes
of standard stars were poorly known in filters 7 and 8
because of the sensitivity changes affecting previous obser-
vations, and consequently it was difficult to ascertain the
behavior of the cell. Determination of both the standard
magnitudes and the nightly sensitivity corrections required
a long series of iterations involving data from several ob-
serving runs spread over several years.

It should be stressed that time-dependent corrections
are never needed in filters 1-5, and that they seldom exceed
1% in filter 6. Also, the Varian cell at KPNO has not
shown sensitivity changes of this sort, although we have
often used it to observe at the same set of wavelengths.
Even in the long-wavelength CTIO data, the errors in the
corrected photometry are serious only in the older data
obtained before the problem was recognized. Whether or
not the older data can be successfully reduced is a question
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of the frequency and timing of the observations of stan-
dards. A few observations have been thrown out because
they were made at times when the sensitivity curves were
not adequately defined. On most nights, however, the sen-
sitivity curves have small enough amplitudes and are well
enough defined that uncertainties in the corrections are no
larger than other sources of error such as counting statis-
tics or changes in dark current, either of which can be
significant in filters 7 and 8.

The reductions to date have been carried out primarily
at the Ohio State University using programs written for
OSU’s IBM 3081 mainframe computer. The software
package has also been restructured and transported to
CTIO where it can be used on the Observatory’s SUN
computers.

3.4 Color Temperatures and Band-Strength Indices

The reduced eight-color photometry for representative
stars of several spectral types is shown in Fig. 1. The stars
include, on the left, a solar-type dwarf, a K supergiant, and
a carbon star, and on the right two M stars, one of which
is heavily reddened. The latter star, which has the provi-
sional designation A-30 and is located at a=11:00:23.4,
8=—61:22:01 (1950), is one of the M supergiants found
in this program. The shapes of the spectra are governed by
four variables: the temperature and interstellar reddening,
which together determine the slope of the continuum, the
TiO strength, which depends primarily upon the star’s in-
trinsic temperature, and the CN strength, which in oxygen-
rich stars depends primarily upon the luminosity. The
main features of TiO and CN which appear in the eight-
color spectra are marked in Fig. 1 and identified in Table 2.

To judge which filters are depressed by absorption fea-
tures and to obtain quantitative measures of band strength,
it is helpful to know the level of the stellar continuum.
Since the filters fall into two wavelength groups (filters 1-4
and 5-8) separated by ~3000 A, a good approximation to
the continuum is established by the photometry whenever
there is at least one good continuum point in each group,
and the filters were chosen with this point in mind. We
therefore proceed by finding the blackbody curve that
passes through the point of least blanketing in each group
of four filters. As Wing (1967b) has shown, for any dataset
there exists a unique solution, which can be found by a
simple iterative routine, for the blackbody curve that
passes through one point in each group and above all other
points. This curve, of course, does not correspond precisely
to the true stellar continuum; no filters are completely free
of absorption lines, and in any case the true continuum
does not have the shape of a blackbody curve, being mod-
ified by the wavelength dependence of H™ opacity and
other continuous absorbers. Nevertheless, the blackbody
curve found in this manner is a reasonable approximation
to the true continuum in most types of stars (exceptions
being the M stars later than M6, and some S stars), and it
provides a useful starting point in the analysis of the pho-
tometric data.

The temperature corresponding to the fitted blackbody
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FIG. 1. Spectra of representative stars on the eight-color system. Flux per unit wavelength interval, expressed in magnitudes with an
arbitrary zero point for each star, is plotted against wavelength in microns. On the left are three stars with CN absorption but no TiO:
B Com (GO V), HR 3026 (K1 Ia-Iab), and HD 52432 (C4,4). On the right are two M stars: y Peg, a normal M2 giant, and A-30,
a heavily reddened supergiant discovered in this study. Each dataset has been fitted by a blackbody continuum and the corresponding
temperature is indicated. For the M stars the continuum is shown both before and after correction for CN absorption in filter 2, and
the portion of the depression in filter 1 that is attributable to CN is indicated.

curve is the color temperature T of the star. In Fig. 1 the
values found for T, are indicated, and except for the two
supergiants, both of which are reddened, they fall in the
expected ranges for their spectral types. Detailed compar-
isons with model-atmosphere energy distributions (Wing
et al. 1985) have shown that the color temperatures found
in this way for G, K, and early M stars are about 200 K
lower than the stellar effective temperatures as a result of
the distortion of the continuum by H™ opacity.

We will often use the reciprocal color temperature 6,
=5040/T as our index of continuum color. This quantity
behaves like a conventional color index (magnitude
difference)—in fact, the color indices of blackbodies are
directly proportional to 6. except at very high tempera-
tures which are not of interest in this program—and has
the added advantage that it is independent of the particular
wavelengths used in its determination. Thus we can use
different continuum points for M stars and carbon stars

and still compare their color temperatures directly.

We define the “depression” in any filter as the difference
between the observed magnitude and that of the blackbody
continuum, and we designate by D1, D2,..., the depressions
in filters 1, 2, and so on. These depressions, expressed in
magnitude units, are indices of the amount of absorption in
each filter and, like spectroscopic equivalent widths, they
are independent of reddening because they are referred to
the continuum at the same wavelength. They will be used
to define indices of TiO and CN strength, which in turn
form the basis of our two-dimensional spectral classifica-
tion. Unlike the reddening-free indices of other photomet-
ric systems which involve complicated algebraic combina-
tions of the observed magnitudes and numerical
coefficients adjusted on the basis of an assumed interstellar
reddening law, our reddening-free indices are defined by a
procedure which is easy to visualize in terms of spectro-
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scopic concepts, but which can be employed only because
our data are absolutely calibrated.

To extract the maximum information from the photo-
metric data, we require indices of the three intrinsic
variables—temperature, TiO strength, and CN strength—
that are as sensitive as possible to the variable in question,
and yet independent of each other. The sensitivity of the
observed color temperature to the effective temperature of
the star is assured by requiring the use of widely spaced
continuum points. To make the color temperature indepen-
dent of band strength we must use good continuum points
and be prepared to apply corrections for residual absorp-
tion within the bandpasses of continuum filters (see be-
low). The sensitivity of the band-strength indices is maxi-
mized by using the strongest band of each molecule. Our
indices of TiO and CN are independent of the slope of the
continuum (and hence independent of both the star’s in-
trinsic color and the interstellar reddening) since they are
based on depressions measured with respect to the contin-
uum, as discussed above,

The problem that remains is to make the indices of TiO
and CN independent of one another. This is not trivial
because both molecules have extensive, overlapping band
systems throughout the near infrared. At the same time it
is important to achieve this independence, since our two-
dimensional classification is based on the strengths of TiO
and CN and implicitly assumes that our indices measure
two independent quantities.

Let us look again at the eight-color spectra plotted in
Fig. 1. There is no problem in defining the long-wavelength
end of the continuum since filters 5-7 are all satisfactorily
close to the true continuum in K and M stars (until type
M6, when VO appears). The short-wavelength continuum
point, however, necessarily changes with spectral type. The
stars shown in the left half of the figure are free of TiO, and
the absorptions seen in their eight-color spectra are almost
entirely due to the effects of CN. (In the G-type dwarf, the
depression of 0.01 mag at filter 4 may be attributed to CN,
to judge from the solar spectrum, but the larger depression
of 0.04 mag at filter 8 is mostly due to the hydrogen line Py
in the wing of the filter bandpass.) In stars of these types,
filter 3—which falls at a minimum of CN opacity just
shortward of the strong (2,0) bandhead—is always used as
the shortward continuum point since filters 1, 2, and 4 are
all measurably affected by CN. In the M stars shown in the
right half of the figure, the effect of CN can still be seen at
filters 4 and 8, but now we also see strong TiO bands in
filters 1 and 3. Consequently, filter 2 takes over the role as
the best shortward continuum point, although clearly it
must still be affected by CN.

From observations of stars with CN only, we find that
the absorption due to CN in filters 1 and 2 can be ade-
quately represented as being simply proportional to the
strengths of the stronger CN bands in filters 4 and 8. If we
define our CN index, i(CN), as the average of the depres-
sions in filters 4 and 8, viz.

i(CN)=0.5 (D4+D8), @))

then the depressions at filters 1 and 2 due to CN are
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D1(CN)=0.55 i(CN) (2)
and

D2(CN)=0.20 i(CN) (3)

respectively. Expressions (2) and (3) give the corrections
(in mag) to be applied to the fluxes in filters 1 and 2 to
remove, approximately, the effects of CN absorption. A
new blackbody fit employing the corrected flux in filter 2
then provides an improved (higher) value for the color
temperature. Finally, the TiO index is defined simply as the
depression in filter 1:

i(TiO)=D1 (4)

obtained after CN corrections have been applied to both
filters 1 and 2.

The effects of these corrections are illustrated in Fig. 1.
In y Peg, an ordinary class III giant, the original black-
body fit (continuous curve) yields 7,=3590 K and i(CN)
=0.086 mag, implying corrections of 0.047 and 0.017 mag
at filters 1 and 2, respectively. The final blackbody contin-
uum (dashed curve) thus passes 0.017 mag above the mea-
sured flux in filter 2 and corresponds to a temperature 40 K
higher. Since the final CN index, 0.091, has hardly been
changed by the correction procedure, no further iteration
is necessary. The index i(TiO) is decreased from 0.520 to
0.493 mag by the corrections, and the spectral type, ac-
cording to the calibration given below, is reduced from
M2.1 to M2.0.

Clearly, the effects of the corrections for CN in filters 1
and 2 are so small in ordinary giants like y Peg that they
could as well be neglected. In supergiants, however, the
CN absorption is two to three times as great as in giants,
and the corrections become significant. In the case of A-30
shown in Fig. 1, the change in the blackbody continuum is
hard to see because the slope is so steep, but the spectral
type is changed from MO0.8 to MO0.2. If we did not correct
the data for supergiants, we would assign them color tem-
peratures that are systematically low relative to the giant
scale and spectral types that are ~0.5 subtype later than
those assigned to giants of the same TiO strength. For
consistency, we apply the corrections to stars of all lumi-
nosity classes.

Note that these corrections are not needed for stars
which do not have TiO absorption, since then the corrected
flux in filter 2 should define the same continuum as does
the observed flux in filter 3 used for the first blackbody fit.
In such cases we simply adopt the results of the first fit.
Also, in spectra later than M6 this correction procedure
becomes ineffective because VO bands appear in filter 2
and grow rapidly with decreasing temperature. However,
in the interval K4-M6 which includes most of the stars
observed in this program, we believe that the procedure
described here provides the best indices of TiO and CN
strength that can be obtained from our data.

In summary, we use a two-step procedure to obtain in-
dices of the strengths of TiO and CN that are independent
of each other. First, a blackbody curve is found that passes
through the best continuum point in each of the two
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groups of filters. This continuum is used to define initial
values of D4 and D8, and hence of i(CN). Corrections for
CN contamination in filters 1 and 2 are then computed and
applied to the fluxes at these wavelengths. A second black-
body fit is then carried out to obtain final values for 0,
1(TiO), and i1(CN). If the final conclusion is that no TiO is
present (i.e., if all the absorption at filter 1 can be attrib-
uted to CN), then the spectral type is earlier than K4.0
and the values of 6, and i(CN) from the first blackbody fit
are retained as the final values.

3.5 Two-Dimensional Spectral Classification

It is by a fortunate accident of nature that the two mol-
ecules whose band systems dominate the near-infrared
spectra of late-type stars behave so differently with respect
to the physical variables, temperature and gas pressure.
The eight-color photometry takes advantage of this acci-
dent to give two-dimensional (temperature/luminosity)
classifications on the basis of its measurements of TiO and
CN strength (Wing & White 1978).

The temperature sensitivity of TiO is so pronounced
that it has always been used as the primary basis for divid-
ing M stars into subtypes. That the TiO strength is nearly
independent of luminosity is shown by the fact that the
relation between spectral type (i.e., TiO strength) and
temperature (or color) is at least approximately the same
for dwarfs, giants, and supergiants despite their enormous
difference in luminosity. The positive luminosity effect of
CN discovered by Lindblad (1922) has often been used in
low-resolution surveys for luminous stars, but it has been
relegated to a secondary role in the luminosity classifica-
tion of late type stars on the MK system (Keenan 1963) in
favor of atomic-line ratios, which are less likely to be af-
fected by composition differences. Griffin & Redman
(1960), who measured the CN band at 4215 A photoelec-
trically, showed that the mean relation between CN
strength and spectral type within each luminosity class is
quite flat; that is, the CN strength depends only weakly
upon the temperature. The bands of the Violet System do
appear to weaken in late K stars, and Griffin & Redman
were not able to measure CN in M stars. The weakening of
the Violet System is, however, an opacity effect, and Wing
(1967b) has found that the bands of the Red System in the
near infrared can be measured in M type giants and su-
pergiants, although only the (0,0) band near 11 000 A
remains uncontaminated in the mid and late M types. It
appears, in fact, that the mean relation between the
strength of the CN Red System (0,0) band and the tem-
perature, at any luminosity, is quite flat throughout the K
and M types.

Of course, the column density of any molecule must
depend to some extent on both the temperature and the gas
pressure. But since it has not been possible to establish any
real temperature dependence of the CN strength or lumi-
nosity effect for TiO, we will accept the TiO and CN
strengths as pure indicators of temperature and luminosity,
respectively. In the previous section we discussed the ob-
servational problem of defining indices of TiO and CN
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FIG. 2. Calibration of the TiO index. TiO is the depression (in
mag) at filter 1 (7120 .7\) caused by the ¥(0,0) band of TiO, after
correction for contamination by CN. The MK type is from
Keenan & McNeil (1989); variables with amplitudes of 0.1 mag or
more are plotted as crosses (X ). The adopted calibration consists
of a series of straight-line segments.

strength that are independent of each other. Now, to use
these indices for classification, we simply need to calibrate
them in terms of spectral type and luminosity class.

To calibrate the index i(TiO), we have used eight-color
observations of stars that have been classified spectroscop-
ically as luminosity class III giants on the MK system, and
to ensure the homogeneity of the calibration data we have
used only stars classified by P. C. Keenan. The photometry
of these bright stars has been collected over a period of
time with S-1 photocells at various small telescopes at
KPNO, CTIO, and Lowell Observatory.

In Fig. 2 our CN-corrected TiO index is plotted against
spectral type on the MK system for 92 K3-M6 stars clas-
sified as class III giants by Keenan & McNeil (1989). We
have rejected stars with significant spectral peculiarities
and variables which have shown obvious changes in spec-
tral type, although it has been necessary to use small-range
variables to define the calibration of the later types. Known
(i.e., designated) variables are plotted as crosses unless
their catalogued amplitudes are less than 0.1 mag, and it is
likely that several of the other stars also vary appreciably.
All stars plotted have at least two accordant photometric
observations, and the index i(TiO) has been determined
from the averaged data. Also, 71 of the stars (77% of those
plotted) appear in Keenan & McNeil (1989) with daggers
before their names to indicate that they have been recom-
mended for use as standards by Keenan & Yorka (1988).
In plotting the MK types we have followed the recommen-
dations of Keenan and McNeil: namely, the spectroscopic
subdivisions MO, MO+, MO0.5, M1 —, M1,... are considered
to divide each subtype into four equal parts, and the inter-
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TABLE 5. Calibration of the eight-color TiO index.

Spectral Type (;ig) Spectral Type (31:1:2)
K4.0 0.05 M2.5 0.60
K4.5 0.10 M3.0 0.70
k5.0 0.15 M3.5 0.85
K5.5 0.20 M4.0 1.00
MO.0 0.25 M4.5 1.20
MO.5 0.30 M5.0 1.40
M1.0 0.35 M5.5 1.60
M1.5 0.42 M6.0 1.80
M2.0 0.50

val from K5 to MO is considered to be the same size as the
other subtype intervals.

The adopted calibration consists of a series of straight-
line segments, as shown in Fig. 2 and tabulated in Table 5.
This calibration has not changed since the work of White
& Wing (1978), although it is now based on a larger num-
ber of standards. Spectral types measured on the eight-
color system are expressed with decimal subdivisions and
are easily distinguished from MK types with their plus and
minus signs. Note that type M0.0 immediately follows type
K5.9.

The photometric errors in i(TiO) are generally some-
what less than 0.01 mag, which corresponds to exactly 0.1
subtype throughout the interval K4.0-M1.0. At later types
the relation becomes progressively steeper, and in the in-
terval M4-M6 an error of 0.01 mag in i(TiO) corresponds
to an error of only 0.025 in spectral type.

Some of the scattering Fig. 2 is no doubt due to vari-
ability, and some is due to the fact that TiO strength is
not the only criterion considered when MK types are
assigned. The largest discordances in Fig. 2 amount to 1.0
subtype (e.g., the difference between M0.0 and M1.0) and,
as Wing & Yorka (1979) have already shown, the mean
deviation between eight-color and MK types for standard
stars classified by Keenan is 0.3 subtype, barely larger than
the stated resolution of the MK system (one-quarter sub-
type). The eight-color data have proven useful in evaluat-
ing the internal consistency of the spectral types for M
stars obtained by various methods, as well as in revealing
systematic differences between data sets (Wing & Yorka
1979).

One of the original objectives of the eight-color photom-
etry was to unify the classification scales of M type dwarfs,
giants, and supergiants by assigning the same type to all
stars of the same TiO strength, regardless of their luminos-
ity class (Wing 1973). Thus the calibration given in Table
5 is used for stars of all luminosities. Note that the CN
corrections discussed in the previous section are needed to
make the spectral-type scales the same for all luminosity
classes, since stars of different luminosities have systemat-
ically different CN strengths.

The special problems of classifying stars later than M6
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TABLE 6. Calibration of CN index.*

Luminosity Class Range in CN
Ia : 2 0.245
Ia- 0.235 - 0.244
ILab 0.185 - 0.234
Iab- 0.175 - 0.184
Ib 0.125 - 0.174
Ib- 0.115 - 0.124
II 0.095 - 0.114
ITI 0.035 - 0.094
v < 0.034

*Valid for types K4 -M4,

will not be considered here because such stars are recog-
nizable on our objective-prism survey plates and have been
excluded by the selection criteria. Although supergiants of
very late type are known to exist (Lockwood & Wing
1982), it is clear that the great majority of late M stars are
ordinary giants of little value to a galactic-structure
project: it is not even possible to determine the reddening
of late M stars accurately since they do not follow well-
defined relations between band strength and intrinsic color.
The interested reader will find discussions of the photomet-
ric classification of very late M stars in Wing & Lockwood
(1973) and in Lockwood & Wing (1982).

The calibration of the index i(CN) in terms of luminos-
ity class is given in Table 6. It is taken from White & Wing
(1978), except that the indices in that paper are expressed
in units of 0.01 mag instead of magnitudes. The boundaries
of the intervals in i(CN) were chosen to maximize the
agreement with luminosity classes of MK standards of
types K4-M4. The calibration is probably also valid some-
what outside this range; in G stars, however, the calibra-
tion indicates only a lower limit to the luminosity since the
CN strength weakens rapidly with increasing temperature
as a result of increased molecular dissociation.

It should be emphasized that luminosity classes on the
eight-color system are not MK classes. In fact, the eight-
color and MK luminosity classes are based on such totally
different criteria—absolute strength of CN versus ratios of
atomic lines—that they might better be considered inde-
pendent quantities. Nevertheless, the eight-color and MK
luminosity classes are in excellent agreement as regards not
only the distinction between dwarfs, giants, and su-
pergiants but also the subdivision of supergiants into
classes Ia, Iab, and Ib. On the other hand, the agreement
breaks down if we try to subdivide the class III giants:
these stars have a wide enough range of CN strength (see
Table 6) that a subdivision would be observationally pos-
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sible, but the giants of MK class IIla do not have system-
atically stronger CN than class IIIb giants. For the class
IIT (and probably class II) giants, we believe that the MK
luminosity subdivisions are more likely to reflect true dif-
ferences in luminosity, and that discordant CN strengths
should be looked upon as evidence of composition differ-
ences (Wing 1989a). For this reason we prefer not to as-
sign luminosity subdivisions to class II and III giants on
the eight-color system.

In the present study we need to distinguish the true
supergiants from stars of lower luminosity, and we would
like to subdivide the supergiants as finely as possible in
order to improve the accuracy of our distance estimates.
For these purposes the strength of CN seems to be as re-
liable a luminosity indicator as any atomic line ratio avail-
able in M stars, probably because the supergiants are all of
a young population and are nearly homogeneous in com-
position. Of course, the CN bands have the additional ad-
vantage that they are broad features, permitting the use of
narrowband photometry and hence the classification of dis-
tant stars with small telescopes.

In Sec. 4 below, we discuss luminosity classifications
obtained from our CCD spectra from the strength of lines
of the Ca Il infrared triplet. Because of the possibility of
composition differences among the stars studied, and be-
cause CN may be particularly sensitive to such composi-
tion differences, we consider it important to obtain an in-
dependent estimate of the luminosity based on atomic line
strengths. At this point in our study we do not know which
of our luminosity criteria, CN or Ca 11, will prove the more
reliable as a distance indicator for red supergiants. The
preliminary indications are that the two criteria are quite
well correlated, although both become more difficult to use
in stars later than about M2, whose near-infrared spectra
are dominated by TiO bands.

3.6 Determination of Interstellar Reddening and Distance

In order to determine distances from our photometric
data, we need a calibration of the luminosity classes (or of
the luminosity criterion itself) in terms of the absolute
magnitude at one of the observed wavelengths, and a de-
termination of the interstellar absorption at the same wave-
length. The latter can be inferred—by assuming a standard
interstellar reddening law—from the measured reddening,
which in turn is found by comparing the observed color to
the intrinsic color corresponding to the observed spectral
type.

Clearly, the process of determining distances from pho-
tometric data requires a knowledge of the intrinsic prop-
erties of the stars used. For red supergiants these properties
are not well known, and we must rely upon our own on-
going efforts to determine their intrinsic colors and abso-
lute magnitudes. Here we can present only a progress re-
port. By obtaining eight-color photometry for M-type
supergiants belonging to clusters and associations whose
distance and reddening are known (usually from UBV
photometry), we can in principle find the intrinsic colors
and absolute infrared magnitudes of the red supergiants. In
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FIG. 3. Relation between the index i(TiO) (calibrated in terms of
spectral type) and the reciprocal color temperature 6. Nearby
giant stars (dots, or crosses if variable with amplitudes >0.1 mag)
define the intrinsic luminosity class III relation (see Table 7).
Supergiants in or near the Double Cluster in Perseus (filled trian-
gles: as observed; open triangles: after correction for reddening)
define the intrinsic class Iab relation. Reddening affects only the
horizontal axis; the length of the arrow shows the effect of red-
dening amounting to E(B— V) =1.0 mag. The heavily reddened
supergiant A-30 (see spectrum in Fig. 1) lies near the right edge of
the figure.

this way we obtain the necessary relations between intrin-
sic color and spectral type, and between absolute infrared
magnitude and CN index. We use the magnitude at filter 5
(A, =10 395 A) for these computations because it is nearly
free of blanketing in almost all spectral types; the apparent
magnitude in this filter is designated 7(104) and the cor-
responding absolute magnitude M(104).

Unfortunately, determinations of distance and redden-
ing are never simple, even for well-defined star clusters.
When clusters have been studied by different authors, the
results for distance and reddening are often significantly
different. In addition we must contend with the question of
the cluster membership of individual red supergiants, es-
pecially in the case of loosely defined associations and in
directions where we may be seeing clusters at different dis-
tances along the same line of sight. Thus each case must be
treated individually and value judgments made. Our work
on this problem will be discussed in a separate paper of this
series.

For normal luminosity class III giants, the relation be-
tween intrinsic color and spectral type is easily determined
because there are many such stars close enough to the Sun
to be unreddened. Figure 3 is a plot of the TiO index
measured by filter 1 versus the reciprocal color tempera-
ture 6,=5040/T, corrected for the effect of CN in filter 2
as discussed in Sec. 3.4; the calibration of i(TiO) in terms
of spectral type is also indicated. The stars plotted are the
same ones that were used in Fig. 2 to define the spectral-
type calibration; namely, they are bright, normal, luminos-
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ity class III giants classified by Keenan & McNeil (1989)
with two or more accordant photometric observations;
again variables with cataloged amplitudes of 0.1 mag or
more are distinguished by crosses. The hand-drawn con-
tinuous curve passing through the points (both dots and
crosses) is taken to be the intrinsic relation between band
strength and 6.

The effect of interstellar reddening, which makes 6,
larger without changing i(TiO), is to move stars horizon-
tally to the right in Fig. 3. Since the scatter among the
points representing the giants is much larger than the ob-
servational errors (which are approximately the size of the
dots), we must consider whether it could be caused by
small amounts of interstellar reddening, in which case the
blue-side envelope of the points would be a better estimate
of the intrinsic relation. However, since all of the stars
plotted are bright enough to be included in the Bright Star
Catalogue and, if correctly classified as normal giants, are
within about 200 pc of the Sun, we can be confident that
nearly all of them are free of reddening. We therefore must
attribute the general scatter to another source, most likely
composition differences which affect the TiO band strength
at a given temperature, and we have taken the mean rela-
tion to represent the intrinsic one.

It is reasonable to expect that supergiants obey a differ-
ent relation between band strength and intrinsic color
since, with different gas pressures and different concentra-
tions of H™ and other continuous opacity sources, they are
likely to have different TiO column densities at a given
effective temperature. A preliminary attempt to determine
the supergiant relation has been made on the basis of 14
red supergiants of class Iab in or near the Double Cluster
in Perseus. The filled triangles in Fig. 3 represent the ob-
served colors and band strengths of these stars, from White
& Wing (1978); they are displaced to the right of the giant
relation by about 0.4 in 6, on the average, largely as a
result of interstellar reddening. These stars can be unred-
dened individually using the color excesses E(B—V)
found by Wildey (1964) from faint stars of earlier type in
the vicinity of each, and the relation

A6,=0.80E(B— V) (5)

(Wing 1967b). The unreddened data points, plotted as
open triangles, all lie to the right of the giant relation, and
if there has been no systematic underestimate in Wildey’s
color excesses they indicate that the intrinsic relation for
supergiants of class Iab is displaced by about 0.12 in 6, to
the right of the giant relation. The two relations are given
in tabular form in Table 7. The giant relation may be re-
garded as definitive, and until a better determination for
supergiants becomes available, we will use the provisional
relation given in the table. We will also provisionally use
the class Iab relation for supergiants of all subtypes.

We have adopted ‘“van de Hulst curve No. 15”
(Johnson 1968) as a good representation of the normal
interstellar reddening law; it has the property that the ratio
of total to selective absorption, 4,/E(B—V¥), is 3.05.
From this curve we find that the absorption at 10 400 A,
A(104), is related to the color excess in B— ¥ in the fol-
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TABLE 7. Intrinsic colors.
10 Spectral 0. (intrinsic)
Type III Iab
0.05 K4.0 1.268 -
0.10 K4.5 1.300 -
0.15 K5.0 1.319 1.439
0.20 K5.5 1.336 1.456
0.25 MO.0 1.353 1.473
0.30 MO.5 1.370 1.490
0.35 M1.0 1.385 1.505
0.40 M1.3 1.400 1.520
0.45 M1.8 1.413 1.533
0.50 M2.0 1.425 1.545
0.60 M2.5 1.450 1.570
0.70 M3.0 1.475 1.595
0.80 M3.3 1.500 1.620
0.90 M3.7 1.527 1.647
1.00 M4.0 1.555 1.675
1.10 M4.3 1.583 1.703
1.20 M4.5 1.613 1.733
1.30 M4.8 1.650 1.770
1.40 M5.0 1.690 1.810
1.50 M5.3 1.740 -
1.60 M5.5 1.795 -
1.70 M5.8 1.855 -
1.80 M6.0 1.934 -
1.90 - 2,045 -
2.00 - 2,200: -
lowing simple manner:
A(104)=1.0E(B—V), (6)
or, from relation (5),
A(104) =1.25A6,, (7)

where A6, is the star’s horizontal displacement from the
appropriate intrinsic relation in Fig. 3. :

We are attempting to obtain absolute M (104) magni-
tudes for a large enough number of supergiants belonging
to clusters and associations to be able to calibrate the CN
index directly in terms of absolute magnitude. This will
avoid the quantization imposed by grouping stars rather
artificially into luminosity classes. For the time being, how-
ever, we adopt the simple calibration of the luminosity
subtypes given in Table 8. The values of M (104) given for
giants have been obtained by applying the V'—1(104) col-
ors tabulated as a function of spectral type by Wing
(1967b) to the absolute magnitudes M given by Egret et
al. (1982). For the supergiants of class Iab we have again
used stars associated with the Double Cluster observed on
the eight-color system by White & Wing (1978); we have
followed the procedure outlined above to correct the ob-
served 7(104) magnitudes for interstellar absorption and
have assumed a distance modulus of 12.0 mag (Schild
1967). We do not have independently determined se-
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TABLE 8. Absolute M(104) magnitudes.

Type Luminosity Class

I11 Ib Iab Ia
K4 -2.4
K5 -2.9 -7.8
MO -3.4 -7.2 -8.0 -9.4
M1 -3.8 -8.2
M2 -4.2 -7.6 -8.4 -9.8
M3 ~4.6 -8.6
M4 -5.0 -7.9 -8.7 -10.1
M5 -5.5: -8.8:

quences for classes Ia and Ib; for these stars we have
simply assumed that the differences in absolute magnitude
between classes Ia, Iab, and Ib at a given spectral type are
the same in M (104) as Blaauw (1963) has given for M.
While the values given in Table 8 must be regarded as
preliminary, they are believed to be adequate to give real-
istic estimates of supergiant distances.

The determination of the distance of an M star observed
on the eight-color system proceeds as follows. A blackbody
curve is fitted to the reduced fluxes, corrected for CN con-
tamination at filters 1 and 2 according to relations (1) and
(2), to determine the color temperature T, (or its recip-
rocal 6,=5040/T_) and indices of TiO and CN strength.
The spectral type and luminosity class are obtained from
the calibration of these indices (Tables 5 and 6). The red-
dening A6, is next found by comparing the observed color
6. to the intrinsic color corresponding to the star’s TiO
index and luminosity class (Table 7), and the absorption
A(104) is obtained from relation (7). With the absolute
magnitude M (104) obtained from the two-dimensional
classification by interpolation in Table 8, the true distance
modulus is found from

(m—M)y=1(104)—A4(104) —M(104). (8)
The distance d itself, in parsecs, is then found from
(m—M)y,=51logd->5. 9

As an example of this procedure, let us find the distance
of the reddened supergiant A-30 whose eight-color spec-
trum is shown in Fig. 1. This star is classified M0.2 Iab
from its indices i(TiO) and i(CN), and its observed recip-
rocal color temperature is 6,=2.873, placing it near the
right-hand edge of Fig. 3. The intrinsic color for M0.2 Iab
stars is 6,=1.480 (Table 7), so that the reddening is A6,
=1.393 and the absorption is 4(104)=1.741. Since the
observed magnitude in filter 5 is 7(104) =8.328, the cor-
rected apparent magnitude is 6.59. With M(104) = —8.04
from Table 8, the distance modulus is found to be 14.63
and the distance d=8.4 kpc. This star lies in the constel-
lation Carina but is clearly at a much greater distance than
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familiar objects such as n Car (d~1.9 kpc) or NGC 3293
(d~2.6 kpc), as indeed we might have anticipated from its
heavy reddening. Galactic-structure maps show a
“Sagittarius-Carina Arm” extending away from the Sun in
the direction of this star, but very little information is
available about specific objects more distant than 3 of 4
kpc. Since A-30 is comfortably brighter than the limiting
magnitude of our survey and also is not as luminous as
some stars we have found, it is clear that our method is
capable of reaching supergiants at still greater distances.

The main source of error in such distance determina-
tions is the uncertainty in the values of M (104) assigned
on the basis of CN strength. We are not yet able to evaluate
the quality of CN as a luminosity indicator, i.e., the extent
to which the CN strength may depend upon quantities
other than the luminosity. As mentioned earlier, our eval-
uation of the intrinsic spread in the i(CN) — M (104) rela-
tion will be based on supergiants belonging to clusters and
associations. In any event, our method has two important
advantages over conventional distance determinations for
M stars based on UBV photometry and tabulated values of
M (1) the absorption in 7(104) is only one-third as great
asin V, and (2) the M (104) magnitude should be a better-
defined quantity than M, for M stars since it is measured
much closer to the peak of the energy distribution and is
unaffected by TiO absorption. Hence there is reason to
expect that our distances will be more accurate than those
available for M supergiants in the past. This advantage is,
of course, in addition to those realized from the increased
numbers and greater distances of the supergiants found in
this project.

4. NEAR-INFRARED SPECTROSCOPY OF SUSPECTED LATE
TYPE SUPERGIANTS

4.1 Observations and Reductions

Spectra of many of the candidate stars are taken in the
near-infrared region after they are observed on the eight-
color system. The near-infrared is used to take advantage
of the great sensitivity of CCD detectors and the brightness
of late type stars in this region. The spectra serve as a
check on the photometric classification and enable us to
identify various kinds of peculiar stars (e.g., S stars) that
might not be recognizable from the photometry and to
classify stars that lie outside the range of applicability of
the eight-color system (e.g., reddened supergiants earlier
than K4). The wavelength range 6400-8800 A was chosen
50 as to include the ZrO band of S stars at 6474 A and the
Ca 1l triplet which is sensitive to luminosity at a given
temperature class. Our desire to record this range in a
single observation dictated the choice of grating and order
and hence of pixel resolution at a given telescope.

The spectra taken to date have been obtained in several
runs at the CTIO 1.5 m, one run at the Yale 1.0 m at CTIO
(both at resolutions of 4 A/pixel), and one at the DuPont
2.5 m telescope at Las Campanas (3 A/pixel). At CTIO,
the Cassegrain spectrograph was used with a 300 lines/mm
grating, a 160 mm camera, and a GEC 576 X385 CCD
with 22 um pixels, while at LCO the modular spectrograph
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FIG. 4. Luminosity effects at spectral type M1. Flattened CCD spectra at 4 A/pixel resolution are shown for the
MK standards HD 98817 (M1 Iab-Ib) and HR 4517 (=v Vir; M1 III, weak CN). The triple-headed TiO band
near 7100 A, which is also measured by the eight-color photometry and is used to assign temperature classes, has
the same strength in the two spectra. Note the differences in the luminosity-sensitive features: CN, especially near
7900 A, and the Ca 11 triplet. The atmospheric A and B bands of O, and a region affected by telluric H,O lines

are also indicated.

was employed with a 600 lines/mm grating, an 85 mm
camera, and a TI 800X 800 chip with 15 um pixels.
Multiple unsaturated exposures are taken of each can-
didate star and classification standard star (Keenan & Mc-
Neil 1989) and are averaged before flatfielding, bias sub-
traction, and spectrum extraction following the standard
procedures of the IRAF reduction packages. A total of
about 80 MK standards later than GO and of luminosity
class III or brighter have been observed on this program,
with at least 40 observed on each run in addition to a few
flux standards per night. We insert neutral-density filters to
avoid saturation for the brightest standards. All spectra are
flux and wavelength calibrated using normal IRAF proce-
dures. We normally have not observed enough extinction
stars to be able to remove telluric features with confidence,
but this is of little consequence in classifying the spectra.

4.2 Spectral Classification

Because of the great differences in spectral slope be-
tween our program stars, many of which are heavily red-
dened, and the standards, all spectra are flattened before
classification is attempted. This is accomplished by passing
a Legendre polynomial of order 3 through the best contin-
uum points and dividing the spectrum by that fit.

The luminosity criteria in the near infrared that can be
employed at our resolution include the CN features at
7916/7941 A (Sharpless 1956; Schulte-Ladbeck 1988) and
the lines of the Ca 11 triplet at 8498, 8542, and 8662 A
(Merrill 1934; Jones et al. 1984). The CN features are
bandheads at the start of the Av=+2 sequence, which is
also measured near 8120 A on the eight-color photometric
system; the Ca 1I features, on the other hand, provide in-
formation that is independent of the photometry. Both the
CN bands and the Ca1I lines strengthen with increasing
luminosity at a given spectral type. Figure 4 presents the
flattened spectra of the M1 standards HD 98817 (luminos-
ity class Iab-Ib) and v Vir (HR 4517, a weak-CN class III
giant). The differences in the luminosity-sensitive features
are clearly seen, although they probably are not due en-
tirely to luminosity differences in this case as v Vir appears
to be metal poor. Since these features—especially the Ca 11
triplet—are also sensitive to temperature, our procedure is
to compare program stars to MK standards of the same
eight-color temperature type, as judged b)“z the TiO absorp-
tion at 7120 A. ‘

Figure 5 shows the flux-calibrated spectrum of the pro-
gram star X-46 (a=7:31:53.0, 6= —22:ﬁ3:02, 1950) both
before and after flattening by the prqcedure described
above. The wavelength regions used for 'fitting the contin-
uum are indicated. This star is rather heavily reddened and
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FIG. 5. Spectrum of the reddened program star X-46. Below is the observed, flux-calibrated spectrum; the same
spectrum after flattening is shown above. The continuum fit used to flatten the spectrum is shown, and the
wavelength regions used to determine the continuum are indicated at the bottom. From comparison of the
flattened spectrum with those of the standards in Fig. 4, the star is classified M1 Ib.

its observed spectrum slopes upward toward longer wave-
lengths; unreddened classification standards of this temper-
ature class are nearly flat. By flattening the spectra of all
stars it is easier to make fair comparisons of feature
strengths in program stars and standards. Comparison of
the spectrum of X-46 with those of the standards shown in
Fig. 4 indicates a type of about M1 Ib, in good agreement
with its eight-color type of MO0.2 Ib.

The assignment of luminosity classes is done at the com-
puter screen using a feature of IRAF which permits com-
parison of a program star and several standard stars at
once. To avoid uncertainties caused by differences in reso-
lution, we try to compare program stars to standards taken
on the same run, but this constraint has sometimes been
relaxed in order to draw upon a larger set of standards.

We considered two different approaches to the assign-
ment of luminosity classes from our spectra. The first is the
comparison of the entire recorded spectra of a program
star and a set of standards, looking simultaneously at sev-
eral features and also judging which standard gives the best
overall match. This is the traditional classification proce-
dure recommended by Morgan and Keenan for the MK
system, and it may be considered to give the “best” clas-
sification that can be obtained from the data because it
makes use of all the information available. However, when
applied to late type supergiants in the near infrared, this
method gives results that are strongly influenced by the
CN strength. This is because the CN bands, while not

individually conspicuous, are distributed throughout the
near infrared and are strong enough in supergiants to affect
the appearance of the spectrum, at least in types earlier
than about M2. Since in this project we have CN-based
luminosity classifications from the photometry, it is not
very useful to obtain redundant information from the spec-
tra; it is more helpful to use the spectra to obtain luminos-
ity classes on the basis of the Ca II lines which can serve as
an independent check on the quality of our photometric
luminosities. We have therefore adopted a second ap-
proach, that of using only the CaII lines in assigning our
spectroscopic luminosity classes. To make the classifica-
tions as independent of CN as possible, we plot only the
region of the Ca II lines, on an expanded scale, when mak-
ing these judgments. The classifications are based on the
depths and overall appearance of the Call lines in the
normalized, flattened spectra of program stars and stan-
dards.

We have also experimented with a numerical technique,
using equivalent widths of the Ca II lines instead of their
depths. Both methods are somewhat subjective, depending
as they do upon the adopted continuum level. We find that
the results from these two procedures are well correlated
for the K stars but show less good agreement in M stars as
strengthening absorption by the 8432 A band of TiO de-
stroys the continuum in the Ca II region. The use of equiv-
alent widths has been discussed further in MacConnell et
al. (1987), where we have also shown examples of unflat-
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FIG. 6. Flattened spectrum of the S star HD 58881 (S5-/6). Note the strong 6474 A band of ZrO, the defining
characteristic of S stars, and the absorptions due to CN in the 68007400 and 7800-8400 A regions. This star

displays no TiO.

tened spectra of standard and program stars.

In a later paper we will discuss the degree of correspon-
dence we find between our CN-based photometric and
Ca II-based spectroscopic luminosity classes. The prelimi-
nary indications are that the two are well enough corre-
lated that we will be able to publish a single-luminosity
classification for supergiants, noting discrepancies in indi-
vidual cases.

4.3 Stars of Unusual Types

Stars of type S are often difficult to distinguish from M
supergiants because they display several of the same spec-
tral characteristics. This is particularly the case in the near
infrared, since the ZrO molecule—the presence of which is
generally considered the defining characteristic of type S—
has no prominent bands in the 6800—8800 A region em-
ployed in spectral surveys such as ours. Relative to normal
M giants, both S stars and M supergiants show enhanced
bands of CN, albeit for different reasons, reflecting a com-
position difference in one case and a luminosity difference
in the other. In addition, stars of both types are likely to
show TiO bands that are weak for the star’s color; in S
stars a deficiency of free oxygen inhibits the formation of
TiO, while M supergiants often have colors that are red-
dened by interstellar dust. Thus a system such as our eight-
color photometry which measures TiO, CN, and color can-
not distinguish S type giants from reddened M supergiants
without additional information. Some S stars—namely, the
cooler ones with strong S characteristics—have strong
bands of LaO and ZrS in the near infrared which distort
the eight-color spectra sufficiently to make these stars rec-
ognizable. However, the more typical S stars—the warmer
ones with mild S characteristics—cannot be identified by
the eight-color photometry and will be misclassified as M
supergiants.

Because of this ambiguity, we considered it important to
include a ZrO band within the range of our CCD spectra.
This was accomplished by extending the spectra shortward
to 6400 A to include the prominent (0,0) band of the ¥
system which degrades longward from a head at 6474 A.
An alternative solution would be to extend the range long-
ward to include the 9300 A band of ZrO, but this feature is
more difficult to use because of contamination by atmo-
spheric water absorption.

Our CCD spectrum of the S star HD 58881 is shown in
Fig. 6. Its most prominent feature by far is the 6474 A
band of ZrO, but it also exhibits very strong CN which
depresses the 6800-7400 and 7800-8400 A regions. From
the appearance of the spectrum, it is difficult to be certain
whether any TiO is present. The classification S5-/6 quoted
in the figure is from Keenan & Boeshaar (1980) and im-
plies that no TiO is present; it should be noted, however,
that the star is a small-range variable so that the published
type may not be precisely appropriate for the spectrum
shown. The eight-color photometry, which measures CN
at several places, has consistently confirmed that nearly all
the absorption in filter 1 (7120 A) is due to CN; the great-
est amount of TiO that could be present corresponds to a
spectral type of K4. Thus the eight-color photometry
would classify this star as a moderately reddened K4 Ia
supergiant. This classification indicates some useful infor-
mation about the spectrum of HD 58881, but it is wrong,
of course, as regards the reddening, the intrinsic tempera-
ture, and the implied distance. Such errors are immediately
revealed by checking for the presence of the 6474 A band
of ZrO. Using our CCD spectra, we have found two new S
stars which we originally marked as possible M supergiants
on the objective-prism plates.

An unexpected result of this survey has been the discov-
ery of a number of heavily reddened supergiants with spec-
tral types in the range early A to late F. These stars appear
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FIG. 7. Flattened and observed spectra of the heavily reddened mid-F supergiant program star BG-63. Note the
absence of stellar molecular absorption bands and the presence of the O I feature at 7774 A, the Ca II triplet,

and the Paschen series of hydrogen.

strongly tapered on the objective-prism plates, like red-
dened early M supergiants. Since these stars have no mea-
surable TiO, the eight-color photometry can say only that
they are earlier than K4, and we depend on the CCD
spectra for their classification. For these stars we can use
the relative strengths of the CaII lines and the Paschen
lines of H as the temperature indicator, while the O I trip-
let at 7774 A indicates the luminosity class, being strongest
in the brightest supergiants. Figure 7 presents the spectrum
of the program star BG-63 (a=15:27:36.2, 6= —57:31:59,
1950) which we classify F5 Ia. The figure shows both the
flattened spectrum used for classification and the flux-
calibrated spectrum, as observed. Our collection of
standard-star spectra includes several bright supergiants in
the range A-G, and we also use the unpublished atlases of
Danks & Dennefeld (1985) and Torres-Dodgen & Weaver
(1990).

5. SUMMARY

This is the first paper of a series describing a project
designed to locate faint red supergiants belonging to re-
mote arms of the southern Milky Way. Here we have dis-
cussed the various techniques used: the survey technique
for finding faint red stars likely to be supergiants, the pho-
tometric and spectroscopic methods of classifying the can-
didate stars in two dimensions, and the photometric tech-
nique for measuring their interstellar reddening and
distances.

Paper II of the series will give results for the longitude
interval 210°-240°, a survey area of ~ 360° sq. involving the
constellations Monoceros, Canis Major, and Puppis in
which the spectroscopic and photometric follow-up obser-
vations are now complete. We have also made substantial
headway in the rich Carina region, where supergiants can
be found over a great range of distances, and in Norma,
where we are attempting to identify distant red supergiants
that might help to confirm the existence of an arm interior
to the Sagittarius Arm.

All of the observations for this project are made in the
near infrared, a region particularly favorable for studying
stars that are both intrinsically red and likely to be red-
dened. By employing low-resolution techniques we have
been able to avoid the need for large telescopes. Except for
the 2.5 m DuPont telescope at Las Campanas, which we
have used to secure spectra of some of the faintest program
stars, CTIO telescopes of aperture 1.5 m or smaller have
been used for all aspects of this work, mostly during bright
time.

Since our search for supergiant candidates on objective-
prism plates uses color as the primary (often the only)
criterion, we are finding large numbers of supergiants pri-
marily because they tend to be heavily reddened. But in
order not to exclude lightly reddened supergiants, we must
also mark as candidates a large number of ordinary, mod-
erately reddened giants. We intend to publish our two-
dimensional classifications and photometric results for the
stars which prove to be giants as well as for the su-
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pergiants, since the giants may also be useful in a number
of ways. For every classifiable star our data will provide
not only a classification but also a measure of its distance
and reddening. While the distances of class III giants en-
countered in this survey place them only within the Local
Arm or the nearer interarm regions, they are often notice-
ably reddened. Thus the giants as well as the supergiants
will contribute to our knowledge of the distribution of ab-
sorbing matter in the Galaxy.

Our primary objective, of course, is to find distant red
supergiants and to learn what we can from them about the
spiral-arm structure of the Galaxy (Wing 1989b). The ul-
timate success of this application hinges on the accuracy of
our CN-based distances. Work is currently under way to
measure CN indices for red supergiants considered to be
members of clusters and associations whose distances can
be judged from other data; this we hope will provide both
a CN-absolute magnitude relation and an indication of its
intrinsic width. Our method appears to be at least as ac-
curate as other photometric methods of distance determi-
nation used in the past and should have a decided advan-
tage in heavily obscured regions. Already we have more

840

than doubled the number of M type supergiants known in
the Galaxy, and our knowledge of red supergiants in the
regions covered by the survey should attain a degree of
completeness comparable to that of OB stars so that useful
B/R ratios can be formed. For these reasons we are confi-
dent that the red supergiants found in this study will add a
new dimension to our knowledge of the structure of the
Galaxy.
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Research Grant Program and of the National Science
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