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ABSTRACT 
We have determined accurate radio positions and subsequently made simultaneous infrared and OH radio 

measurements of a sample of OH/IR stars near the tangential point and in the galactic center. Intrinsic physi- 
cal parameters of the stars and their dust shells, as well as the maser luminosities, have been determined. They 
are consistent with the stars being at the top of the asymptotic giant branch ; the dense circumstellar shells 
suggest that they are evolving rapidly through a phase of high mass loss. 

Our sample comprises stars of widely different masses and luminosities; it is shown that the OH luminosity 
is strongly dependent on the degree of reddening of the circumstellar shell, i.e., on the stellar mass-loss rate. In 
addition, a quantitative relation between the OH luminosity and the optical depth in the 10 /xm silicate feature 
has been determined for the sample. This predicts the observed time variations in the strength of the silicate 
feature with time-variable stellar luminosity. While the stars in the galactic center sample are systematically 
less luminous than those at the tangential point, the derived relations apply equally to each group. 
Subject headings: infrared: sources — masers — stars: circumstellar shells — stars: late-type 

I. INTRODUCTION 

Combined infrared and OH observations are essential to 
understanding the nature of OH/IR stars, the properties of 
their circumstellar envelopes, and the OH maser pump mecha- 
nism (cf. Werner et al 1980; Herman 1983). These cool, variable 
stars, typical of the Asymptotic Giant Branch (AGB) in the 
H-R diagram, have generally been found through OH radio 
surveys (e.g., Johansson et al 1911 \ Bowers 1978; Baud et al 
1919a, b), and many are strong infrared sources with thick 
circumstellar dust shells. Since their OH maser emission can be 
detected at large distances from the Sun, OH/IR stars can be 
used to study the population distribution, kinematics, and 
evolution of stars on a galactic scale (cf. Baud et al 1981, 
hereinafter BHMW). Moreover, these objects constitute a 
unique tool for examining stellar evolution at the tip of the 
AGB, a region of the H-R diagram which is poorly understood 
theoretically and where circumstellar obscuration often pre- 
cludes optical observations. From infrared observations of 
these objects, the luminosities of the underlying stars and the 
masses of the circumstellar envelopes may be derived, while the 
double-peaked OH emission-line profiles yield both the stellar 
radial velocity v and the circumstellar shell expansion velocity 
ve; the latter quantity is statistically related to the main- 
sequence mass (BHMW). Comparison of the visible, low OH 
luminosity Mira variables with the optically obscured, but 
strong OH emitting, OH/IR stars indicates that OH lumin- 
osity is related to the stellar mass-loss rate, and it has been 
suggested (Baud and Habing 1983, hereinafter BH; Jones et al 
1983) that such OH/IR stars represent the end point of the 
Mira evolution on the AGB; their large mass-loss rates imply 
that some may be evolving toward a planetary nebula stage. 

In this paper we present unambiguous infrared identifica- 
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tions of a sample of OH/IR stars in the galactic disk and in the 
vicinity of the galactic center. Simultaneous OH and broad- 
band infrared photometric measurements allow us to derive 
quantitative relations between the infrared and OH fluxes and 
the properties of the circumstellar shells, providing observa- 
tional evidence that these stars represent an evolutionary 
sequence of increasing mass-loss rate. Using these relations, the 
observed time variations of the silicate absorption feature with 
changing bolometric luminosity in OH/IR stars can be 
explained. In addition, it appears that the ratio of the OH flux 
to the number of pump photons is not constant (e.g., Elitzur, 
Goldreich, and Scoville 1976) but is also a function of the 
mass-loss rate. 

II. OBSERVATIONS 

a) The Sample 

A recurrent problem in determining the physical properties 
of OH/IR objects is the uncertainty and ambiguity in their 
distances, usually derived kinematically from the observed 
radial velocities. Most OH/IR stars have been discovered in 
flux-limited radio surveys, so that the near-kinematic distance 
is a plausible choice (cf. Jones, Hyland, and Gatley 1983), but, 
since the velocity dispersions are typically 10-30 km s-1 

(BHMW), the distance uncertainties are large. For example, 
the near-kinematic distance of OH 26.5 + 0.6 is 1.8 kpc. A 
more reliable value of 1 kpc, resulting in a significantly lower 
estimate for the luminosity, has been derived using the 
observed angular size and the light travel time through the 
shell (Herman 1983). 

The present study includes stars in the galactic plane whose 
high radial velocities indicate that they are at the tangential 
point—the position along the line of sight closest to the galac- 
tic center—and stars near the galactic center itself. For both 
groups the distance uncertainties are relatively small. The 
tangential sample was selected from the homogeneous list of 
BHMW, which is based on systematic OH surveys of the 
northern hemisphere (Johannsson et al 1977; Bowers 1978; 
Baud et al 1919a). It consists of (1) all stars with radial velo- 
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cities v larger than the maximum velocity vmax allowed by cir- 
cular rotation (cf. Burton and Gordon 1978), and (2) stars with 
v > (^max — 10) km s“1 in cases where ve> 15 km s-^ Stars in 
the first group are assumed to be at the tangential point; excess 
velocities presumably reflect random motions. Although some 
distance ambiguity exists for the second group, the velocity 
dispersion of these stars is small (~ 10 km s-1; BHMW), and 
they are probably within 25% of the tangential point. 

The galactic center sample was chosen (1) from stars within a 
degree (170 pc) of the galactic center, with M > 100 km s"1 

(Habing et al 1983) and (2) for / > Io, from a survey along the 
galactic plane (Olnon et al 1981; Baud et al 1979b). The first 
group are members of the galactic bulge population (e.g., 
Olnon et al 1981), where the density of OH/IR stars is strongly 
enhanced. The latter are probably foreground objects and 
members of the galactic disk population (see appendix A). 

The distribution of ve in both samples is very similar to that 
for all OH/IR stars in the Galaxy (e.g., BHMW), as is the 
distribution in galactic latitude and longitude. However, since 
their average distance is large, these stars represent the high- 
luminosity tail of the OH luminosity distribution; LOH ranges 
from 1 Jy kpc2 for the nearby OH-emitting Miras to 1000 Jy 
kpc2 for the brightest and most distant OH/IR stars (cf. 
Nguyen-Q-Rieu et al 1979; BH), but for the samples here it is 
typically larger than 100 Jy kpc2. Nevertheless, the number of 
stars in both samples increases steeply with decreasing OH 
luminosity (see Tables 1 and 2), which is consistent with the 
OH luminosity distribution found for all OH/IR stars (cf. 
BHMW). Most conclusions drawn from the present sample 
may therefore be extended to the majority of OH/IR stars. 

b) Accurate Radio Positions and OH Fluxes 
Since the OH objects in our sample lie within a degree of the 

galactic plane, and since single-dish OH measurements lead to 

positional uncertainties of ± 15" to ±5', confusion with K and 
M giants along the line of sight can be a serious problem in 
identifying their near-infrared counterparts (cf. Jones et al 
1981,1982). Interferometric observations of the 1612 MHz OH 
maser emission were therefore carried out to determine more 
accurate (±1") radio positions. The need for such positional 
accuracy is emphasized by the fact that two stars common to 
this sample and to that of Jones, Hyland, and Gatley (1983) 
appear to have been misidentified by these authors (see below). 

1612 MHz OH observations of the tangential sample were 
made on two consecutive days in 1980 July with the Very 
Large Array (VLA) spectral line system of the National Radio 
Astronomy Observatory.6 Observations were made with nine 
telescopes in a hybrid configuration and with baselines ranging 
from 0.3 to 3.4 km; the synthesized beam was typically 
12" x 7"5. The instantaneous bandwidth of 780 kHz was 
divided among 128 autocorrelation channels, each 6.1 kHz 
wide (1.1 km s-1). The instrumental phase and bandpass were 
calibrated using the unresolved continuum source 1741—038 
(1.43 Jy based on 13.83 Jy for 3C 286 at 1612 MHz) and 3C 286 
respectively. 

Positions were determined from high-resolution maps of the 
high- and low-velocity components of the line profiles. In all 
cases, emission from the two components appeared unresolved 
and coincident within the uncertainties of the measurements. 
The results are listed in Table 1 in order of increasing galactic 
longitude; column (1) contains the source name and columns 
(2), (3), (4), and (5) the positions and 3 o uncertainties in R.A. 
and Deck respectively. Although stars from both this and the 
galactic-center sample are in some cases displaced by 0?1 or 
more from the single-dish positions, the old source names have 

6 NRAO is operated by Associated Universities, Inc., under contract to the 
National Science Foundation. 

TABLE 1 
OH/IR Stars at the Tangential Point: Accurate Radio Positions, Velocities, and Peak OH Flux Densities 

Name 
(1) 

R.A. (1950) 
(2) 

3 <7 
(3) 

Decl. (1950) 
(4) 

3 <7 
(5) 

LV 
(km s“ 

(6) 
‘) 

HV 
(km s~ 

(7) 

sLV
a 

(Jy) 
(8) 

SHva 

(Jy) 
(9) 

1 a 
(Jy) 
(10) 

OH 10.9+1.5 ... 
OH 17.2-1.1 ... 
OH 18.2 + 0.5 ... 
OH 18.5 + 1.4 ... 
OH 20.7 + 0.1 ... 
OH 21.5 + 0.5 ... 
OH 24.7-0.1 ... 
OH 25.1-0.3 ... 
OH 27.0-0.4 ... 
OH 27.2+ 0.2 ... 
OH 27.5-0.9 ... 
OH 27.8-1.5 ... 
OH 28.5-0.0 ... 
OH 29.4-0.8 ... 
OH 30.1-0.7 ... 
OH 31.0-0.2 ... 
OH 32.0-0.5 ... 
OH 32.1+0.9 ... 
OH 34.9 + 0.8 ... 
OH 36.4+ 0.3 A , 
OH 36.4 + 0.3 B 
OH 36.4 + 0.3 C 
OH 37.1-0.8 .. 
OH 37.7-1.4 .. 
OH 39.9-0.0 .. 

18h00m42s55 
18 23 19.55 
18 19 07.21 
18 16 47.37 
18 25 44.32 
18 25 45.49 
18 34 03.61 
18 35 33.36 
18 39 21.93 
18 37 36.72 
18 42 01.90 
18 44 57.97 
18 40 47.45 
18 45 12.24 
18 46 04.91 
18 46 07.15 
18 48 51.21 
18 44 04.62 
18 49 43.87 
18 54 01.52 
18 53 57.61 
18 54 07.15 
18 59 36.22 
19 02 40.07 
19 01 42.93 

±r.T 
±0.5 
±0.3 
±0.3 
±0.3 
±0.6 
±0.5 
±0.6 
±0.6 
±0.8 
±0.6 
±0.8 
±0.6 
±0.4 
±0.3 
±0.8 
±0.8 
±0.8 
±1.1 
±0.6 

±0.8 
±0.3 
±0.6 

— 18°41T8"4 
-14 30 08.0 
-12 56 50.2 
-12 09 27.8 
-10 52 51.1 
-10 0012.4 
-07 20 52.3 
-07 12 34.9 
-05 2402.8 
-05 05 28.4 
-05 12 25.5 
-05 14 27.3 
-03 58 57.6 
-03 32 53.2 
-02 53 54.1 
-01 51 56.5 
-01 07 29.3 
-00 20 29.9 
+ 02 00 08.0 
+ 03 1608.2 
+ 03 13 21.1 
+ 03 14 02.1 
+ 03 15 53.3 
+ 03 36 23.4 
+ 06 08 45.0 

± 1"2 
±0.5 
±0.9 
±0.9 
±0.9 
±0.8 
±1.1 
±1.4 
±1.1 
±0.8 
±0.6 
±0.9 
±0.8 
±1.4 
±0.8 
±1.1 
±0.6 
±0.6 
±0.7 
+ 0.6 

±1.1 
±0.6 
±0.8 

120.0 
158.4 
113.9 
165.7 
117.9 
97.8 

109.8 
130.0 
87.3 
72.6 
93.0 
70.1 
93.9 

113.6 
78.4 

111.4 
55.0 

124.7 
54.0 
83.5 

75.0 
100.0 
133.7 

144.5 
183.3 
137.7 
187.0 
154.6 
134.0 
142.8 
154.8 
116.4 
111.4 
120.0 
100.5 
120.6 
137.3 
119.0 
140.1 
96.0 

149.3 
82.9 

121.1 

101.5 
119.9 
163.0 

2.61 
1.85 
1.42 
8.45 

10.8 
25.1 

4.8 
7.44 
3.71 
2.1 
7.03 
2.27 

11.85 
10.35 
57.2 

5.22 
8.3 
2.36 
2.39 
4.88 

14.41 
2.32 
3.6 

1.05 
3.53 
1.96 
5.50 
6.1 

34.1 
<1.5 

6.60 
8.02 
2.2 
6.11 
2.79 

11.41 
5.81 

59.6 
6.56 
5.1 
3.77 
3.10 
2.76 

20.32 
0.47 
6.2 

0.13 
0.13 
0.12 
0.20 
0.6 
0.6 
0.5 
0.25 
0.24 
0.3 
0.25 
0.16 
0.24 
0.27 
0.4 
0.37 
0.4 
0.17 
0.11 
0.19 

0.47 
0.16 
0.4 

1612 OH flux density at the time of the infrared observations; spectral resolution is 4.9 kHz. 
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TABLE 2 
OH/IR Stars in the Galactic Center Region: 

Accurate Radio Positions, Velocities, and Peak OH Flux Densities 

Name 
(1) 

R.A. (1950)a 

(2) 
Decl. (1950)a 

(3) 

LV 
(km s- 

(4) 

HV 
(km s" 

(5) 

SLV
b 

(Jy) 
(6) 

¿HV 
(Jy) 
(7) 

OH 359.1+ 1.1 . 
OH 359.2 + 0.2. 
OH 359.4 + 0.1. 
OH 0.2+ 0.0 ... 
OH0.3-0.2 ... 
OH0.5-0.2 ... 
OH 1.08 + 0.4 .. 
OH 1.1-0.8 ... 
OH 1.5 —0.1 ... 
OH 1.7 —0.0 ... 
OH2.6 —0.4 ... 
OH4.0+ 0.9 ... 
OH 5.0 —0.4 ... 
OH 9.0—0.1 ... 
OH 9.6+ 0.5 ... 
OH 12.8-0.9 .. 
OH 12.8 + 0.3 .. 
OH 14.8 + 0.2 .. 

17h35m56s98 
17 39 55.33 
17 40 34.13 
17 42 45.49 
17 43 56.64 
17 44 14.94 
17 43 35.37 
17 48 16.88 
17 46 12.10 
17 46 53.55 
17 50 11.14 
17 48 17.90 
17 54 32.21 
18 03 09.13 
18 02 10.19 
18 13 53.45 
18 09 23.09 
18 13 48.70 

-29o02'24'.'8 
-29 29 36.1 
-29 24 59.5 
-28 4410.0 
-28 43 41.2 
-28 3531.8 
-27 48 47.2 
-28 24 52.7 
-27 4100.8 
-27 2410.0 
-26 5601.5 
-25 0108.7 
-25 1242.6 
-21 1402.4 
-20 22 30.6 
-18 1608.9 
-17 43 48.1 
-16 05 15.0 

-146.5 
-150 
-199 
+ 145 
-356 
+ 130 
-142 

-9 
-141.5 
-105 
-27 
+ 59 

-100 
-64 
-49 
-67 

+ 125 
+ 109 

-128 
-121 
-223.5 
+ 174 
-327 
+ 153.5 
-108 
+ 30 

-114.5 
-134 
+ 18.5 
+ 88 

-146 
-33 
-76 
-44 

+ 152 
+ 133 

2.3 
0.9 
0.8 
1.1 
2.3 
0.9 

<0.6 
20.6 

2.7 
0.8 

13.3 
1.3 
1.8 

<0.9 
2.0 
9.7 

<1.0 
<1.0 

2.8 
2.0 
2.2 
0.7 
1.9 
1.5 

<0.6 
24.5 

5.1 
3.5 

14.2 
1.0 
2.5 

<0.9 
3.5 
2.3 

<1.0 
<1.0 

a 3 cr uncertainties in R.A. = +0"3 and in Decl. = +0"9. 
b 1612 MHz OH flux density on 1981 Aug 27-Sep 1; upper limits are 3 a; spectral resolution is 4.9 

kHz; 3 o-uncertainty is +0.2Jy. 

been adopted for consistency with other published work. 
Limited UV coverage for OH 36.4 + 0.3 resulted in some uncer- 
tainty; position A is the most likely but two less plausible 
positions (B and C) are also given. The positions of OH 
37.7—1.4, observed on both days, agreed within 0'.'2, confirm- 
ing the accuracy of the measurements. Comparison with more 
recent VLA observations of some of the stars (Herman 1983) 
further strengthens our confidence in the results. For OH 20.7 
and OH 31.0 the near-infrared positions listed by Jones, 
Hyland, and Gatley (1983) are more than 10" offset from our 
improved radio positions, suggesting that their infrared objects 
may not be associated with the OH masers. 

Accurate positions for the galactic-center sample were deter- 
mined with the VLA on 1981 May 7. At this time, by using a 
bandpass of 390 kHz and 64 autocorrelation channels of 6.1 
kHz each, 13 telescopes could be employed, covering a range in 
baselines from 0.2 to 10.5 km. The synthesized beam was 
7" x 4". Instrumental phase calibration was effected using the 
standard calibration source 1748 — 253 and the low-elevation, 
secondary calibration source 1741+038. The names of the 
stars and their radio positions are listed in Table 2 in columns 
(1), (2), and (3). The data on 1741—038 show that the positional 
uncertainty due to systematic phase errors is less than 0"1. 

Single-dish OH fluxes of the tangential stars were measured 
with the Dwingeloo 25 m radio telescope in 1980, within 20-60 
days of the Wyoming infrared observations (see § lie). Since 
this time difference is much less than 10% of the typical periods 
for these stars (Herman 1983), the infrared and radio fluxes can 
be considered coeval. Fluxes for the galactic-center sample 
were measured with the 85 foot (26 m) telescope at Hat Creek 
between 1981 August 27 and September 1, one month after the 
infrared observations on the IRTF (see § lie). No single-dish 
OH observations were made at the time of the UKIRT infrared 
observing run in 1982. 

The high spectral resolution of the single-dish measurements 
(0.46 km s~ ^ provided very accurate velocities and peak fluxes. 
Tables 1 and 2 contain the measured radio parameters of the 

two velocity components of the OH emission profiles for the 
tangential and the galactic-center samples respectively; radial 
velocities with respect to the local standard of rest, of the low- 
and high-velocity (LV, HV) peaks of the OH line profile are 
presented in columns (6) and (7) of Table 1 and columns (4) and 
(5) of Table 2; the corresponding peak flux densities, SLy and 
SHy, are shown in columns (8) and (9) of Table 1 and columns 
(6) and (7) of Table 2. The 1 a uncertainty in the OH flux 
density measurement of the tangential sample is listed in the 
last column of Table 1. 

c) Infrared Observations 
Infrared observations of the tangential sources were made at 

the Cassegrain focus of the Wyoming Infrared Telescope 
(WIRO) in August, 1979 and 1980, using a helium-cooled 
bolometer (Bentley 1980). The aperture and chopper throw 
were 7"5 and 20" respectively. Infrared observations of the 
galactic-center sample were made at the IRTF and UKIRT on 
Mauna Kea, Hawaii, in 1981 July and 1982 June respectively, 
using the standard helium-cooled bolometers and also the 
liquid nitrogen-cooled InSb photometer at the UKIRT. A 6" 
aperture was employed at the IRTF and one of 7"5 at the 
UKIRT; chopper throws were 15" EW at IRTF and 30" in 
declination at UKIRT. Time did not allow us to observe all the 
stars in Table 2. 

In general, measurements of the infrared counterparts of the 
OH/IR stars were made by integrating on the VLA positions 
using a broad-band filter centered at 10 ¡am, where the energy 
distributions usually peak and where confusion by foreground 
K and M giants is negligible. However, for a few galactic-center 
sources, searches at UKIRT were carried out at 8.7 or 20 /un 
when the earlier IRTF observations had shown that either the 
10 /¿m absorption feature was sufficiently strong to preclude a 
10 /an detection or that the energy distribution peaked long- 
ward of 12.5 /an. Infrared positions determined for the stronger 
sources from a five-point grid centered on the VLA positions 
agreed well with the radio positions. Long integrations adjacent 
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TABLE 3 TABLE 5 
Filter Characteristics 

WIRO 
  Zeroth Mag 

À AA Fv 
(/mi) (/¿m) (Jy) 

IRTF UKIRT 

À AA A AA 
(/im) (jum) (/urn) (/mi) 

Zeroth Mag3 

Fv 
(Jy) 

2.3 
3.6 
4.9 
8.7 

10.0 
11.4 
12.6 
19.5 

0.7 
1.2 
0.7 
1.0 

5.8 
2.0 
0.8 
5.8 

598 
277 
158 
54 

41 
32 
26 
12 

3.8 
4.8 
8.7 
9.8 

10.3 
11.6 
12.5 
2.0 

0.67 
0.57 
1.19 
1.0 
1.03 
1.26 
1.17 
9.0 

3.8 
4.8 
8.7 
9.7 

10.3 
11.6 
12.5 
20.9 

0.65 
0.60 
1.2 
1.0 
1.25 
1.17 
1.25 
6.0 

238 
153 
50 
40 
34 
28 
24 
10 

Applies to both UKIRT and IRTF. 

to the radio positions of a few objects yielded no detections. 
We are therefore confident that the infrared sources can be 
identified unambiguously with the OH stars. 

Following the detections of the IR counterparts, photo- 
metric measurements between 3 and 20 /un were made. Appro- 
priate filter characteristics are presented in Table 3. After 
taking account of the relevant air-mass corrections, magni- 
tudes at each wavelength were determined from comparison 
with standard stars. Conversion from magnitudes to flux den- 
sities was accomplished using the values shown in Table 3 (cf. 
Gehrz, Hackwell, and Jones 1974; Beckwith et al. 1976). The 
measured infrared flux densities and 3 a upper limits for the 
tangential sample are given in Tables 4 and 5, while those for 
the galactic-center sample are in Table 6. In both tables, the 
year in which the observations were made is indicated in 
column (2). Corresponding infrared energy distributions are 
shown in Figures 1 and 2 respectively. For wavelengths 
between 3.8 and 12.5 /¿m the uncertainties in the fluxes are of 
order +10%, and at 20 /un about 15%. Typical error bars for 
the shorter wavelengths are plotted at the 8.7 /un data point in 
each source energy distribution. Error bars for the 20 /un flux 
are also indicated. 

Upper Limits for Tangential Stars 
(1980 Observations) 

10 /mi Flux Density 
Name (Jy) 

OH 17.2    <2.9 
OH 18.5   <2.5 
OH 25.1  <2.5 
OH 27.0  <3.2 
OH 27.5    <4.5 
OH 29.4   <4.0 
OH 36.4..  <2.6 
OH 37.1  <3.1 

III. RESULTS AND ANALYSIS 
Long-term monitoring observations at 18 cm (Harvey et al 

1974; Jewell, Webber, and Snyder 1980; Herman 1983) show 
that Loh and L* change simultaneously, strongly suggesting 
that the OH maser is radiatively pumped. But from the 
observed correlation between LOH and the shell size, and from 
the very broad OH luminosity distribution (cf. BHMW), BH 
have argued that LOH is a steep function of the stellar mass-loss 
rate and more or less independent of L*. This is also suggested 
by the observed correlation between LOH and near-infrared 
colors (e.g., Jones, Hyland, and Gatley 1983; Engels 1982; 
Herman 1983). This raises the question of the relation between 
M and LOH, and the nature of the underlying star. As a result of 
(1) homogeneity, (2) simultaneous radio and infrared observa- 
tions, and (3) information at 2 > 10 /un, the present sample 
allows a quantitative analysis of the data involving LOH, L*, 
and M and a better understanding of the influence of M on the 
maser pump efficiency. The physical parameters of the stars 
and their circumstellar shells, determined from the radio and 
IR observations described above, are summarized in Tables 7 
and 8. Their derivation and the influence of extinction are 
discussed in Appendices A and B respectively. 

a) The OH Maser Flux and Stellar Luminosity 
Lon ranges from 1-10 Jy kpc2 for nearby, optically identified 

OH emitting Miras to 10-1000 Jy kpc2 for the distant, OH 

TABLE 4 
Infrared Flux Densities of Tangential OH/IR Stars 

(Jy) 

Wavelength (/mi) 

Name Date 2.3 3.6 4.9 8.7 10.0 11.4 12.6 19.5 

OH 10.8+1.5. 
OH 18.2 + 0.5. 
OH 20.7 + 0.1. 
OH 21.5 + 0.5. 
OH 24.7-0.1. 
OH 27.2 + 0.2. 
OH 27.8-1.5. 
OH 28.5-0.0. 
OH 30.1-0.7. 
OH 31.0-0.2. 
OH 32.0-0.5. 
OH 32.1+0.9. 
OH 34.9 + 0.8. 
OH 37.7-1.4. 
OH 39.9-0.0. 

1980 
1980 
1979 
1979 
1979 
1979 
1980 
1980 
1979 
1980 
1979 
1980 
1980 
1980 
1979 

<0.1a 

0.9 
0.2 
3.2 

<0.1a 

<0.1a 

0.1 
<0.1a 

<0.1a 

<0.1a 

0.1 
0.7 

<0.2a 

2.1 
11.6 
2.2 

14.7 
0.3 
1.4 

<0.2a 

0.1 
1.5 
1.8 
1.1 
1.1 

0.8 
20.6 
27.7 

5.0 

16.9 

2.8 

3.7 
4.9 

11.7 
10.7 
2.3 

35.0 
30.5 

8.3 
38.8 

6.5 
68.6 
19.8 
5.9 

12.0 
10.1 
7.1 

11.6 

3.8 
8.1 
2.5 

29.2 
24.5 

7.8 
37.7 

7.4 
53.6 
14.1 
6.4 

< 7.0a 

6.6 
8.3 
9.2 

3.9 
6.1 
0.9 

16.7 
22.0 

8.8 
37.2 

28.7 
< 14.7a 

3.9 

12.9 
15.2 
5.8 

63.4 
33.6 
10.7 
38.6 

<6.8a 

100.5 
24.8 
13.6 
11.4 
10.3 

<5.4a 

15.4 

29.1 
< 12.8a 

7.9 
68.5 
28.3 

9.2 
31.6 

129.4 
19.4 
15.6 

15.6 
a Upper limits are 3 a. 
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TABLE 6 
Infrared Flux Densities of OH/IR Sources in the Galactic Center 

(Jy) 

Name 

Wavelength (/mi) 

Date 4.8 8.7 9.7 10.5 11.5 12.5 19.8 

OH 359.1 + 1.1 . 

OH 359.4 + 0.1 . 

OH 0.2+ 0.0 ... 

OH 0.3-0.2 .. 
OH 0.5-0.2 .. 

OH 1.08 + 0.4 . 
OH 2.6-0.4 .. 
OH 4.0-0.9 .. 
OH 4.6-0.4 . . 

OH 9.6+ 0.5 . 

1982 
1981 
1982 
1981 
1982 
1981 
1981 
1982 
1981 
1981 
1982 
1982 
1982 
1981 
1982 
1981 

<0.2a 

0.95 

78.09 

3.60 

0.08 
0.11 

0.23 
1.24 
0.58 

0.33 
0.51 

<0.3a 

80.30 
<0.2a 

4.93 
6.44 
6.44 
5.93 

0.31 
0.61 

<0.2a 

0.52 
1.73 
0.47 

0.70 
1.04 

197.23 
0.63 
8.53 
8.06 

18.32 
16.72 

0.34 
0.73 

0.27 
0.38 
0.09 

<0.4a 

0.24 

159.24 
0.84 
1.36 
2.11 

14.93 
19.23 

0.79 

0.31 
<0.2a 

0.29 
<0.2a 

167.29 

1.63 
2.33 

15.40 
17.88 

1.61 

0.56 
1.73 
0.60 

073 
1.18 

191.94 

7.78 
9.23 

11.83 
19.52 

1.04 
2.33 
0.45 
1.87 
1.85 
0.5 
0.45 
1.10 
3.13 
0.23 

112.78 
<2.1a 

9.91 
17.42 
15.43 
19.08 

3.13 
10.67 

< 1.6a 

2.21 
2.60 
0.50 
1.2 
1.27 
3.2 
4.2 

167.49 
5.25 
8.95 

23.3 
15.85 
17.0 

Upper limits are 3 a. 

luminous, but optically obscured, OH/IR stars studied in this 
paper. The OH luminosity of these objects increases steeply 
with decreasing LOH, and it has been suggested that Miras may 
represent the low-luminosity tail (BHMW). Values of L* for 
Miras and OH/IR stars are not significantly different, leading 
to the hypothesis that LOH is independent of (BH). Indeed, 
the present data support this contention; in Figure 3, where the 
tangential sources are plotted as filled circles and the galactic- 
center sample is represented by crosses, there is no evidence of 
a strong correlation between L0h and 

L0h for the galactic-center sample is a factor of 2 to 3 smaller 
than that for the tangential sample, reflecting the higher sensi- 
tivity of the OH observations near the galactic center. The 
mean bolometric luminosity for the detected stars in the 
tangential sample is 3.4 x 104 L©, whereas it is 2 x 103 L0 for 
the stars in the vicinity of the galactic center (/ < 1°). It is not 
clear whether this discrepancy is real. It could result from dif- 
ferences in the sensitivity and completeness of each sample or 
from the variations between the space density of OH/IR stars 
near the galactic center and in the disk near tangential point. 
Although OH/IR stars in the galactic center have much lower 
bolometric luminosities than those at the tangential point, a 
larger interstellar extinction toward the galactic center could to 
some extent explain the disparity. It is, however, unlikely that it 
can account for a discrepancy of more than a factor of 2, 
indicating that the OH/IR stars in the bulge are intrinsically at 
least 5 times less luminous than those in the disk. 

Figure 4 demonstrates that there is no correlation between 
L0h and ve, the shell expansion velocity. Given the absence of a 
correlation in Figure 3, this is scarcely surprising because, for 
OH/IR stars, ve is statistically related to the main-sequence 
mass (BHMW). Since the main-sequence mass is related to the 
AGB mass (cf. Iben 1981), which in turn determines the bolo- 
metric luminosity (Paczynski 1970), ve and L* should in fact be 
correlated. The statistical data of Jones, Hyland, and Gatley 
(1983) appear to support such a correlation and, although the 
scatter in Figure 5 is large, there is a weak trend for the most 
luminous stars to have higher values ofve. 

b) The OH Maser Flux and the Circumstellar Dust Density 
The long-term variability and bolometric luminosity of these 

OH/IR stars suggest that their stellar parameters are similar to 
those of the OH emitting Miras with effective temperatures 
between 2500 and 3500 K and maxima in the energy distribu- 
tions between 1 and 2 jim (cf. Merrill 1977). It is commonly 
thought that the OH maser is pumped by 35 ^m photons 
(Elitzur, Goldreich, and Scoville 1976), but in the case of the 
OH luminous OH/IR stars, the stellar photospheric flux at 35 
fim is clearly insufficient to provide enough maser pump 
photons. This implies that the maser luminosity depends on 
the efficiency with which the stellar light is converted to 35 ¡jm 
emission in the circumstellar shells, i.e., on the dust-column 
density. If the pumping is due to 35 fim photons and the maser 
is saturated, then stars with the same OH luminosity but differ- 
ent values of L* produce similar 35 ¡im fluxes, and the energy 
distributions must be redder and cooler for lower values ofL*. 
Thus the ratio Lou/L* should be positively correlated with the 
fraction of the total energy that is emitted at 35 /mi. 

In Figure 6 Loli/L* is plotted against the fraction of the total 
energy emitted at 20 /¿m, AF2o/^ir* Since in most cases the 
maximum in the energy distribution of these objects lies short- 
ward of 35 /¿m, ÁF20/F\R is a reasonable measure of the relative 
amount of energy emitted at 35 /mi. Both Loli/L* and AF2o/^ir 
are distance-independent. The OH luminosity increases steeply 
with the fraction of the total emission that emerges at 20 /mi, 
that is, when the energy distribution becomes redder. It is clear 
from this figure that for most stars there is a remarkably tight 
correlation between the two quantities, which is intrinsic and 
cannot be due to variable interstellar extinction. Three objects, 
OH 359.1, OH 4.6, and OH 10.9, which lie significantly below 
the observed correlation, have anomalously low OH lumin- 
osities. OH 0.2 lies well above the trend and appears to emit 
more OH photons than 35 /mi pump photons, in violation of 
the simple 35 /mi pump model (Elitzur, Goldreich, and Sco ville 
1976). This discrepancy is discussed in § IV. 

A linear regression fit, excluding the four anomalous sources 
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Fig. 2—Infrared energy distributions of the galactic center sample measured with IRTF in 1981 (continuous) and with UKIRT in 1982 (dashed) 

and the upper limit for OH 18.2, yields 

l0g (l^) = 2-4(±ai> log - 0.5( ± 0.03). (1) 

The harmonic mean OH flux, SOH, is then given by 

J Jy ’ (2) 

with Fir and 2F20 in units of 10"13 W m-2. The dependence of 
S0h on Fir and ¿E2o/EIR is consistent with the observations; 
the OH maser output follows closely the time variations in L*, 
as would be expected from S0h Eir. In addition, the steep 
dependence of S0h on 2F20/FIR implies that no direct correla- 
tion is expected between L* and LOH (cf. Fig. 3); the relative 
amount of long-wavelength flux, which is a function of the 
dust-column density and hence the mass-loss rate, rather than 

TABLE 7 
Radio and Infrared Properties of Tangential OH/IR Stars 

Name 
Distance3 

(kpc) (Jykpc2) (km s-1) (10-13Wm-2) (104 L0) 
Tc 

(K) 

OH 10.9+1.5. 
OH 17.2-1.1. 
OH 18.2 + 0.5. 
OH 18.5+1.4. 
OH 20.7 + 0.1. 
OH 21.5 + 0.5. 
OH 24.7-0.1. 
OH 25.1-0.3. 
OH 27.0-0.4. 
OH 27.2 + 0.2. 
OH 27.5-0.9. 
OH 27.8-1.5. 
OH 28.5-0.0. 
OH 29.4-0.8. 
OH 30.1-0.7. 
OH 31.0-0.2. 
OH 32.0-0.5. 
OH 32.1+0.9 . 
OH 34.9 + 0.8. 
OH 36.4 + 0.3. 
OH 37.1-0.8. 
OH 37.7-1.4. 
OH 39.9-0.0. 

8.5- 11.8 
9.6 
9.5 
9.5 
9.4 

8.6- 10.1 
9.1 
9.1 

7.4-10.4 
6.7- 11.1 

8.9 
6.1-11.6 

8.8 
8.7 

7.3- 10.0 
8.6 

5.4- 11.6 
8.5 

4.8- 11.6 
8.1 
8.0 
7.9 
7.7 

120-230 
240 
150 
620 
720 

2170-2990 
220 
590 

300-590 
90-260 

520 
90-340 

900 
590 

3110-5840 
430 

190-880 
220 

60-370 
240 
240 
70 

280 

16.25 
12.50 
12.15 
10.65 
18.30 
18.20 
16.50 
12.40 
14.60 
19.40 
13.50 
15.20 
13.35 
11.85 
20.30 
14.35 
20.50 
12.30 
14.45 
18.85 
13.25 
10.00 
14.65 

63 ±7 

50 ±6 

18 ±2 
260 + 30 
265 ± 30 

60 ± 7 

340 ± 40 
49 ±6 

380 ± 45 
96 ± 10 
45 ± 5 
75 + 9 
56 ±7 

56 ±7 
70 ±8 

1.34-2.58 

1.33 

0.47 
5.68-7.83 

648 

0.80-2.18 

3.73-13.5 
1.12 

5.98-11.2 
2.10 

0.39-1.79 
1.60 

0.38-2.22 

1.03 
1.23 

310 

410 

350 
410 
580 

520 

620 
»>380 

360 
<340 

410 
500 
490 

>490 
430 

1.3 

8 
2 

0.4 

0.2 

1 <0 

1.2 
>0.4 

0.8 
3 In case of a distance ambiguity, values for both the near- and the far-kinematic distance are given. 
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TABLES 
Radio and Infrared Properties of the Galactic Center OH/IR Stars 

Name 
Distance 

(kpc) 
^OH 

(Jy kpc2) 
»e 
(km s ‘) (10-13 W m-2) Í-* (101 L0) 

Tc 
(K) Year 

OH 359.1 .... 

OH 359.4.... 

OH 0.2 ...... 

OH 0.3 
OH 0.5 

OH 1.08 . 
OH 2.6 .. 
OH 4.0 . 
OH 4.6 . 

OH 9.6 . 

10 

10 

10 

10 
10 

10 
5 

10 
10 

10 

250 

130 

90 
210 

120 
<60 
340a 

110a 

210 

260 

9.25 

12.25 

14.5 

14.5 
11.75 

17.0 
22.75 
14.5 
23.0 

23.5 

5.4 
12.6 

<1.4 
<4.5 
11.9 
3.4 

>1.2 
3.8 
8.1 

<4.8 
936 
<6.6 
56 
89 
90 
98 

0.16 
0.37 

<0.04 
<0.13 

0.34 
0.1 

>0.04 
0.11 
0.24 

<0.14 
6.8 

<0.19 
1.6 
2.6 
2.6 
2.9 

340 
300 

<230 
<370 

590 
450 

460 
400 

600 
370 
530 
500 
500 
460 

0.2 

>1.0 
1.6 
2.1 

>0.8 
>1.7 

0.2 

1.8 
1.6 
0.2 

<0.1 

1982 
1981 
1982 
1981 
1982 
1981 
1981 
1982 
1981 
1981 
1982 
1982 
1982 
1981 
1982 
1981 

1981 measurement. 

the integrated flux (stellar luminosity), is the dominant par- 
ameter governing the maser flux. That is to say, the OH lumin- 
osity depends mainly on the effective temperature of the 
circumstellar dust (see § IIIc), with an overall scaling factor due 
to the bolometric luminosity. Since the precise relation 
between the relative amount of 20 jum flux and M is not 
known, a direct comparison between Loli/L* and M is not 
possible. 

c) Silicate Absorption 
The silicate absorption feature at 9.7 jam is formed in the 

cool outer regions of the circumstellar shell. Its apparent depth, 
Tsil, is a measure of the dust-column density and is also 
expected to be inversely proportional to Tc (Kwan and Scoville 
1976). Since Tsil appears to be correlated with LOH/L* (Herman 
1983), it should increase with Figure la shows that 
this is indeed the case, although OH 0.2 and OH 4.6 have 
unexpectedly high values of Tsil. Both objects are also anom- 
alous in Figure 5. OH 359.1 is extremely red but has a low 
value of Tsil, similar to OH 17.7 — 2.0 (Olnon et al 1984), sug- 
gesting that in the coolest objects, which presumably experi- 
ence the largest mass-loss rate, the formation of the silicate 
feature is severely inhibited by an as yet unspecified mecha- 

Fig. 3—The stellar bolometric luminosity L* in L0 as a function of the maser luminosity LOH in Jy kpc2. In this and the following figures the tangential sample is 
indicated by filled circles, the galactic-center sample by crosses. Values corresponding to the near- and far-kinematic distances for the tangential sample are 
connected by a line. The arrow indicates the sensitivity limit for the WIRO measurements (see text). 

Fig. 4.—The maser luminosity as a function of ve, the outflow velocity of the circumstellar shell 

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



19
85

A
pJ

. 
. .

29
2 

. .
62

8B
 

BAUD, SARGENT, WERNER, AND BENTLEY Vol. 292 636 

Fig. 5—Bolometric luminosity as a function of outflow velocity 
Fig. 6.—The ratio of maser to bolometric luminosity as a function of the fraction of total infrared energy emitted at 20 /un. The open circle represents OH 0.2 (see 

text). Loh and L* are in the same units as in Fig. 3. Infrared energies are in W m-2. The dashed arrow indicates the effect of 25 mag of visual extinction (see Appendix 
B). The solid line is a least-squares fit through the tangential sample, excluding the anomalous sources (see eq. 1). Typical error bars are indicated. 

nism. A linear fit through all data points except the limits and 
the two anomalous stars gives the following relation : 

Tsil = 2.1(±0.2)log^^^+1.8(±0.2), (3) 

with a correlation coefficient of 92%. Figure lb confirms that 
the silicate optical depth is proportional to 7^ "1. 

An insterstellar component in the silicate absorption feature 
has not yet been completely ruled out. In a small sample of 
OH/IR stars, Evans and Beckwith (1977) found no correlation 

between ts¡1 and distance, arguing for a circumstellar origin. If 
the silicate feature were due solely to interstellar extinction, no 
correlation with AF20/FIR would be seen in Figure la and, 
indeed, tsil would be expected to depend on galactic latitude. 
Since this is not the case, the possibility of the silicate feature 
arising in the interstellar medium can be ruled out. 

IV. DISCUSSION 

Our simultaneous radio and infrared observations of two 
samples of distant OH/IR stars at the tangential point and the 

log(X|/FIR) Tc(K> 

Fig. 7.—The apparent silicate optical depth as a function of (a) the fraction of infrared energy emitted at 20 /mi and {b) the color temperature between 4.8 and 12.5 
/mi. The solid line in (a) is a least-squares fit to the tangential sample (see eq. 3). 
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galactic center demonstrate that the OH luminosities of these 
objects are dependent on the fraction of the total infrared 
energy which is emitted near 35 fim, which in turn is a measure 
of the mass-loss rate. Sources with the same stellar parameters, 
such as bolometric luminosity and mass, may have widely dif- 
ferent circumstellar properties. This is reflected in large varia- 
tions in Loh among stars with similar values of ve and L*. For 
a given bolometric luminosity, stars with higher OH lumin- 
osity have redder infrared energy distributions and deeper sili- 
cate absorption features, indicative of cooler circumstellar 
shells and higher mass-loss rates. 

a) Maser Pump Efficiency 
Equations (1) and (2) show that for a given star LOH is a 

function of the relative amount of long-wavelength photons 
produced in the circumstellar shell. In the 35 pm pumping 
scheme the observed maser pump efficiency 6 is given by 

_ Sqh ^ Qqh^oh 
S35 ^35 ^IR 

(cf. Evans and Beckwith 1977), where S, Q, and Sv are the flux 
densities, the solid angles into which the flux is emitted, and the 
bandwidths in km s_1 for OH emission and 35 pm absorption 
respectively, and A35 is the interstellar attentuation. In the 
simplest case, the last three factors are 1 and the predicted 
efficiency for a saturated maser, given by the flux density ratio, 
is 0.25 (Elitzur, Goldreich, and Scoville 1976). 

For the present stars S35 was estimated from a linear 
extrapolation between 12 and 20 pm. The derived ratio 
Soh/^ss is plotted in Figure 8 against /IF2o/Fir. Given the 
uncertainties, the flux-density ratio, reflecting the efficiency, is 
generally close to the expected value of 0.25. Nevertheless, 
there is some indication of a trend for the flux-density ratio to 
increase from 0.15 to 0.6 with increasing circumstellar 
reddening, suggesting a corresponding increase in the observed 
pump efficiency. This can be reconciled with the expected value 
e = 0.25, if the bandwidth ratio ôvOH/ôv35 decreases with 
increasing thickness of the circumstellar shell. When the shell 
becomes thicker, the radius at which the majority of 35 pm 

pump photons are produced grows, and ôv35 increases due to 
the changing geometry between the maser-emitting region and 
the 35 pm pump region (cf. Evans and Beckwith 1977). 

b) Variations in the Silicate Absorption Depth 
Our results also indicate that, for a given star, as L* declines, 

an increase in the silicate absorption feature tsí1, should result. 
While the luminosity of the OH maser changes in phase with 
the bolometric luminosity of the central star, the amplitude of 
the variation is about a factor of 2 smaller (e.g., Herman 1983), 
with 

F S 1 max   ^max 
F _ S . ’ x min ‘Jinin 

(4) 

where Sn and F„ , are respectively the OH and bolo- 
metric fluxes at the maximum and minimum of the light curve. 
Thus, the relative amount of 35 pm flux, which reflects the 
temperature of the outer dust shell, should change as a function 
of phase in the light curve. Since the depth of the silicate feature 
indicates a temperature gradient between the regions where the 
10 pm continuum and silicate features arise (Kwan and Sco- 
ville 1976), Tsil should also vary over the light curve. From 
equations (2) and (4) it can be shown that 

^20 
^,R / 

(5) 

Thus, combining equations (5) and (3), the change in the silicate 
optical depth between minimum and maximum of the light 
curve is given by 

At = xn : 0.26 , 

Fig. 8.—The ratio of OH to 35 /im flux as a function of the fraction of the 
infrared energy emitted at 20 /¿m. 

where Tmin max are the silicate optical depths at minimum and 
maximum light. Because of the large width of the 10 pm filter 
used at WIRO, the precise value of At is uncertain, but effec- 
tively the relation implies that the silicate optical depth is 
smaller at maximum light than at minimum and should 
increase with decreasing L*. This is in good qualitative agree- 
ment with our observations of those stars in the galactic-center 
sample for which infrared fluxes were measured at two epochs 
(cf. Fig. 2 and Table 6) and with the measurements of the bright 
OH/IR star OH 26.5 + 0.6 (Forrest et al 1978). 

c) Circumstellar Shell Size and OH Luminosity 
The correlation found between LOH and the size of the cir- 

cumstellar shell by BH can now be understood. As the mass- 
loss rate increases, the circumstellar shell density rises so that 
the OH maser can operate at larger radii from the star; the 
minimum density required for a saturated maser, nH — 104 (cf. 
Elitzur, Goldreich, and Scoville 1976) is found over a greater 
surface area. Since the stimulated-emission rate for a saturated 
maser is determined by the number of pump photons, LOH will 
not be enhanced merely by enlarging the maser volume. 
Nevertheless, with rising density the circumstellar dust 
becomes cooler and more stellar emission is converted to 35 
¿im flux. Thus, with increasing mass-loss rate, the effects of a 
higher number of pump photons and of available OH molecu- 
les combine to produce enhanced maser emission and keep the 
maser saturated. 

V. CONCLUSIONS 

In this paper we have presented simultaneous OH and infra- 
red measurements of a homogeneous sample of OH/IR stars at 
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the tangential point and near the galactic center; their dis- 
tances are therefore well known. Very accurate radio positions, 
derived from VLA observations, and identifications of the 
infrared counterparts at wavelengths longward of 8 /un reduce 
the possibility of confusion. We find that the characteristics of 
the objects in each sample are very similar in most respects. 
Although there is some tendency for the luminosities of the 
galactic-center stars to be lower than those at the tangential 
point, the paucity of objects makes it difficult to ascertain 
whether this is significant. Future studies, perhaps based on the 
results of the IRAS survey, should make it possible to verify 
whether a population of low-luminosity masers indeed exists in 
the galactic bulge. 

As a result of the homogeneity of the samples, the reliability 
of the infrared identifications, and the simultaneous radio and 
infrared measurements, it has been possible to establish a 
number of relations between various stellar and circumstellar 
properties. In particular, it has been shown quantitatively that 
the OH luminosity is dominated by the fraction of the infrared 
energy emitted longward of 20 /un and thus by the stellar 
mass-loss rate. However, LOH is to some extent dependent on 
the bolometric luminosity so that, as observed, time variations 
in L* are reflected in LOH. It has also been demonstrated that 
the apparent optical depth of the silicate feature Tsil is deter- 
mined by the stellar mass-loss rate, confirming that this feature 
arises in the circumstellar shell. Moreover, using the depen- 
dence of both L0h and Tsil on the stellar mass-loss rate, and the 
fact that the amplitude of variability of the OH maser emission 
is half that of the stellar emission, the observed variations in Tsil 
over the light curve of a given object can be explained in a 
qualitative manner. 

Our new data have permitted an investigation of the maser 
pump efficiency. Within the uncertainties, this is found to be 
consistent with the canonical value of 0.25. However, some 

tendency for the inferred efficiency to increase with increasing 
circumstellar reddening is discernible in the data. 

The results discussed above were derived from a sample of 
stars covering a wide range of masses and luminosities. 
Although these objects represent the high-luminosity tail of the 
OH luminosity distribution, it seems justifiable to extend our 
conclusions to the majority of OH/IR stars. In particular, it is 
clear that sources whose stellar properties are the same can 
have a variety of circumstellar attributes. In effect, for a given 
L* a large range of values of LOH, which reflect differing mass- 
loss rates, is possible. Thus these stars can be interpreted as 
representing an evolutionary sequence of increasing mass-loss 
rate. 
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APPENDIX A 

DERIVED PHYSICAL PARAMETERS FOR OH/IR STARS 

The distance to the OH/IR stars studied here, D, is based on a galactic distance scale, center-to-Sun, of R0 = 10 kpc. For the 
tangential sample it is derived kinematically from the stellar radial velocity v = (HV + LV)/2 (km s-1) (where HV and LV are the 
velocities with respect to the local standard of rest of the high- and low-velocity components of the OH profile), using the galactic 
rotation curve of Burton and Gordon (1978). For stars with radial velocities larger than the maximum velocity allowed by circular 
rotation vmax, D is presumed equal to the distance to the tangential point. Stars with v < vmax probably lie between the listed near- 
and far-kinematic distances. For the galactic-center sample, stars within a degree of the center have high radial velocities ( M > 100 
km s'1) and are assumed to be part of the bulge population at a distance of 10 kpc (Habing et al 1983). At / > Io, where the density 
of the bulge drops off significantly, distances are more uncertain. Objects with small radial velocities ( 1| < 10 km s "x) are probably 
foreground stars and are assumed to be at the location of the molecular ring at 5 kpc distance, where the density distribution of the 
OH/IR stars peaks (cf. BHMW). The remainder of the sample, with high negative or positive radial velocities, is assumed to be at a 
distance of 10 ± 10/ kpc, where l is the source galactic longitude in radians. 

The expansion velocity of the circumstellar shell is ve = (HV — LV)/2 (km s "1). 
The OH luminosity LOH at 1612 MHz is LQh = D2(SLY SHV)1/2 (Jy kpc2), where D is in kpc (cf. BHMW). The 3 o sensitivity limit of 

the Dwingeloo and Onsala survey, from which the tangential sample was drawn, is ~0.6 Jy. At a mean distance of 8.9 kpc this 
corresponds to a minimum detectable OH luminosity of 50 Jy kpc2 and to a completeness limit of 100 Jy kpc2. For the galactic- 
center sample, similar values apply. 

Regarding stellar luminosity, most energy distributions in Figures 1 and 2 rise between 3 and 8.7 pm and many appear to be 
broader than expected for a single-temperature Planck curve, indicating the presence of circumstellar dust at different temperatures. 
The stellar radiation, which peaks around 1-2 pm, is absorbed by the dense dust shell and reemitted at longer infrared wavelengths. 
The integrated infrared flux FIR determined from the observed energy distribution, and including a correction factor of 25% to 
account for flux emitted beyond 25 pm (cf. Werner et al 1980), is therefore a good measure of the bolometric luminosity of the star. 
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The stellar luminosity is then L* = 2.9D2FlR (L0), where D is in kpc and FIR is in 10"13 W m-2. If the OH sources without infrared 
detections (Table 5) have energy distributions similar to those detected, their 10 ¿¿m upper limits correspond to L* < 3.5 x 103 L0 

for a mean distance of 8.9 kpc. 
The color temperature Tc for each source was determined by fitting a Planck curve to the observed infrared energy distribution 

between 4.8 and 12.5 jum. 
As for silicate absorption, the optical depth of the silicate feature Tsil seen at 9.7 pm in Figures 1 and 2 was derived from the ratio of 

the measured flux at the deepest point of the feature ÀFsil to the continuum flux at the same wavelength 2Fcont, interpolated from the 
8.7 and the 12.6 pm flux measurements, so that Tsil = — In (2Fsil/2Fcont). 

APPENDIX B 

THE EFFECTS OF INTERSTELLAR EXTINCTION 

Stellar parameters, such as the bolometric luminosity and the color temperature, which are derived from the infrared observa- 
tions, will be influenced by interstellar extinction. This can range from 7 to 32 mag in the visual for these distant stars (de Jong 1983). 
Using the extinction law in the infrared from Becklin et al. (1978), we calculate that for an average visual extinction of 20-30 mag the 
observed luminosity of a 400 K blackbody will be underestimated by a factor of ~ 1.6. Since both distance uncertainties and 
variations in the extinction with respect to the mean could cause uncertainties in the derived bolometric luminosities of a factor of 
2-3 for individual objects, no corrections for interstellar extinction were made. However, the influence of 25 mag of extinction on a 
blackbody of 400 K is shown in Figure 3 by an arrow. None of the trends discussed in the body of the text appear to be significantly 
influenced by interstellar extinction. 
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