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ABSTRACT 
A search of sixty infrared stars for OH emission at 1612 MHz has been made. OH emission was de- 

tected from seven of these objects, and their spectra and polarization properties have been measured. 
These OH sources are the first to be identified with stellar objects. Also, seven T Tauri and eight known 
red-giant stars were observed, with negative results. The OH source in NML Cygnus was studied with a 
very-long-baseline interferometer and found to be coincident in position with the infrared star within 
5" and to have individual spectral features within 2" of one another with characteristic sizes of O''08. 
The characteristics of the OH emission are best explained by a partially saturated maser pumped by 
near-infrared radiation. A model of an evolved, very luminous red-giant star with an expanding at- 
mosphere is proposed to explain the observed properties. 

I. INTRODUCTION 

Following the discovery of OH emission from infrared (IR) stars in 1968 July (Wilson 
and Barrett 1968), a joint program was undertaken with the infrared astronomy group 
at the California Institute of Technology (CIT) to study the OH and IR properties of 
these sources. The purpose of this paper is to present the results of the initial phase of 
the OH observations and to present a possible model to explain the OH emission from 
these sources. The IR stars observed in this program were discovered during the 2-p sky 
survey of the California Institute of Technology (Neugebauer and Leighton 1969), and 
the IR properties of these stars are the subject of another paper by Hyland, Becklin, 
Frogel, and Neugebauer (1970). 

Sixty IR stars have been surveyed for OH emission at 1612 MHz. Twenty-four of 
these stars have been observed at all four OH frequencies. OH emission has been posi- 
tively detected from seven of the IR stars. Seven T Tauri and eight well-known red- 
giant stars were also surveyed for OH, with negative results. The OH emission associated 
with these IR stars has six distinguishing properties: 

1. The OH emission is strongest at the 1612-MHz satellite-line frequency. 
2. The 1612-MHz emission occurs in two main ranges of velocity. 
3. The 1612-MHz emission is very weakly polarized, if at all. 
4. Main-line emission is most likely to occur at 1667 MHz. 
5. There is no OH emission at 1720 MHz, the other satellite-line frequency. 
6. There is no detectable continuum radio source at the location of the OH/IR source. 
In addition to the single-antenna observations reported, measurements were made 

with a very-long-baseline interferometer (VLB I) on the strong OH source associated 
with the IR source NML Cygnus. The spatial structure of the OH emission was found 
to be very complex. This source has many features with sizes of ^0'' 1 located within 2" 
of one another. 

* This work was supported in part by the National Aeronautics and Space Administration (grant 
NGL 22-009-016) and the National Science Foundation (grant GP-13056). 

t This work was sponsored by the Department of the Air Force. 
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546 W. J. WILSON, A. H. BARRETT, AND J. M. MORAN Vol. 160 

In § II, the equipment and the observational procedures are described. In § III, 
details of the sources detected and a summary of the negative observations are presented. 
In § IV the theory of IR pumping of the OH maser is applied to explain the observed 
OH emission, and possible geometrical models are discussed. Based on the observed 
properties, a model of an evolved, very luminous, red-giant star with an expanding 
atmosphere is proposed to explain the OH emission. 

II. EQUIPMENT AND OBSERVING PROCEDURE 

a) Single-Antenna Observations 

The single-antenna observations reported here were made with the 140-foot (43-m) 
radio telescope of the National Radio Astronomy Observatory (NRAO), located in 
Green Bank, West Virginia, during 1968 June/July, October, and December. In June/ 
July and December, the antenna was illuminated with a feed horn with two orthogonal 
linearly polarized probes. It was possible to rotate this feed to measure the different 
angles of linear polarization. Circular polarization was achieved by appropriately com- 
bining the two orthogonal linearly polarized signals. The measured isolation between 
right- and left-circular polarization was greater than 17 db. In October, the antenna was 
illuminated with a vertically polarized feed horn. The intrinsic polarization of the system 
was measured by using the unpolarized continuum source 3C 274, and the differences in 
system gain at each polarization were less than 5 percent. The first stage of The receiver 
was an uncooled parametric amplifier, giving a total system-noise temperature of 250° K 
in June/July and December and 350° K in October. Spectral-line processing was per- 
formed by using the NRAO 400-channel autocorrelator. 

The observational procedure during the search for new OH sources was to switch 
frequencies between two adjacent frequency bands. The advantage of this method over 
normal frequency switching is that it is possible to cover twice the velocity rànge with 
the same frequency resolution during one scan. For measurement of the properties of 
the detected sources, a frequency-switching technique with the reference band below and 
above the signal band was used. 

To complete the data coverage, observations at 1665 and 1667 MHz on the source 
IRC—20197 were made in 1969 April with the Harvard College Observatory’s 84-foot 
(26-m) Agassiz radio telescope. Data were taken with both right- and left-circularly 
polarized feeds. 

Flux calibration was made by using the source 3C 274. The unpolarized flux 5o of 
3C 274 was taken to be 266 flux units (f.u.) at 1000 MRz with a spectral index of —0.81 
(Kellermann and Pauliny-Toth 1969). The ratio of the flux-to-antenna temperature for 
an unpolarized source varied between 3.3 and 4.0 f.u. ° K_1 for the different observing 
periods and frequencies. Measurements of polarization were made by measuring spectra 
in either linear or circular polarization and then combining the results to obtain the 
Stokes parameters (Ball and Meeks 1968). Right-circular polarization is defined as the 
rotation of the electric vector in a clockwise manner when viewed along the direction of 
propagation. Other parameters, such as the degree of polarization and the polarization 
angle, were derived directly from the Stokes parameters. 

b) VLBI Observations 

Simultaneous observations of NML Cyg were made in 1968 October and 1969 January 
with the 140-foot antenna at NRAO and the 120-foot antenna of the Haystack research 
facility of Lincoln Laboratory, MIT. This interferometric technique has been previously 
used to probe the structure of other OH sources (Moran et al. 1968). To implement the 
interferometer, the 30-MHz signals from the OH receivers on each telescope were pro- 
cessed through video converters, clipped, sampled, and recorded digitally. The recording 
terminals were built jointly by the National Radio Astronomy Observatory and the 
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No. 2, 1970 OH RADIO EMISSION 547 

Arecibo Ionospheric Observatory (Bare et al. 1967). All of the local oscillators were 
phase-locked to hydrogen-maser frequency standards to avoid introducing phase noise 
into the signals. 

The feeds on both antennas were linear in the vertical sense for compatibility with 
another experiment so that the polarizations achieved were not collinear, especially for 
sources near the zenith at either site. By avoiding the 3-hour period near transit, how- 
ever, the feed polarizations were aligned within 15°. With the use of vertical polarization, 
the position angle of the polarization vector on the sky changes with local hour angle. 
NML Cygnus appears to be almost unpolarized at 1612 MHz, so this effect may be of 
no consequence. If the source is made up of polarized features that overlap in velocity 
but are spatially separated, then the interference spectra observed will be affected by 
the polarization of the antennas. This possibility has not been checked. 

The data on the two tapes recorded simultaneously were cross-correlated over time 
intervals of 0?02 on a general-purpose computer. They were then synchronously de- 
modulated at the expected fringe rate and at ten other frequencies slightly offset from 
the expected fringe rate. The resulting correlation functions were transformed to yield 
the interference spectra as a function of frequency and fringe rate. The complex fringe 
visibilities were obtained by dividing the interference spectra by the geometric mean 
of the individual power spectra. This normalization procedure does not require knowl- 
edge of specific system parameters, e.g., system temperature or antenna efficiency. 

HI. OBSERVATIONS 

The search for OH emission from IR sources was begun for two main reasons: (1) the 
discovery by Raimond and Eliasson (1967) that the OH emission source in the Orion 
Nebula was at the same position as the IR point source of Becklin and Neugebauer 
(1967), and (2) the theory that the OH molecule could be excited for masering by IR 
radiation, as originally proposed by Shklovskii (1967) and later developed by Litvak 
(1969a). Our initial observations were made at all four of the OH frequencies, but after 
the characteristics of the emission became apparent, the search observations were made 
only at 1612 MHz. 

The IR stars observed in this work were discovered during the CIT infrared survey 
(Neugebauer, Martz, and Leighton 1965; Neugebauer and Leighton 1969). The stars 
were selected for observation on the basis of redness. Almost all sources on the CIT list 
with I-K greater than 6.5 mag were observed. These cool sources were selected because 
they would provide a large flux near 2.8 /x for the infrared excitation of the OH maser 
and the conditions near the source might be suitable for the OH masering cloud. There 
are two OH/IR sources, VY CMa (Eliasson and Bartlett 1969) and IR+10406 (R Aql), 
which have I-K magnitudes of 5.6 and 5.0, respectively, making them the “hottest” 
OH/IR sources yet found. It should be noted that these are the only two OH/IR sources 
from which microwave H20 emission has been detected at the present time (Turner et al. 
1970). Failure to detect OH emission from seven T Tauri and eight red-giant stars, as men- 
tioned, provides some information about the range of conditions under which OH emis- 
sion can be expected. The typical I-K magnitude of these T Tauri and red-giant stars is 
2.0 (Mendoza V. 1968; Johnson et al. 1966). Future observations will include samples of 
the sources with I-K between 2.0 and 5.0. 

Table 1 gives a list of all known OH sources associated with IR sources. Included for 
the sake of completeness are three sources discovered by other observers: Orion A, VY 
CMa, and ON-4 (Ellder, Ronnang, and Winnberg 1969). Although no IR star has been 
detected at the position of ON-4, it was included because it has the six characteristics of 
OH/IR emission. Orion A does not have all six of the characteristics; however, it is 
coincident with the Orion IR point source (Raimond and Eliasson 1967). The names of 
the IR stars are from the CIT infrared catalog (Neugebauer and Leighton 1969). The 
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548 W. J. WILSON, A. H. BARRETT, AND J. M. MORAN 

results of the observations of the sources with OH emission reported here are summarized 
in Table 2. 

All of the OH/IR stars except Orion A, VY CMa, ON-4, and NML Cyg have been 
identified as Mira-type variables (Hyland, Becklin, Frogel, and Neugebauer 1970). 
VY CMa is an irregular variable. It is interesting that the average galactic latitude of 
these OH/IR sources and that of all Mira variables is approximately 20° (Allen 1963). 
None of the observed sources has a discrete continuum radio source at the observed 
position with an 18-cm flux greater than 10 f.u. A brief discussion of the details of the 
observations for each source will be presented in the following paragraphs. 

a) NML Cygnus 

Neugebauer et al. (1965) discovered the source NML Cyg during the CIT infrared 
survey. It is one of the brightest IR stars at 10 ¡jl and also one of the reddest stars with 
an I-K magnitude of 8.2. If its distance is 500 pc, its luminosity would be 5 X 104 L© 
(Stein et al. 1969). Johnson (1968) and Hyland, Becklin, Neugebauer, and Wallerstéin 

TABLE 1 

OH/IR Sources: Positive Results 

Source R.A. (1950) Decl. (1950) lu 6n Remarks 

IRC+10011.... 01h03m49 K) +12°18:7 128.64 -50.11 CIT-3 
NML Tau  03 50 46.0 +11 15.7 177.95 -31.42 IRC+10050 
IRC+50137  05 07 20.0 +52 48.8 156.44 + 7.83 
Orion A  05 32 46.8 —05 24.4 208.99 —19.38 IR point source 
VY CMa.  07 20 53.0 - 25 40.4 239.35 - 5.07 IRC-30087 
IRC—20197  09 42 56.0 -21 48.1 255.80 +23.35 
IRC+20281.... 15 25 32.0 +19 44.1 29.51 +53.48 WX Ser, CIT-7 
IRC+10406.... 19 03 58.0 +08 9.1 41.95 + 0.45 R Aql 
ON-4  20 26 54.0 +38 56.0 77.90 + 0.18 No IR star de- 

tected 
NML Cyg  20 44 33.9 +39 55.9 80.80 - 1.92 IRC+40448 

(1969) have concluded that NML Cyg is a highly reddened M supergiant. NML Cygnus 
has not been observed to vary at 2 /z (Neugebauer 1969) ; however, Low (1969) reported 
that the 10-/z emission has been observed to decrease by 1 mag during the last 5 years. 
Forbes (1967) has found that the IR radiation is significantly polarized (4 percent) and 
has concluded that the majority of this polarization was due to the interstellar material 
in the Cygnus region. Some of the reddening of the spectrum may also be due to this 
material. From the shape of the IR spectrum, Hyland, Becklin, Neugebauer, and 
Wallerstein (1969) proposed a model for NML Cyg that comprises a central star at a 
temperature of 2500° K surrounded by a dense cloud of interstellar particles which 
converts the stellar radiation to the IR wavelengths. The temperature of the interstellar 
particles varies from 600° to 250° K progressing outward from the center. As will be 
seen, the OH observations are consistent with a model for this object in which the cen- 
tral star is obscured by material flowing from the star and the OH emission originates in 
the outer tenuous atmosphere of the star. 

OH emission from NML Cyg is the strongest that has been found. The 1612-, 1665-, 
and 1667-MHz spectra are shown in Figures 1 and 4. No emission was detected at 1720 
MHz to a limit of 1 f.u. The 1612-MHz emission occurs over a range of 46 km sec""1 in 
two distinct widely spaced intervals, —30 to —5 km sec“1 and 4 to 25 km sec“1. Each 
velocity range of emission has many separate features, as is clearly seen in the high- 
resolution spectra in Figures 2 and 3. 
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TABLE 2 

Summary of Positive Results 

Source 
Date 

(1968) 

Antenna 
Frequen- Polariza- 
cy (MHz) tion 

Band- 
width 

Velocity Reso- 
Range lution 

(km sec“1) (kHz) 
RMS 
(f.u.) Results 

IRC+10011.. July 

NML Tau 

June 
December 

July 

December 
June 

IRC+50137.. December 

October 
December 
October 

December 
IRC—20197.. December 

1612 So 

December 1612 Linear 

% 
December 1612 SQ 

July 1665 So 
December 1665 Linear 
July 1667 So 

- 95,+ 95 3.1 0.6 

-200,+200 4.0 0.5 

- 40, + 60 3.1 0.2 

45,+ 45 3.1 0.4 
195,+195 4.0 0.5 
45,+ 50 3.1 0.6 

December 1667 Linear —195, +195 6.0 0.5 

July 1720 So 
June 1612 So 

45,+ 45 
95, + 95 

3.1 
3.1 

1665 So 
1665 Linear 

1667 So 

1667 Linear 
1720 So 
1612 Linear 

90,+ 90 
195, +195 

3.1 
3.9 

195,+195 3.9 
90,+ 90 3.1 

200, +200 4.0 

December 1612 St 

1665 Vertical 
1665 Linear 
1667 Vertical 

90,+ 90 3.1 
195, +195 4.0 
90,+ 90 3.1 

1720 Linear 
1612 Linear 

190,+190 
200, +200 

4.0 
4.0 

December 1612 St 

April 1665 So 
April* 1667 So 
December 1720 Linear 

10,+ 90 3.1 

+ 18, + 62 6.0 
+ 18, + 62 6.0 
-190,+190 4.0 

0.4 
0.5 

December 1612 Linear -200,+200 3.9 0.4 

0.4 
0 4 

- 90, + 90 3.1 0.5 

0.4 
0.4 
0.7 

- 20,+ 30 1.5 0.6 

0.3 
0.6 
0.3 

December 1667 Linear —195, +195 4.0 0.6 

0.5 
0.6 

0.4 

1.2 
1.2 
0.6 

t»S=21 f.u. at -9.3 
and 27 km s-1, other- 
wise 5<1.5 f.u. 

t5=9 f.u. at —9.5 and 
26 km s“1, otherwise 
S<1.5 f.u. 

tS=17.2 f.u. at -9.7 
km s“1, 5=16.4 at 
26.7 km s-1, other- 
wise 5<0.6 f.u. 

5<1.1 f.u. 
5<1.6 f.u. 
f5=1.7 f.u. at —9 km 

s"1, 5=2.5 f.u. at 26 
km s“1, otherwise 5< 
1.2 f.u. 

f5=1.3 f.u. at -10 
km s""1, 5=1.5 f.u. at 
26 km s-1, otherwise 
5<1.2 f.u. 

5< 1.1 f.u. 
f5=2 f.u. at 17.4 and 

50.4km s“1, other- 
wise 5<1.3 f.u. 

?5= 1.1 f.u. at 50 km 
s-1, otherwise 5< 1 
f.u. 

5<1.1 f.u. 
5<1 If.u., ?5=lf.u.. 

at 70 km s_1? 
f5=l .8 f.u. at 15 km 

s"1, otherwise 5 < 1.1 
f.u. 

5<1.1 f.u. 
5<1.3 f.u. 
f5=2.4 f.u. at -14 

km s-1, 5=4 f.u. at 
19.5 km s“1, other- 
wise 5<2 f.u. 

f5=3.6 f.u. at -13.9 
km s-1, 5=10 f.u. at 
19.8 km s-1, other- 
wise 5<1.6 f.u. 

5<0.9 f.u. 
5<2 f.u. 
5<0.9f.u.,?5=0.8f.u. 

at —6 km s“1? 
5< 1.5 f.u., ?5=1.2f.u. 

at —6 km s-1? 
5<1.4 f.u. 
f5=5 f.u. at 26.5 km 

s-1, 5=3 f.u. at 51km 
s“1, otherwise 5 <1.6 
f.u. 

f5'sss7.5 f.u. at 27 km 
s"1, 5= 5.7 f.u. at 51 
km s“1, otherwise 5 < 
1.2 f.u. 

5<5 f.u. 
5<5 f.u. 
5<2 f.u. 

* 1969. 
t Positive detection. 
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TABLE 2—Continued 

Source 

Band- 
width 

Antenna Velocity Resolu- 
Date Frequen- Polariza- Range tion 

(1968) cy (MHz) tion (km sec“1) (kHz) 
RMS 
(f.u.) Results 

IRC+20281.. July 1612 S0 - 25,+ 25 1.5 0.5 

December 1612 Linear —200, +200 4.0 0.3 

December 1665 Linear —195, +195 4.0 

December 1665 So 

July 1667 Sr 

- 50, + 50 3.1 

- 50, + 50 3.1 

July 1720 So 
December 1720 Linear 

IRC+10406.. December 1612 Linear 

December 1612 St 

December 1665 Linear 
December 1667 Linear 

December 1720 Linear 
NML Cyg  July 1612 Linear 

July 1612 Linear 

December 1612 Linear 

50,+ 50 3.1 
190,+190 4.0 
200, +200 4.0 

July 1665 So 

0.7 

0.4 

0.5 

December 1667 Linear —195, +195 4.0 0.6 

0.4 
1.0 
0.7 

+ 25,+ 75 1.5 0.4 

-195,+195 4.0 0.5 
-195,+195 4.0 0.5 

-190, +190 4.0 0.7 
-210,+210 7.8 0.7 

- 33, + 33 0.4 1.0 

- 32,+ 27 0.8 0.8 

- 30,- 6 0.8 0.2 

December 1665 Linear -195,+195 4.0 0.7 

December 1665 S0 — 30, + 19 1.6 0.4 

July 1667 S0 - 48, + 48 3.0 0.2 

December 1667 Linear —195, +195 4.0 0.3 

July 1720 So - 95,+ 95 3.1 0.2 

fS=2.5 f.u. at -1.4 
km s"*1, S= 1.6 f.u. at 
13.4 km s-1, other- 
wise S< 1.4 f.u. 

fS=0.8 f.u. at —0.5 
km s“1, S= 1 f.u. at 
13.2 km s_l, other- 
wise S<0.8 f.u. 

S<2 f.u., ?S=2 f.u. at 
-115, -170 km s"1. 

fS=1.2 f.u. at —1 km 
s“1, otherwise S<0.8 
f.u. 

tS=1.4f.u. at -0.4 
km s-1, ?S= 1 f.u. at 
— 19.4, otherwise S < 
1 f.u. 

?S=1 f.u. at -10, -1, 
9, and 53 km s_1, 
otherwise S<1 f.u. 

S< 1.2 f.u. 
S<2.8 f.u. 
fS=34 f.u. at 53 km 

s“1, ?S=1.6 f.u. at 
—96,3, and 177 km 
s""1, otherwise S < 1.6 
f.u. 

fS=4 f.u. at 43.4 km 
s“1, S=72f.u. at 53.8 
km s“"1, otherwise S < 
1 f.u. 

S< 1.4 f.u. 
tS=1.9f.u. at 42.6 

km s“1, otherwise S< 
1.4 f.u. 

S<2.1 f.u. 
tS=217 f.u. at -25 

km s“1, S=81 f.u. at 
21 km s-1. 

tS—310 f.u. at -23.9 
km s“1, S=91 f.u. at 
at 21.5 km s-1. 

fS=301 f.u. at -23.9 
km s-1, S—97 f.u. at 
21.5 km s"1. 

tS=2.2 f.u. at -12.7 
km s-1, S=14.4 f.u. 
at —19.6 km s“1, 
otherwise S<0.8 f.u. 

tS=2f.u. at -13.4 
km s-1, S=2.7 f.u. at 
—20.4 km s-1, other- 
wise S<1.5 f.u. 

tS=1.9f.u. at -13 
km s“1, S—11 f.u. at 
— 19.6 km s-1, other- 
wise S<1 f.u. 

tS=l.l f.u. at 10-18 
and 25 km s-1, other- 
wise S<0.7 f.u. 

tS=0.9f.u. at 11-17 
and 25 km s-1, other- 
wise S<0.8 f.u. 

SCO.7 f.u. 
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Fig. 1.—The 1612- and 1667-MHz spectra of NML Cyg. So, Si, Si, and Sz are the Stokes parameters. 
To convert the given local-standard-of-rest (LSR) velocities to heliocentric velocities, add —16.5 km 
sec“1. 

Fig. 2.—High-resolution 1612-MHz spectrum of NML Cyg centered at —22 km sec 1 
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552 W. J. WILSON, A. H. BARRETT, AND J. M. MORAN Vol. 160 

The complete set of Stokes parameters was measured for the 1612-MHz emission 
(Fig. 1), and the circular polarization was measured for the 1665-MHz (Fig. 4) and the 
1667-MHz emission. The polarization data for the 1612- and 1665-MHz emission are 
summarized in Table 3. The 1667-MHz emission had less than 15 percent circular 
polarization. Three immediate conclusions can be made from these polarization measure- 
ments. (1) The 1612- and 1667-MHz emission is mainly unpolarized (less than 10 and 
15 percent, respectively), while the 1665-MHz emission is 60 percent left-circularly 

Fig. 3.—High-resolution 1612-MHz spectrum of NML Cyg centered at 4"20 km sec 1 

12.00 

8.00 

4.00 

0 

-4.00 ; 
1.00 

- 1.00 

-3.00 

NML CYGNUS 
Av = 0.8 kHz 
2 JUL 1968 
1665 MHz, SO 

3<r_ 
-3or' 

- 3<t 
1665 MHz, S3 

-L 
-28.0 

15.0 
10.0 
5.0 
0 

- 5.0 

2.5 
0 

-2.5 
-5.0 

-24.0 -20.0 -16.0 -12.0 
RADIAL VELOCITY (km/sec) 

-8.0 

Fig. 4.—The 1665-MHz spectrum of NML Cyg. So and S3 are the Stokes parameters. 

polarized. (2) At 1612 MHz the —20 km sec-1 features have approximately 3 percent 
linear polarization across the velocity range —25 to —16 km sec““1, while the +20 km 
sec-1 features have only 1.5 percent linear polarization across the narrow velocity range 
20-22 km sec“1. This is strong evidence that the microwave polarization is intrinsic to 
the source. (3) As seen in Figure 1, the 1612-MHz emission has a small amount of right- 
circular polarization at the velocity of —19.2 km sec“1, which is very close in velocity 
to the 1665-MHz emission at —19.6 km sec“1.1 

During the period 1968 June 30 to December 12, the OH emission from NML Cyg 
was constant within 2 percent. Thus NML Cyg does not appear to be a variable in 
either its 2-/x IR or its OH emission over this 6-month period. 

1 The rest frequencies used were 1612.231 and 1665.401 MHz. 

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



19
7 

O
A

pJ
. .

 .
16

0.
 .5

45
W
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Figure 5 shows the projected interferometer baselines corresponding to the inter- 
ference spectra obtained on NML Cyg on 1968 October 11 and 12. The eight spectra 
are shown in Figure 6. The solid spectrum shown on each plot is the geometric mean 
spectrum computed from the individual tapes. The dotted curve is the spectrum ob- 
tained from cross-correlating the tapes. The fringe rates at which the major features have 
maximum power are shown. At any velocity the fringe amplitude is the ratio of the two 
functions. The fringe phase is also shown with a solid line through the portions where 
there is enough signal to make it significant. There are four points per resolution interval, 
so the phase appears continuous even where it is only random noise. 

TABLE 3 

Summary of Polarization Data on NML Cygnus 

1612 MHz 

Velocity 
(km sec-1) 

Percent 
Linear P.A.* 

Percent 
Circular 

Total 
Percent 

1665 MHz, 
Percent 
Circular 

-25.5  
-25.0  
-23.8  
-22.0  
-20.5  
-19.6  
-19.2  
-12.8  
+16.3  
+21.4  
Other velocities. 

2 
<3 

1 
4 
3 
3 
3 

<5 
2 

<5 

90° ±10° 

90® ±10° 
70° ±20° 
80° ±20° 
75° ±20° 

90° ±30° 

< 0.3 
1.5 

< 0.3 
3.0 

< 1.0 
3.0 
6.5 

10.0 
3 

< 3 

2 
1.5 
1 
5 
3 
4 
8 

io’.o 
5 

< 6 

-55 
-55 

-65 

♦Position Angle = 0° is defined as the iS-plane in a north-south direction. 

Fig. 5.—Projected baseline locus on NML Cyg obtained with the Haystack-NRAO interferometer. 
Measurements were obtained at the local hour angles indicated. 
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Fig. 6.—Eight visibility spectra obtained on ,016 low-velocity features in the 1612-MHz transition 
in NML Cyg. Ratio of dotted spectrum to solid spectrum is the fringe amplitude. P and 0 are the position 
angle of the baseline and the effective resolution. Spectral resolution is 2.4 kHz, or 0.37 km sec“1 
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A complete description of the spatial structure requires the measurement of the 
fringe visibility over a wide range of projected baselines. Hence, with eight projected 
baselines only general statements caj* be made about the sourced structure. The struc- 
ture is very complex, and there are at least fifteen spatially distinct features between 
— 17 and —27 km sec-1, that is, distinct peaks whose relative phases change with local 
hour angle. Features near +20 km sec-1 were also detected and have a characteristic 
size of O''08. All of the major features have the same fringe rates on a given spectrum 
within 2 mHz, thereby implying that they are all located within. 2" of one another. 
Moreover, the relative fringe phases among the features change so much between spectra 
that it has not been possible to obtain a map of relative feature positions. The fringe 
amplitude at —23.9 km sec-1 illustrates the complexity of the source. Because of the 
positions of the nulls and maxima near this velocity, this feature probably has at least 
three components. All that can be said with these limited data is that the characteristic 
feature size in the —20 km sec-1 complex is ~Q".08 (uniform disk model). At an assumed 
distance of 500 pc this corresponds to a linear size of about 40 a.u. or 6 X 1014 cm. Based 
on this size, the apparent brightness temperature of the strongest feature is 4 X 1010 ° K. 

Fig. 7.—Interference spectra taken in 1968 October (solid line) and 1969 January (dotted line) on 
NML Cyg. Difference in local hour between measurements was 0.10 hours. Spectra have been scaled 
to be equal at —23.9 km sec“1. 

On 1969 January 13 an interference spectrum at a local hour angle of 18.5 hours was 
obtained and plotted over the one obtained on 1968 October 12 at 18.4 hours (see Fig. 7). 
The visibilities were scaled to be equal in amplitude and phase at —23.9 km sec-1 for 
comparison purposes. The slight differences are probably attributable to the small 
differences in the local hour angles of observation. Hence, no changes in the apparent 
structure of the source of the order of 0''01 are observed over a 3-month period. During 
this period, the Earth moved 1.3 a.u. in the direction perpendicular to the direction of 
NML Cyg, There are no large changes in the apparent spatial structure of the source 
caused by time variations or any diffraction or focusing effect. 

The absolute position of the OH source was found to be coincident with the position 
of the infrared source within 5". The position was measured by comparing the fringe- 
rate residuals of NML Cyg with those on 3C 273 over a wide range of local hour angles. 
The 3C 273B position was taken from the measurement by Hazard, Mackey, and 
Shimmins (1963), which was reported to be accurate to O''5. From the fringe-rate re- 
siduals on 3C 273, the baseline parameters were found to be 

D cos 8b — 767.99 km , LB = 4.73601 hours, 

where D, öb, and Lb are the baseline length, declination, and local hour angle. 
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The position for the OH source obtained from the fringe rate residuals is a = 
20h44m33?8 ± 0?5 (1950), Ô = 39055,56" ± 5". 

The most recent accurate position for the IR star is (Hilgeman 1969) a = 20h44m33?93 
(1950), ô = 39055'57''5. 

The rms random error in the OH position determination is ^1" in each coordinate. 
The error bars have been increased to account for several sources of systematic error. 
This result establishes the close relationship between the NML Cyg OH source and the 
IR star. 

RADIAL VELOCITY (Km/sec) 

Fig. 8—The 1612- and 1667-MHz spectra of IRC+10011 (CIT-3). So, Si, S2, andS3 are the Stokes 
parameters. To convert the given LSR velocities to heliocentric velocities, add +2.4 km sec-1. 

b) IRC+100U 

The IR star IRC+10011 (CIT-3) was reported by Ulrich et al. (1966) during the 
CIT infrared survey. It has an I-K magnitude of 7.6, but no spectral type has been 
assigned. Wisniewski et al. (1967) have shown that IRC+10011 is variable in the IR. 

OH emission spectra at 1612 and 1667 MHz, detected in 1968 July, are shown in 
Figure 8. IRC+10011 is the third strongest OH/IR source detected with a peak So flux 
of 20 f.u. for each feature. This source is one of the classic exàmples of OH/IR emission, 
since its spectra have all the characteristics of the OH/IR emission outlined in the 
Introduction. 

The Stokes parameters of the 1612-MHz emission are also shown in Figure 8. There 
is a small amount of linear polarization—~14 percent—in the 27 km sec-1 feature. 
There is also a hint of some circular polarization in the —9 km sec“1 feature that changes 
from right- to left-circular across the feature, suggestive of Zeeman splitting. The 1667- 
MHz emission was found to have less than 25 percent circular polarization. 
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No. 2, 1970 OH RADIO EMISSION 557 

The position of the OH emission was found to be coincident with the IR star to within 
5'. 

A high-resolution spectrum of the 1612-MHz emission, shown in Figure 9, reveals 
that each of the main features is composed of three to four separate narrow features 
with typical half-power widths of about 0.6 km sec-1 or 3 kHz. The fact that each of 
the main features is composed of three to four separate features could explain the polar- 
ization variation across the features; for example, the separate features could each have 
some characteristic polarization. 

TABLE 4 

Time Variations of IRC+IOOH* 

— 9 KM SEC-1 FeATUKE +21 KM SEC“1 FEATURE 
 :— Total 
5o Peak J* Sodv Sa Peak fSadv fSotdv 

Date (f.u.) (W m^XlO“«) (f.u.) (W m-’XlO“**) (W m^XlO“^) 

1968 July 11  21 145 21.5 135 280 
1968 December 14  17.2 129 16.4 103 232 

* Relative errors are ± 5 percent. 

The source is variable in the IR, and the OH emission has also been found to be 
variable. Table 4 summarizes these data. The total flux decreased by 17 percent. The 
individual features also decreased but seemed to do so at slightly different rates. During 
this period the IR flux decreased (Neugebauer 1969), suggesting that the OH and IR 
fluxes are correlated. 

c) NML Taurus 

NML Taurus is a Mira-type variable with a period greater than 532 days. It has been 
classified as an M8e spectral type (Wing, Spinrad, and Kuhi 1967). OH emission spectra, 
first detected from NML Tau in 1968 June at frequencies of 1612 and 1667 MHz, are 
shown in Figure 10. Two emission features at 1612 MHz occur at 17.4 and 50.4 km 
sec“1 and are of nearly equal strength, 2.4 f.u. The emission feature at 1667 MHz also 
has a strength of approximately 2.4 f.u., but its velocity is 15 km sec-1, 2.5 km sec-1 
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o, low^r than the corresponding 1612-MHz feature, suggesting that this emission may 
o originate from a different spatial location in the source. No circular polarization at 
B either 1612 or 1667 MHz greater than 25 percent waa detected. 

It is interesting to note that the radial velocity (with respect to the local standard of 
rest) of the optical absorption feature is 51 ± 5 kxa sec“"1 (Wing et al. 1967) and the 
velocity of one of the 1612-MHz features is 50.4 km sec"1. Wing et aL (1967) also mea- 
sured- a velocity of 31 km sec"1 for the hydrogen emission line PA. 

In 1968 December additional spectra were obtained on NML Tau which showed 
definite changes from the June data (a time difference of 168 days). For example, when 
linear polarization at 1612 MHz was used, the 17 km sec"1 feature was not detectable 
with afi upper limit of 0.4 f.u. while the +50 km sec"1 feature had a peak flux of 1 f,u., 
consistent with the July observations. In December, at 1667 MHz the 15 km sec"1 

feature was not detected with an upper limit of 0.6 f.u. when linear polarization was 

I.oof '3<r 

NMklMSyS 
I6I2 MHz, SO 
Ay «3.1 kHz 
30 JUN I968 

J l » * « J 1 L 
ao 18.0 28,0 38.0 4&0 

RADIAL VELOCITY (km/sec* 
sao 68.0 

Fig. 10i—-The 1612- and 1667-MHz So spectra of NML Tau. To convert the given LSR velocities 
to heliocentric velocities, add +12.3 km sec“1. 

used. There are two possibilities for this variation: either the features vary in time or 
they are linearly polarized. Our observations of other IR sources show very little polar- 
ization, and since NML Tau is known to be a Mira-type variable in which the IR flux 
decreased from July to December (Neugebauer 1969), time variations seem to be the 
most probable explanation. 

d) IRC+50137 

OH emission at 1612 MHz as detected from IRC+50137 in 1968 December is shown in 
Figure 11. A tentative detection of a 1667-MHz feature at —6km sec"1 was established. 
No circular polarization was detected with limits of 10 percent for the 19 km sec"1 fea- 
ture and 40 percent for the —13 km sec"1 emission. There is an indication that thé OH 
flux decreasedm 1968 from October to December; however, this was not verified because 
of system uncertainties. 

e) IRC—20197 

Only 1612-MHz emission has been detected from IRC—20197; the spectrum is shown 
in Figure 12. No circular polarization was detected in the 1612-MHz emission with an 
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upper limit of 30 percent, and no time variations of the emission were noted in 1968 
between October and December. 

f) IRC+20281 

The IR star IRC+20281 (CIT-7) was first reported in 1966 during the CIT infra- 
red survey (Ulrich et al. 1966), and it was identified with the variable star WX Ser. This 
star is a Mira-type variable with a period of 425 days and has been classified as a M8.5e 
type (Wisniewski et al. 1967). IRC+20281 is also a variable in the IR. 

2C 
O 

Fig. 11.—The 1612-MHz So spectrum of IRC+50137. To convert the given LSR velocities to helio- 
centric velocities, add +2.2 km sec“1. 

IRC’20197 

8Í 
2 

4 => 
x 3 

0 ¿ 

Fig. 12.—The 1612-MHz So spectrum of IRC—20197. To convert the given LSR velocities to helio- 
centric velocities, add +12.9 km sec“1. 

OH emission spectra, detected in 1968 July at 1612, 1665, and 1667 MHz, are shown 
in Figure 13. The 1612-MHz emission occurs at velocities of —0.5 and 13.2 km sec-1 and 
has less than 25 percent circular polarization. The 1665- and 1667-MHz emission only 
occur at the —0.5 and —1.0 km sec-1 velocities and have less than 20 percent and 40 
percent circular polarization, respectively. The fact that the 1667-MHz velocity is 
slightly lower may indicate that this emission is coming from a slightly different location* 
No time variations were observed in 1968 between July and December. 

g) IRC+10406 

IRC+10406 has been identified with the Mira variable R Aql, spectral type M7e 
with an I-K magnitude of 5.0. IRC+10406 is the second strongest of the OH/IR 
sources detected, with a 1612-MHz peak flux of 72 f.u. at 53.8 km sec”1. The emission 
at 1667 MHz is weaker (2 f.u.) and occurs at a velocity of 43 km sec“1. The 1612*MHz 
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spectrum is shown in Figure 14. The 1612-MHz emission at 53.8 km sec-1 appears to 
consist of one feature with an equivalent half-width of 1 km sec“1, corresponding to a 
kinetic temperature of 360° K. The main 1612-MHz emission at 53.8 km sec-1 has less 
than 6 percent circular polarization, and the weaker line at 43 km sec-1 has less than 30 
percent circular polarization. There was an indication of a decrease in the OH flux from 
IRC+10406 during the period in 1968 from October to December ; however, this cannot 
be confirmed because of uncertainties in the system calibrations. 

3.00 

2.00 

1.00 

0 

2.00 

1.00 

0 

2.00 

1.00 

0 

1.00 

IRC + 20281 
1612 MHz, SO 
Aj/ s 2.4 kHz 
5 JUL 1968 

3a 

—3a 
1665 MHz, SO 
Az/s 3.1 kHz 
12 DEC 1968 

H 3 

-3 c 

3a 

1667 MHz, SO 
Ai/s 3.1 kHz 
5 JUL 1968 

- 3 
- 2 

-3a _ SlpL 

18.0 -8.0 2.0 12.0 
RADIAL VELOCITY (km/sec) 

22.0 

Fig, 13.—The 1612-, 1665-, and 1667-MHz So spectra of IRC+20281 (WX Ser, CIT-7). To convert 
the given LSR velocities to heliocentric velocities, add —16.0 km sec-1. 

Fig. 14.—The 1612-MHz So spectrum of IRC+10406 (R Aql). To convert the given LSR velocities 
to heliocentric velocities, add —17.9 km sec”1. 
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h) Observations with Negative Results 

All of the sources observed in which OH was not detected are listed in Tables 5, 6, and 
7 with a brief summary of the observations. There were fifty-three IR stars, eight well- 
known red giants, and seven T Tauri stars in which there was no detectable OH. 

There are several possible explanations for the fact that only 12 percent of the IR stars 
have detectable OH associated with them. First, many of the IR stars could have OH 
emission below the threshold of detectability, because of intrinsic strength, distance, or 
a beaming of the maser. Since some of the IR stars are variables, the observations re- 
ported here could have been made during a minimum of the IR flux, and thus the OH 
emission, if correlated, may have been too weak to detect. Second, some of the IR stars 
may not have sufficient IR flux to pump the required OH maser. Third, some of the IR 
stars may be of the wrong type for OH emission—for example, carbon stars in which the 
abundance of OH might possibly be too small. Finally, the conditions for OH emission 
may be favorable for only a limited time in the evolution of the star. 

TABLE 5 

Infrared Stars without OH Emission 

Source 

Observa- 
tion 

Notes Remarks Source 

Observa- 
tion 

Notes Remarks 

IRC+40004  1 
IRC-30002  2,3 
IRC+70008   2 
IRC+30015  1 
IRC+50030   2,3 
IRC+30021  2 
IRC+60092  1 
IRC+50096  1 
IRC+40070   2 
IRC+20085  2 
IRC+50122  2 
IRC+60144   2 
IRC+50130  2 
IRC+30114  2 
IRC+40135  2 
IRC+70066  2 
IRC+70067  2 
IRC+00102  2 
IRC+40156  2,3 
IRC+60169   2 
IRC-20131  2 
IRC+30219  1 
IRC+30283  1 

IRC-10355 
IRC-30301 
IRC—20368 
IRC-30303 

CIT-1 
SY Scl 

CIT-2 

CIT-4 
CIT-5 

AU Aur 
S Aur 
RU Aur 

V Cam 

CIT-6 
RU Her, 

CIT-8 

IRC+20328 

IRC-30308. 
IRC-10381. 
IRC-20418. 
IRC-10395. 
IRC-10396. 
IRC+00379. 
IRC+00387. 
IRC+00396. 
IRC-30398. 
IRC+20404. 
IRC+40413. 
IRC+40431. 
IRC+40432. 
IRC+40434. 
IRC+40439. 
IRC+40442. 

IRC+50346. 
IRC+50357. 
IRC+50362. 
IRC+40483. 
IRC+40485. 
IRC+60377. 
IRC+10525. 
IRC+40540. 
IRC+40545. 

1 

2 
2 
3 
2 
2 
2 
2 
2,3 
2 
2 
2 
2 
1 
2 
1 
1 

2 
2 
2 
2 
1 
2 
2 
2 
1 

MW Her, 
CIT-9 

Near W43 

Near W44 

CIT-10 

CIT-11 
DG Cyg, 

CIT-12 
Cyg 

CIT-13 

CIT-14 

OBSERVATION NOTES 
1. Observed in 1968 July at all four OH frequencies over a velocity range of ± 90 km sec-1 with a resolution bandwidth of 

3.1 kHz. The Sa flux was less than 2 f.u. 
2. Observed in 1968 October at 1612 MHz over a velocity range of ± 95 km sec“1 with a resolution bandwidth of 3.1 kHz. 

The flux measured with a vertically polarized feed was less than 2 f.u. 
3. Observed in 1968 December at 1612 MHz over a velocity range of ± 200 km sec"1 with a resolution bandwidth of 3.9 kHz. 

The flux measured with a linearly polarized feed (E-plane north-south) was less than 2 f.u. 
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The list of red-giant stars includes many well-known stars. The negative result for 
Mira (o Ceti) is of special interest because this is the prototype for at least six of the 
OH/IR sources. This suggests that Mira might have OH emission. It will be necessary 
to try to detect OH emission at selected points in Mira^ light cycle before a definite 
result is established, but it should be noted that the 1968 October observations cor- 
responded to the time of maximum brightness in Mira’s light curve. 

There are two special cases of interest among the T Tauri stars. First, special emphasis 
was placed on the source R Mon, since it is a strong IR source and is generally believed 
to be a preplanetary system composed of dense clouds (Herbig 1968). No OH emission 

TABLE 6 

Red-Giant Stars without OH Emission 

Observation 
Source Notes* Remarks 

RAnd  2 S6e(M7e) 
oCet  2 M6e, IRC+00030 
TX Cam  1 M9, IRC +60150 
aOri  2 M2 I 
aSco  1 Ml lb 
X Cyg  2 M6, IRC+30395 

Cep  2 M2e la 
BS 8421  2 M8 

* Refer to Table 5 for observation notes. 

TABLE 7 

T Tauri Stars without OH Emission 

Source 
Observation 

Notes* Remarks 

RYTau. 
TTau. . 
RW Aur. 
GW Ori. 
V380 Ori 
FU Ori.. 
R Mon.. 

1 
1 
2 
2,3 
2 
2,3 
1,2 

GOe 
G5e 
G5e 
K3e 
A2 
F5 
K1 

* Refer to Table 5 for observation notes. 

was detected at 1612, 1665, or 1667 MHz to a limit of 1 f.u. or at 1720 MHz to a limit of 
2 f.u. The other special case is the star FU Ori, which is the star that “turned on” in 1939 
(Herbig 1966) and thus is known to be a very young star. No OH emission was detected 
at 1612 MHz to a lower limit of 4 f.u. The negative results obtained for these young stars 
may place limits on the conditions under which we can expect to observe OH emission, 
a possibility which suggests that young stars may not provide the necessary conditions 
for the IR-pumped OH maser (see § IVa). 

TV. discussion 

a) Near-infrared Pumping Model 

One of the unique characteristics of these OH/IR sources is the distribution of emis- 
sion among the four OH frequencies. A summary of the emission at each frequency in 
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No. 2, 1970 OH RADIO EMISSION 563 

terms of the integrated flux is presented in Table 8. Five conclusions can be reached from 
these data: 

1. The 1612-MHz emission is the strongest by factors of 2 to 100 compared with the 
other emission frequencies. 

2. There is no preference for the strongest 1612-MHz emission to occur at either the 
low or the high velocities. 

3. In all cases in which good sensitivity limits have been established, weak 1667-MHz 
emission accompanies the 1612-MHz emission. This may imply that weak 1667-MHz 
emission always occurs with the 1612-MHz emission. The 1667-MHz emission does not 
seem to favor either the stronger or the weaker 1612-MHz emission velocity. 

4. When 1667-MHz emission is present, 1665-MHz emission may occur. 
5. Emission never occurs at 1720 MHz. 
These characteristics of the OH/IR emission define a separate class of OH sources, 

and Turner (1967, 1969) has classified this type of OH source as the class H-b type 
(1612-MHz emission strongest). These characteristics noted in the OH/IR sources 
served to define more precisely the properties of the class H-b sources. 

TABLE 8 

Values of Integrated Flux fS<4v (W m^xio-22*) 

1612 MHz 1665 MHz 1667 MHz 
    1720 

Source Low Vel. High Vel. Low Vel. High Vel. Low Vel. High Vel. MHz 

NMLCyg  1250 410 5.0 t •• 9.6 
IRC+10011  14.0 14.0   2.0 3.1 
NMLTau  2.2 2.8 ... ... 2.5 
IRC+50137   2.2 8.6   ... t 
IRC—20197   8.5 5.0 t t î Î 
IRC+20281  3.0 0.7 1.4 ... 1.7 
IRC+10406   5.6 38.4   5 

Note.—No entry implies no emission greater than 1 f.u. 
* Absolute errors are ± 25 percent, 
t Possible feature, 
t No detection greater than 5 f.u. 

The only detailed theory which predicts many of the observed properties is the theory 
of IR pumping of interstellar OH (Litvak 1969a). In this section the main predictions 
of this theory will be compared with the observed facts and a calculation of the required 
source conditions will be made. 

The theory of IR pumping predicts that emission in the 1612-MHz satellite line will 
be strongest if there is strong 2.8-/u IR radiation and the OH clouds have a large optical 
depth to provide for resonance trapping of the far-IR photons. The 2.8-m radiation will 
excite the OH molecules from the ground state to the first vibrational state where they 
will eventually cascade down and, in conjunction with resonance trapping, invert the 
populations of the 1612-MHz transition. A blackbody at a temperature of 1000° K has 
the peak of its radiation near 2.8 /x and has an I-K magnitude of 7. The observed OH/IR 
sources have I-K magnitudes close to 7, and thus the requirement for strong near-IR 
radiation is satisfied. The condition for strong near-IR radiation does not rule out OH 
emission associated with sources whose effective temperatures are greater than 1000° K, 
since the OH molecules could be located in regions of cooler temperatures. 

The theory of near-IR pumping also predicts that the 1720-MHz transition will be 
anti-inverted. This is in agreement with the observations of no 1720-MHz emission. 
Weak main-line emission is observed in most cases, and this is predicted by the theory 
when the kinetic temperature of the OH is greater than 440° K. 
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If the OH molecules are pumped by 2.8-/x radiation, one would expect to observe the 
absorption of 2.8-/z IR radiation in the OH/IR sources. This is a difficult observation, 
however, because of atmospheric absorption and because the expected line width AX = 
(Av/v)X ~ 10“5 jd is extremely small. One of the highest-resolution IR spectrometers in 
use today has a resolution of 10“4 /x (8 cm"1) (Johnson 1968). 

The theory of near-IR pumping requires that the density of the region be low to 
insure that the collision rate be much less than the IR-pumping rate. This condition can 
be expressed as 

Bnlmílr 5 X 1015 /irŒir > jq ^ 

Æcoll Nn 

where jBi2 = Einstein B absorption coefficient for the 2.8 transition, /ir = IR source 
intensity at the OH cloud, Oir = solid angle subtended by the OH cloud at the 
source, Rc0\\ = collision rate caused by hydrogen atoms = 4 X 10~~10 Nn sec-1 (Rogers 
and Barrett 1968), and N-& = number of hydrogen atoms per cm3. 

If the IR source of temperature 1000° K subtends a solid angle of 1 sterad at the OH 
cloud (Litvak 1969a), the pump flux /irOir = 10-7 erg cm-2 sec-1 Hz“*1, and thus 
Nk < 5 X 107 cm-3, or a density of p < 5 X 10“17 g cm-3. 

The theory of IR pumping requires large optical depths in the IR to obtain the 1612- 
MHz emission. For the cases considered by Litvak (1969), the requirement was that 
AohJo « 1017 cm*”2, where Won is the number of OH molecules per cm3 and /0 is the length 
of the cloud. The assumption Non ^ 10”Wh puts a lower limit on the cloud length of 
/o > 2 X 1015 cm « 100 a.u. 

To summarize, it appears that the observed characteristics of the microwave radiation 
from the OH/IR sources can be explained by the theory of IR pumping. The tempera- 
ture, density, and dimensions predicted from this theory are conditions that must be 
met in the regions near the cool sources where the OH emission is observed. Power re- 
quirements will be considered in § TVc. 

A further observation that supports the theory of IR pumping of the OH maser is 
that the time variations of the OH seem to be correlated with the IR time variations. 
In the two cases in which the OH has been observed to decrease, IRC+10011 and 
NML Tau, the IR flux has also decreased (Neugebauer 1969). In the case of NML Cyg, 
both the OH and IR emission were constant over the 6-month period of observations. 

b) Maser Models 

When weak main-line emission occurs, the theory of near-IR pumping predicts that 
the OH molecules will be located in a hot or a turbulent region. Litvak (1969a) has 
calculated that, for large optical depths, Woh^o ^ 1017 cm-2, and kinetic temperatures 
Tr > 440° K, the excited-state IR absorption lines (to the 27ri/2, J = | and/ = f states) 
would be expected to be overlapped in the lower A doublets, and emission would be ob- 
served at 1667 MHz and possibly at 1665 MHz. As noted, weak 1667-MHz emission 
usually occurs with the strong 1612-MHz emission, thereby implying that the OH 
molecules have kinetic temperatures of at least 440° K. 

A summary of the estimated line widths for individual features and the kinetic tem- 
peratures calculated from these line widths for each of the sources is presented in Table 9. 
The radial velocities of the emission with respect to the local standard of rest are listed 
in column (2), and in column (3) the heliocentric velocities are listed. In these calcula- 
tions, turbulent broadening was neglected. The kinetic temperatures range from 100° to 
500° K, and thus, if the kinetic temperature is required to be greater than 440° K, it 
seems that the emission lines have been narrowed by factors of 1 to 2. 

In an unsaturated maser, where the excitation rate for OH molecules exceeds the 
excitation rate with microwave photons, the received flux is proportional to 

S ~ ev, (2) 

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



19
7 

O
A

pJ
. .

 .
16

0.
 .5

45
W

 

No. 2, 1970 OH RADIO EMISSION 565 

where r„ = kv)f ndl, B2i = Einstein B coefficient for stimulated microwave 
emission, g2 = degeneracy of the upper state, v/kv = ratio of line frequency to band- 
width of feature « 4 X 10^, and flUndl = f {n2/g2 — n\/g\)dl = population inversion 
integrated along the path length 1. For t„ > 4 the observed Doppler-broadened emission 
lines will have been narrowed by approximately Vr„, because of the large amplification 
at the line center. Therefore, when the lines seem to be narrowed by factors of 1 to 2, 
this would indicate that tv was less than 4. To explain the observed brightness tempera- 
ture of NML Cyg oí Tb~ 1010 K (§ Ilia), the value of tv must be between 16 and 23 
in the case of an unsaturated maser, depending on the input temperature of the maser. 
This would predict line narrowing by a factor of 4-5, which is in conflict with the value 
of 1-2 predicted by the theory of IR pumping. Also, this large value of r would imply 
kinetic temperatures of 1600o-10000° K, which seem to be high for the regions in which 
the OH masering cloud is located in these sources. 

TABLE 9 

1612-MHz Velocities, Line Widths, and Kinetic Temperatures 

Velocity of Emission 
(km sec-1) 

Source 
(1) 

LSR 
(2) 

Heliocentric 
(3) 

Equivalent 
No. of Estimated Kinetic 

Individual Line Widths* Temperaturesf 
Features (km sec-1) (° K) 

(4) (5) (6) 

NML Cyg.. 

IRC+10011. 

NML Tau.. 

IRC+5013 7. 

IRC-20197. 

IRC+20281. 

IRC+10406. 

-22 
+20 
- 9 
+27 
+17 
+50 
-14 
+19 
+27 
+51 
- 0. 
+13. 
+43 
+54 

-38.5 
+ 3.5 
- 6.6 
+29.4 
+29.3 
+62.3 
-11.8 
+21.2 
+39.9 
+63.9 
-16.5 
- 2.8 
+25.1 
+36.1 

>20 
>20 

3-4 
3-4 

2 
3 
2 

5-6 
3 
3 
4 

1-2 
2 
2 

0.5-0.9 

0.5-0.8 

0.8-1.0 

0.7-1.0 

0.9-1.2 

0.7-0.9 

0.8-1.0 

90-300 

90-240 

240-360 

180-360 

300-520 

180-300 

240-360 

* Instrumental broadening removed. 
t The kinetic temperatures have not been corrected for any turbulent broadening. 

In a fully saturated maser in which the output is limited by the number of excited OH 
molecules, the received flux is proportional to 

Sy~ Ty , (3) 

and no line narrowing is predicted. Since some line narrowing is necessary, based on the 
results of the theory of IR pumping, it is proposed that the OH/IR masers are partially 
saturated. Litvak (19696) has shown that the emission lines would be narrowed by a 
factor of 1.5 if the length of the maser were twice the length of the maser when it first 
became saturated. This is approximately the case that best fits the observed line nar- 
rowing. 

The observed fact that the strengths of the individual emission features in the OH/IR 
sources are within 2 orders of magnitude of each other is also an argument in favor of 
the partially saturated maser because in this case the flux is proportional to t„. With an 
unsaturated maser, to keep the features within a factor of 100, rv would have to vary by 
less than 25 percent from cloud to cloud, which seems unlikely. 
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A further argument for the saturated maser concerns the polarization of the signals. In 
this case, the main lines could have significant circular polarization (Heer and Settles 
1967), as observed in NML Cyg at 1665 MHz, which could influence the polarization at 
1612 MHz, a situation which is also observed in NML Cyg. No circular polarization of 
the 1667-MHz emission is evident from the observations, within the limits of ± 25 per- 
cent. 

There are two additional observations that may be made to test the conclusion that 
the maser is saturated. The first is the search for emission from the isotope 018H in the 
OH/IR sources. If both the 016H maser and the 018H maser are saturated, the difference 
in the received fluxes would be proportional to their abundance ratios. On Earth the 
oxygen abundance ratio is 016/018 ^ 500, and if the 018H emission were down by a 
factor of 500, it would still be detectable. If the 018H maser is not saturated, then emis- 
sion could be reduced by anywhere from 1/500 to the l/500th power, and this would be 
undetectable. Hence, if the 016H maser has just become saturated, then the 018H maser 
would be unsaturated and would be undetectable. 

TABLE 10 

Microwave Pumping Rates for OH/IR Sources 

Galactic Model Estimated* Integrated Microwave 
Distance Distances Flux y'Sodu Photon Rate 

Source (pc) (pc) (K)-** W m"*) (10« sec"1) 
(1) (2) (3) (4) (5) 

NML Cyg  0, 3600 500 1675 440.0 
IRC+10011  Î 330 33 3.8 
NML Tau  f 500 8 2.1 
IRC+50137  t 1800 11 40.0 
IRC-20197   3900 700 14 6.5 
IRC+20281  800,17000 330 7 0.85 
IRC+10406   3500,11000 ... 49 630.0 

* See text. t Into 4* steradians. t No distance possible. 

The relationship between the time variations of the OH emission and the IR emission 
can also be measured. It is expected that the saturated maser would be much less sensi- 
tive than the unsaturated maser to changes in the IR intensity, and thus measurements 
of this correlation could provide a clue as to the type of masering process. 

c) Power Considerations 

The total power per square meter received from the OH/IR source is 

Pre© = fs,dv = watts m-2, (4) 

where Sv = received flux density (W m-2 Hz-1), D — source distance (w), = solid 
angle (steradians) of microwave maser emission, and Rm = rate of microwave photons 
sec-1. 

The total power received has been measured in the observations, and the distance D 
can be estimated to derive a value for Rm under the assumption of isotropic emission 
(ßm = 47t). The results of these calculations are presented in Table 10. 

The distances were estimated first by using the median velocity of emission and the 
Schmidt model of galactic rotation. The results of these calculations are shown in Table 
10, column (2). If these stars are old and have moved great distances from where they 
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were formed, it might be expected that the galactic-model distances would have little 
meaning. This seems to be the case, as these distances imply much too large luminosities 
for the IR stars. Thus, it is necessary to use another method for determining the dis- 
tances. Five of these sources have galactic latitudes greater than 7°, which places a limit 
on their distances if it is assumed that they are in the galactic disk. The distances of 
these sources (Table 10, col. [3]) were taken as the distance between the Sun and the 
edge of the disk in the direction of the source, under the assumption of a galactic-disk 
thickness for gM type stars of 500 pc (Plaut 1965). The distance to NML Cyg was 
chosen to be 500 pc based on arguments of the IR polarization (Johnson 1968). 

The large distance for IRC+10406 makes this source the strongest of the OH/IR 
sources by 1 order of magnitude. This distance may be too large by a factor of 3-10; 
however, until further statistics on the nature of the OH/IR sources are available, it is 
not reasonable to assume any other values for this distance. Once the total received IR 
flux is measured from this star, it may be possible to place limits on its distance based on 
considerations of absolute luminosity. 

The rate of microwave photons can be calculated from the theory of Litvak (1969a). 
For a saturated masering cloud of OH the rate of microwave photons is 

Rm = WtJ'ánQdv photons sec-1 , (5) 

where W8 = saturation-rate parameter, which is a function of the various exciting rates 
of the lambda doublet; Aw0 = (w2/g2 — ^i/gOo = unsaturated population inversion; and 
v = volume of the OH cloud. Now, in the case of near-IR pumping by a 1000° K black- 
body source which subtends a solid angle of 1 sterad at the OH cloud, the IR-pumpiiig 
rate at the front of the cloud will be Rm = 10“1 sec-1 (Litvak 1969a). In § IVa this 
led to the condition for the density and the cloud length. For these conditions W* = 
6 X 10“3 sec-1 and f kn^dl = 5 X 1014 photons cm-2, values which give 

Rm == 3 X 1012A photons sec-1 , (6) 

where A is the cloud area. If the solid angle of microwave emission is determined by the 
geometry of the source, Qm = Alo~2, and if isotropic emission is assumed when all the 
individual features are considered, then 

R™ = 3.8 X 1013i0
2 = 1.5 X 1044 photons sec"1 . (7) 

The derived photon rate for NML Cyg, under an assumed distance of 500 pc, is 4.4 X 
1044 photons sec-1, only a factor of 3 greater than this tough theoretical calculation. It is 
clear that the near-IR pumping model can supply a Sufficient amount of energy to ex- 
plain the observed emission from all of the OH/IR sources. 

d) Geometric Model 

As noted in §§ I and II, the OH emission from the OH/IR sources is concentrated in 
two main ranges of velocity. This characteristic is suggestive of a model for the source 
in which the OH clouds are contracting, expanding, and/or rotating about the IR 
source. Because of the basic differences between a contracting (or expanding) and a 
rotating motion, it should be possible to obtain measurements to distinguish between 
the two types of motion. It is also possible to distinguish between the rotating, con- 
tracting, and expanding models from physical arguments. The following discussion will 
briefly illustrate the two basic models, point out their differences, and suggest observa- 
tional tests to distinguish between them. The simplified configuration that will be con- 
sidered is that of a spherical distribution of clouds around the IR source, where at some 
radius the temperatures and densities are in the correct range required for the IR pump- 
ing of the OH maser. 

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



19
7 

O
A

pJ
. .

 .
16

0.
 .5

45
W

 

568 W. J. WILSON, A. H. BARRETT, AND J. M. MORAN Vol. 160 

The first model to be considered is one in which the clouds of material are rotating 
around a central source. The advantage of this model is that it is possible to obtain long 
path lengths at nearly constant velocity if the clouds are at a constant radius from the 
star. If one OH cloud subtends a solid angle of 1 sterad at the center of the IR source, 
then the length of the cloud could be of the order of the radial distance to the OH cloud. 
Because of the gravitational force, the resulting stable configuration would have the 
OH clouds concentrated in the disk. The emission would be confined to two main ranges 
of velocity coming from each side of the disk, a prediction that is in agreement with the 
observations. The multiple features would arise from the multiple clouds. Because of 
the rotation of the source, it would be expected that the emission features would change 
their velocity on the time scale of the rotational period. If a radius of 1016 cm and a rota- 
tional velocity of 2 X 106 cm sec-1 (typical observed value) are assumed, this period 
would be approximately 20 years. Small changes in velocity should be noted in a small 
fraction of this time. Since no change in the radial velocity of the individual features of 
NML Cyg or IRC+10011 was observed over a 6-month span, this observation argues 
against the rotational model. 

The rotating model requires a large amount of angular momentum. If a uniform- 
density disk with a radius of 1014 cm with 1 SJÍq 1S assumed to be rotating at 2 X 106 cm 
sec“1, the total angular momentum would be 

L == \mvr = 2 X 1063 g cm“2 sec”1 . (8) 

This is a factor of 103 times the total angular momentum of the solar system and thus 
makes the rotating model unlikely. 

Another model is that of the contracting or expanding spherical cloud. Contraction 
could be due to gravitational collapse, while expansion could be due to a shock wave or 
stellar wind from the source. In the simple case of pure gravitational contraction (with 
internal pressure neglected) the required velocities of approximately 10 km sec”1 can be 
realized. The problem with this model, however, is that the OH cloud must be at very 
large distances from the center to obtain the required path lengths of 2 X 1016 cm with 
the necessary small velocity gradients at this distance. The OH cloud would subtend a 
solid angle of only 2 X 10”3 sterad from the IR star, which would be inadequate for the 
IR pumping of the OH maser. Larson (1968) has calculated the radial velocity as a 
function of radius for a much more sophisticated collapsing-protostar model, and his 
results show that it is not possible to obtain path lengths of 1015 cm where the velocity 
is 20 km sec”1 and the velocity change along this length is less than 0.5 km sec”1. It may 
be possible to construct collapsing-cloud models to satisfy the constraints on the OH 
maser; however, these would probably be somewhat artificial. Therefore, confronted 
with the problem of obtaining long path lengths and considering the evidence for evolved 
stars presented in the following paragraphs, we will take no further consideration of the 
collapsing model. 

One model that seems to provide the proper conditions for the OH maser and also 
fits the observed characteristics of the emission is that of a star with an expanding 
atmosphere. One specific case of this model could be a very luminous red-giant star in 
the later stages of its evolution when it is expanding to a very large diameter and matter 
is streaming from the star into space as in the solar wind. The material of the outer 
layers of the star is being forced away by the radiation pressure of the star at a velocity 
greater than its escape velocity: ve = V{2GMr~l) km sec”1. For a star of 2 SDî© at a 
radius of 2 X 1016 cm, a lower limit to the streaming velocity is 6 km sec”1. This is close 
to the observed radial velocities of 10-40 km sec“1 (Table 9). Rose (1969) has calculated 
a stellar atmosphere for an expanding red giant with a luminosity of lO^lO5 L0, and 
finds that at a radius of 1016 cm the density is 10^16 g cm”3, the temperature is 600° K, 
and the radial velocity is 20 km sec”1 and is essentially constant over a length of 1016 cm. 
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The OH clouds could be located in a spherical region at 1015 cm from the central star, 
with a thickness of 1015 cm, where the conditions of density, IR flux, velocity, and tem- 
perature are satisfied for the IR-pumped OH maser. In this region, the stellar material 
flows through, driven by radiation pressure, and with a small amount of turbulence it 
could form separate clouds of material from which the OH masering originates. These 
individual features might be seen from both the front and back of the expanding shell. 
A map of the emission features could show them to be randomly distributed over a 
circle, if the emission angles are large. Most likely, the OH clouds would not be spherical- 
ly distributed, and the OH features might be concentrated in one region. In fact, if there 
were a small rotation, the source might be an expanding disk, and the OH features could 
then be randomly distributed around a ring. 

One observational fact that does not fit this simple expanding model is that in three 
cases the velocity of the star, as measured from optical absorption features, is very near 
the high-velocity group of OH emission features. The three stars are NML Tau, VY 
CMa, and R Aql (Hyland, Becklin, Frogel, and Neugebauer 1970; Hyland, Becklin, 
Neugebauer, and Wallerstein 1969; Merrill 1942). In the case of VY CMa there are 
<<shell,, absorption lines corresponding to the lower OH velocity. Thus, the simple 
expanding model must be modified. A general model which would explain the observed 
properties would be one in which some of the OH clouds near the star were moving at 
the velocity of the star and another concentration of OH clouds further from the star 
was moving away in an ejected shell. The received OH emission would originate from the 
side of the star toward the Earth, and the masering clouds could be amplifying the 18- 
cm radiation from the star. Another variation of this configuration would be to have a 
shock wave in the atmosphere of the star which could allow the lower-velocity OH clouds 
to be close to the star and the clouds moving at the velocity of the star to be further 
out. Clearly there are many other configurations which can be invented to explain 
the observed emission properties. However, all these configurations must satisfy the 
conditions of temperature, density, and low turbulence which are required for the near- 
IR-pumped OH maser. Further observational data, both optical and radio, will be 
required to determine the details of an expanding model. 

One observational test of the expanding model versus the rotating model would be to 
observe the changes in radial velocity of the features as a function of time. This ex- 
panding model with the material streaming through the masering region could be 
distinguished by only a very small change in mean velocity over a long period of time. 
This time scale could be of the order of 104 years, the evolutionary time of the star. 
However, depending on the connection of the OH clouds and the atmosphere of the 
star it might be possible to observe small periodic changes in the radial velocity during 
the cycle of the variable star as is observed in the optical lines. This possibility will be 
checked in future observations. As previously noted for the rotational model, changes in 
velocity might be observed in a few years. Individual features in the expanding model 
could change, however, because the streaming of the material could change the structure 
of the clouds. The time scale for these changes would be T ~ l0/Vr = 1015/2 X 106 ~ 20 
years. Also, the entire group of emission features could change in time because of the 
strength of the IR pump, as discussed in § IV¿>. 

There are several other facts favoring the identification of these very red IR sources 
as evolved red giants or supergiants. First, in optical and IR observations it has been 
noted that the spectral features of many of these stars are similar to those of M6-M8 
types (Wing et al. 1967; Johnson 1968; Hyland, Becklin, Frogel, and Neugebauer 1970). 
Second, many of these sources are variables similar to those of other giant stars. Third, 
the luminosities of these stars are great. The only sources with complete published spec- 
tral data are NML Cyg and VY CMa. If the distance to NML Cyg is 500 pc, then this 
source has a luminosity of 5 X 104 Lö (Stein et al. 1969). At this distance the diameter 
of the IR source would be of the order of 1015 cm, which is 104 DQ—truly a giant (Stein 
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et al, 1969). Hyland, Beddin, Neugebauer, and Wallerstein (1969) have estimated the 
total luminosity of VY CMa to be 4 X 104 L0. A final fact favoring the evolved red- 
giant theory for most of these sources is that they are not concentrated in the plane and 
have an average galactic latitude of 19°, as would be the case with Population II objects. 
From the OH model, it is also possible to calculate a mass loss equal to 4^^^, or 
^lO-6 9Jîg year“1. This is a rate somewhat greater than that of normal red giants but 
somewhat less than that of planetary nebulae. 

V. CONCLUSIONS 

The results of observations of OH associated with IR stars have been presented. 
Twelve percent of the IR stars observed have OH emission associated with them. The 
OH emission is strongest at the 1612-MHz satellite-line frequency, and this emission 
occurs in two main velocity ranges. No emission was detected at the Í720-MHz satellite^ 
line frequency. Considering the properties of this emission, we concluded that the OH 
emission probably arises from a cloud of OH molecules which has been pumped by 
near-IR radiation to become a partially saturated maser. 

The objects that can best explain the observed IR and OH properties of these sources 
are expanding, luminous, evolved, red-giant stars. The atmosphere of the star could be 
expanding as a stellar wind because of the radiation pressure from the central star, and 
the OH masering clouds are located in the outer parts of the atmosphere at a radius of 
1015 cm where the conditions for the OH maser—low densities (10“17 g cm“3) and low 
temperatures (600° K)—are found. It was assumed that the central source appeared as 
a 1000° K blackbody to the OH cloud and subtended a solid angle of approximately 
1 sterad. 

The key to which IR stars have OH emission has not been found, although the condi- 
tions of redness and variability seem to be necessary but not sufficient. A probable ex- 
planation as to why only 12 percent of these red stars had detectable OH emission is 
that the limit of detection in the observations was 1-2 flux units and many sources 
may have been weaker. The negative OH observations of the young T Tauri stars 
indicate, however, that these stars do not provide the necessary conditions for the OH/ 
IR masering. 

This is the first class of OH sources which has been identified with stellar objects—^ 
red-giant or supergiant stars. This not only provides information on the OH masering 
process but will also provide information on the red-giant stars themselves (for example, 
measurements of conditions in their outer atmospheres) and on their mass loss. From one 
possible model presented here, the mass loss from these objects was calculated to be lO^® 
9Jio year“1. Interestingly enough, this rate of mass loss is intermediate between the value 
of ordinary red-giant stars and planetary nebulae. 
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