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ABSTRACT 
A search for 4.7 and 6.0 GHz rotationally excited OH emission in OH/Miras, OH/IR stars, Herbig-Haro 

objects, Herbig Ae and Be stars, and compact planetary nebulae has been performed. Many of the objects 
were surveyed in all seven of the lambda doublet hyperfine transitions in the 2n3/2, J = 5/2 and 2rii/2, 
J = 1/2 rotational states. In general, this is the most comprehensive and sensitive search for circumstellar rota- 
tionally excited OH yet performed. Only one new detection was made, but that was of 6035 MHz emission 
from the interesting object Yy 2-2. This object is a probable compact planetary nebula surrounded by a fossil 
molecular envelope from the progenitor red giant. The object was previously known to have a 1612 MHz 
ground-state OH maser. 

A complete summary of all observations is given. We discuss the excitation conditions and a number of 
pumping schemes that could explain the Vy 2-2 masers and the negative results for excited-state OH masers in 
the other sources. The morphology of the Vy 2-2 envelope as indicated by the velocity structure of the 6035 
MHz emissions is also discussed. 
Subject headings: interstellar: molecules — masers — nebulae: individual — nebulae: planetary 

I. INTRODUCTION 

Much of what is known about the circumstellar envelopes of 
evolved, oxygen-rich giant stars has been provided by ground- 
state OH maser studies. Such basic characteristics as envelope 
expansion velocity, diameter, and structure; the position, dis- 
tance, and systemic velocity of the source; and the mass-loss 
rate of the central star are all derivable—often exclusively— 
from OH maser observations. Conversely, important par- 
ameters such as the envelope abundances and excitation 
usually are not easily derivable from OH maser observations. 
These quantities are most often obtained through detailed 
computer models involving numerous variables that must be 
fitted to comparatively few observables. One way to constrain 
the models of OH abundance and excitation is to observe 
transitions in the excited rotational states in addition to the 
well-known ground-state transitions. 

Although previous searches for rotationally excited OH 
have been mostly negative (e.g., Thacker, Wilson, and Barrett 
1970; Zuckerman et al 1972; Baudry 1974; Rickard, Zucker- 
man, and Palmer 1975; Claussen and Fix 1981), two recent 
developments suggested that a new search might be fruitful. 
First, a significant improvement in receiver sensitivity, particu- 
larly at 6 GHz, has been achieved. Second, numerous new 
candidate objects have been identified, including entire cate- 
gories of objects such as OH/IR stars and compact planetary 
nebulae. We report in this paper the results of extensive search- 
es for circumstellar rotationally excited OH emission in the 
2n3/2, J = 5/2 transitions near 6.0 GHz and the 2n1/2 = J = 
1/2 transitions near 4.7 GHz. 

A primary result of our searches was the detection of the 
6035 MHz OH line toward the compact nebula Vyssotsky 2-2. 
This source is apparently a member of the emerging class of 
evolved stellar objects in transition from red giant to planetary 

1 Currently at the National Radio Astronomy Observatory, Tucson. 

nebula. It is classified as a compact planetary nebula (e.g., 
Perek and Kohoutek 1967) with moderate-excitation optical 
emission lines (Kaler 1976) and is well known as a thermal 
radio continuum source (Marsh 1975; Purton et al 1982). A 
few years ago Vy 2-2 was also discovered to be the probable 
host of a ground-state OH maser at 1612 MHz (Davis, Sea- 
quist, and Purton 1979, hereafter DSP). The association has 
been recently confirmed by aperture synthesis mapping 
(Seaquist and Davis 1983). Since the object has both an ionized 
zone and a neutral, molecular cloud, DSP suggested that it was 
a very young planetary nebula still enveloped by the neutral 
circumstellar shell of the progenitor red giant. If this interpre- 
tation is correct, the object assumes considerable importance 
in the study of planetary nebula formation. Only a few objects 
have been proposed to be in transition from red giant to plan- 
etary nebula (e.g., GL 2688, IRC +10420, GL 618). Even fewer 
bona fide planetary nebulae are suggested to have fossil red 
giant molecular envelopes still intact (e.g., NGC 7027). Among 
this latter group, only Vy 2-2 is apparently oxygen rich, as is 
evidenced by its OH maser. 

The 6035 MHz OH line from Vy 2-2 arises from an energy 
level ~ 120 K above the ground state. The maser thus samples 
an excitation regime that is significantly different from that of 
the ground state. In this paper we discuss the information 
provided by the excited-state OH line on OH maser pumping, 
envelope excitation, velocity structure, and spatial structure of 
Vy 2-2. 

We additionally discuss our searches for rotationally excited 
OH toward long-period variable stars, planetary nebulae, 
Herbig-Haro objects, and Herbig Ae-Be stars. For comparison 
purposes, we observed several previously known sources of 
rotationally excited OH in H n/molecular cloud regions. The 
results of these observations are presented in tabular form. 
Earlier reports of rotationally excited OH in the evolved cir- 
cumstellar objects NML Cyg and AU Gem are discussed in 
light of the present observations. 
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TABLE 1 
OH Transitions and Observing Parameters 

Tsys(K) 

Relative 1980 1981 1981 1982 
Transition2 Intensity15 Sep Apr Aug May 

2ni/2,J=l/2: 
F = 0—> 1,4660.242 MHz ..... 1.5 77 ... 70 58 
F = 1 —► 1,4750.656 MHz   2 78 ... 48 61 
F = 1-> 0,4765.562 MHz   1 79 ... 46 52 
2n3/2> J = 5/2: 
F = 2-> 3,6016.746 MHz   1 ... 58 38 37 
F = 22,6030.747 MHz   14 ... 60 41 39 
F = 3 —► 3,6035.092 MHz   20 ... 58 41 39 
F = 3-> 2,6049.084 MHz   1 ... 58 ... 45 

a Meerts and Dymanus 1975. 
b Radford 1968. 

II. INSTRUMENTATION 

The observations were made with the NRAO2 43 m tele- 
scope in Green Bank, West Virginia during four observing 
sessions: 1980 September 26-30, 1981 April 18-23, 1981 
August 28-31, and 1982 May 7-13. The transition frequencies, 
relative line strengths under equilibrium conditions, and char- 
acteristic system noise temperatures are listed in Table 1. In 
1980 September, the front-end receiver was a cooled, para- 
metric amplifier. In 1981 April, the excellent 4.7-7.2 GHz 
maser upconverter developed by C. Brockway was used. This 
system, with added improvements, was used again in 1981 
August and 1982 May. The spectrometer for all four observing 
sessions was the 1024 channel Model IV autocorrelator. The 
instantaneous bandwidth of the front-end receiver was usually 
broad enough to include two or more transition frequencies of 
a particular OH lambda doublet. When possible, the autocor- 
relator was split into halves, and two transitions were observed 
simultaneously. Typical bandwidths used were 1.25 or 2.50 
MHz. 

During the 1980 September observations, we used a position 
switching observing mode with the reference position offset 30' 
in right ascension from the source position. During the latter 
three sessions, frequency switching was used with the reference 
band usually offset by one full bandwidth. In a few instances, 
overlapped frequency switching, in which the signal frequency 
appears in both signal and reference, was used. Temperature 
calibration was obtained with a standard noise injection pro- 
cedure. Flux density calibration was achieved by observing the 
calibration source 3C 286. Using the scale of Baars et al (1977) 
which predicts a flux from 3C 286 of 7.54 Jy at 4750 MHz and 
6.48 Jy at 6030 MHz, we obtained aperture efficiencies of 53% 
(S/Ta = 3.66 Jy K"1) at 4750 MHz and 52% (S/TA = 3.68 Jy 
K-1) at 6030 MHz. Telescope beamwidths (FWHM) were 6Í0 
at 4.7 GHz and 4Í8 at 6.0 GHz. All observations were made 
with a single, linearly polarized feed with a position angle of 0° 
in 1980 September and 157?5 for the other sessions. 

III. OBSERVATIONS 

The sources chosen for this survey encompass a variety of 
physical conditions and states of evolution. Table 2 provides a 
list of the sources, their 1950 coordinates and the literature 
references for those coordinates, the assumed center velocities, 

2 The National Radio Astronomy Observatory is operated by Associated 
Universities, Inc., under contract with the National Science Foundation. 

and the type of source. For long-period variables with avail- 
able phase information, we have listed the phase at each 
observing epoch. Most Mira phases were calculated from the 
data of the American Association of Variable Star Observers 
(AAVSO). The phase of IRC +10011 was extrapolated from 
the OH maser monitoring observations described by Jewell, 
Webber, and Snyder (1980), and the phases of OH 127.8 — 0.0, 
VY CMa, WX Ser, OH 17.7-2.0, and NML Cyg were com- 
puted from the OH monitoring data of Herman (1983). 

The energy level diagram in Figure 1 shows the transitions 
of the first two rotationally excited OH states together with the 
familiar ground state. Table 3 summarizes all the observations 
made, and Table 4 provides additional information on detected 
lines. The entries in these tables are explained in the table 
footnotes. The radial velocity search range listed in Tables 3 
and 4 is the range of the final, displayed spectrum. The effective 
range is somewhat larger than that for observations made in 
the frequency switching mode, as emission lines appearing in 
the reference band would appear as absorption signals in the 
final spectrum. This may be of importance for the 1982 May 
observations of planetary nebulae and other objects with 
uncertain center velocities. Our usual observing mode placed 
the reference band higher in frequency (lower in velocity) by 
one bandwidth. The length of a typical search observation was 
about 1 hr, although some longer observations were made. 

The 6035 MHz emission from Vy 2-2 was observed in both 
1981 August and 1982 May and was the only new detection of 
this study (Fig. 2). We could not confirm the presence of rota- 
tionally excited OH masers in either NML Cyg or AU Gem, 
the only other evolved stellar objects reported to have such 
masers. Zuckerman et al. (1972) reported a line with a peak TA 
of ~0.8 K from NML Cyg, an M supergiant. We would have 
easily detected a line of this strength during either of the two 
sessions in which we searched for it. Whether this result indi- 
cates that the 6035 MHz emission from NML Cyg is episodic 
or that the line reported by Zuckerman et al. (1972) was 
spurious cannot be determined from the two data sets alone. 
Claussen and Fix (1981), observing with the Arecibo telescope, 
have reported a 4750 MHz line with a peak flux density of 0.10 
Jy from the Mira variable AU Gem. We integrated to an rms 
noise level of 0.07 Jy at 4750 MHz toward AU Gem and saw 
no evidence for a line.. The feature reported by Claussen and 
Fix (1981) would be only ~1.5 a in our spectrum and, quite 
possibly, could be obscured by the noise. The present result 
suggests that AU Gem should be reobserved, however. 
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TABLE 2 
Sources Searched for Rotationally Excited pH Emission 

LPV Phase0 

Source a(1950) ¿(1950) 
^LSR 

(km s"1) Type3 
Position 

Reference 
1980 

Sep 28 
1981 1981 

Apr 21 Aug 29 

LkHa 198  
IRC +10011 .... 
OH 127.8-0.0.. 
W3(OH)   
IK Tau  
IRC +50137.... 
HKOri   
Orion A   
M78  
OH 205.1-14.1 
UOri   
HD 250550   
HD 44179   
VY CMa ........ 
OH 231.8 + 4.2.. 
AU Gem  
R Leo   
W Hya  
SCrB   
WX Ser   
U Her  
M2 —9   
NGC6334N .... 
M3 —38  
Ml — 26   
Sgr B2   
VX Sgr  
SwStl   
M17  
IRC -10414.... 
M3 —27  
OH 17.7-2.0 ... 
OH 26.5 + 0.6 ... 
R Aql   
W49   
W51  
Vy 2-2   
IRC + 10420 .... 
Ml —92  
V1016 Cyg   
W75N   
NMLCyg   
V1057 Cyg   
V645 Cyg   
Hb 12   
RAqr   
R Casd   

00h08m43s6 
01 03 48.1 
01 30 27.6 
02 23 16.8 
03 50 46.0 
05 07 19.7 
05 28 41.8 
05 32 46.9 
05 43 35.1 
05 44 33.0 
05 52 51.0 
05 59 05.5 
06 17 37.0 
07 20 54.7 
07 39 58.9 
07 42 17.2 
09 44 52.0 
13 46 12.2 
15 19 21.5 
15 25 32.0 
16 23 34.9 
17 02 52.7 
17 17 32.1 
17 17 54.2 
17 42 45.0 
17 44 11.0 
18 05 03.2 
18 12 58.6 
18 17 29.0 
18 20 28.0 
18 25 31.6 
18 27 39.8 
18 34 52.5 
19 03 57.7 
19 07 49.8 
19 21 27.0 
19 21 59.5 
19 24 26.7 
19 34 18.4 
19 55 19.8 
20 36 50.0 
20 44 33.8 
20 57 06.2 
21 38 10.4 
23 23 57.2 
23 41 14.2 
23 55 51.9 

+ 58°33'08" 
+ 12 19 51 
+ 62 1131 
+ 61 38 53 
+ 11 15 42 
+ 52 48 54 
+12 07 22 
-05 2418 
-00 1102 
+ 00 20 30 
+ 20 10 06 
+ 16 31 10 
-10 36 52 
-25 4012 
-14 35 43 
+ 30 56 00 
+ 11 39 42 
-28 07 07 
+ 31 32 47 
+ 19 4413 
+ 19 0018 
-10 04 26 
-35 4415 
-29 0003 
-30 10 52 
-28 22 30 
-22 14 06 
-30 53 13 
-16 13 42 
-13 44 06 
+ 14 27 11 
-14 3104 
-05 26 37 
+ 08 09 08 
+ 09 01 17 
+14 24 30 
+ 09 48 00 
+ 11 15 11 
+ 29 26 05 
+ 39 41 30 
+ 42 26 58 
+ 39 55 57 
+ 44 03 46 
+ 50 00 35 
+ 57 54 24 
-15 33 42 
+ 51 06 37 

+ 30.0 
+ 9.0 

-55.0 
-44.5 
+ 33.0 
+ 5.0 

+ 11.0 
+ 7.0 

0.0 
0.0 

-39.0 
+ 10.0 
+ 27.0 
+ 21.0 
+ 30.0 
+ 5.0 
+ 1.0 

+ 40.0 
+ 1.0 
+ 5.8 

-13.5 
+ 82.0 
-10.0 

0.0 
+ 5.0 

+ 60.0 
+ 6.0 
+ 0.0 

+ 21.5 
+ 20.0 
+ 13.0 
+ 62.0 
+ 26.5 
+ 47.0 
+ 10.0 
+ 55.0 
-61.0 
+ 75.0 
+ 2.5 

0.0 
+ 8.0 

0.0 
+1.3 

-43.0 
-29.0 
-28.0 
+ 26.0 

AeBe 
OH/IR 
OH/IR 
MC/H ii 
OH/IR 
OH/IR 
AeBe 
MC/H ii 
HH 
T Tau? 
OH/Mira 
AeBe 

? 
OH/SG 
BPN 
OH/Mira 
OH/Mira 
OH/Mira 
OH/Mira 
OH/Mira 
OH/Mira 
PN 
MC/H ii 
PN 
PN 
MC/H ii 
OH/SG 
PN 
MC/H ii 
OH/IR 
PN 
OH/IR 
OH/IR 
OH/Mira 
MC/H ii 
MC/H ii 
PN 
OH/SG 
BPN 

? 
MC/H ii 
OH/SG 
FU Ori 
BPN 
PN 
sym? 
OH/Mira 

1 
2 
2 
3 
4 
2 
5 
6 
7 
8 
9 
5 
9 
2 

10 
11 
9 
9 
9 
2 
9 

12 
6 

13 
12 
14 
15 
12 
14 
4 

12 
2 
2 
9 
3 

14 
16 
2 

16 
17 
18 
2 

19 
20 
12 
9 

10 

0.17 
n.o. 

^0.4 

0.13 
-0.9 
n.o. 

o. 
.80 
o. 

0.6 

0.11 

0.49 
0.47 

^0.2 

0.54 

0.6 

0.77 
-0.4 

0.28 
0.88 
0.31 

^0.6 
0.93 
0.42 

0.8 

0.58 

0.66 
n.o. 

*0.7 

0.19 
-0.8 
n.o. 
n.o. 
n.o. 

n.o. 
0.00 

n.o. 

0.9 

0.89 
3 Type Abbreviations.—AeBe, Herbig Ae-Be object; BPN, bipolar nebula; HH, Herbig-Haro object; FU Ori, FU Orionis-type 

variable; MC/H ii, molecular cloud-H n region; OH/IR, OH/IR star; OH/Mira, OH/Mira variable; OH/SG, OH/supergiant star; sym, 
symbiotic system; T Tau, T Tauri-type object. 

b References.—(1) Loren, Vanden Bout, and Davis 1973. (2) Bowers, Johnston, and Spencer 1981. (3) Our preferred coordinates. (4) 
Neugebauer and Leighton 1969. (5) Herbig 1960. (6) Raimond and Eliasson 1969. (7) Strom, Grasdalen, and Strom 1974. (8) Schwartz 
and Buhl 1975. (9) SAO Catalog. (10) Wynn-Williams, Werner, and Wilson 1974. (11) Kukarkin et al. 1969. (12) Perek and Kohoutek 
1967. (13) Kwok, Purton, and Keenan 1981. (14) Rickard, Zuckerman, and Palmer 1975. (15) Hardebeck 1972. (16) Davis, Seaquist, and 
Purton 1979. (17) Purton et al. 1982. (18) Haschick et al. 1981. (19) Lo and Bechis 1974. (20) Lebofsky et al. 1976. 

c The entry n.o. means no observation of the source on this date. 
1 The phase of R Cas on 1982 May 10 was 0.48. 

IV. DISCUSSION 

In the following section we summarize the results of the 
excited-state OH maser searches for objects of the three major 
categories observed in this study. A brief discussion of ground- 
state OH emission characteristics and general physical proper- 
ties is given for each category. More detailed discussions of the 
structure of Vy 2-2, of pumping models for the excited-state 
OH, and of radiative transfer of rotationally excited OH 
follow. 

a) Classes of Objects Observed in This Search 
i) Cool Stars of Late M Spectral Type 

Rotationally excited OH masers are weak, if present at all, in 
this category of objects that includes OH/IR stars, OH/Miras, 
and OH/supergiants. We searched for the 4.7 and 6.0 GHz 
main-line and satellite line analogs of the 1.6 GHz ground-state 
OH transitions in numerous sources, setting upper limits for 
flux densities usually ^ 10“1 and in some cases <; 10“2 that of 
observed ground-state lines. In the OH ground rotational 

© American Astronomical Society • Provided by the NASA Astrophysics Data System 
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Fig. 1.—The energy level diagram for the first three rotational states of OH. The levels are labeled by rotational quantum number J, lambda doublet partity 

(+ or -), and hyperfine quantum number F. Transition frequencies are in MHz. The levels studied in this paper are the 2n„,. J = 5/2and2n,„ J = 1/2 excited 
rotational states. 1 i/2> / 

,noFl5 2-~The OH maser sPectra of yy 2'2' The uPPer two sPectra show the 6035 MHz rotationally excited OH emission reported in this paper, as observed in 1981 August and 1982 May. The bottom spectrum is the 1612 MHz ground-state line as observed by Davis, Seaquist, and Purton (1979). 
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TABLE 3 
Results of Rotationally Excited OH Observations 

Source 
Freq. 
(MHz) 

^ ^ Avac ^range Noise , 
(K) (km s"1 )a (km Date 

Lk Ha 198  4750 
4765 

6050 
6055 

IRC +10011 ... 4660 

4750 
4765 
6016 

6050 
6055 

6049 

OH 127.8-0.0 . 6050 
6055 

W5(0H)   4750 
4765 

6050 

6055 

IK Tau   6050 
6055 

IRC +50157 ... 6050 
6055 

HK Ori    6050 
6055 

Orion A ...... 4660 

4750 
4765 
6050 
6055 

M78 6050 
6055 

OH 205.1-14.1 6050 
6055 

U Ori  .... 6050 
6055 

HD 250550   4750 
4765 

6050 
6055 

HD 44179    6050 
6055 

VY CMa  4660 
4750 
4765 
6016 
6050 

6055 

0.166 
0.212 

0.114 
0.151 

0.412 
0.549 
0.574 
0.599 

0.251 
0.152 
0.228 
0.202 
0.126 
0.291 

0.529 
0.520 

0.527 
det. 

det. 
det. 
det. 
det. 
det. 
det. 

0.281 
0.288 

0.246 
0.226 

0.096 
0.099 

det. 
det. 
0.704 
0.655 

0.581 
0.404 

0.081 
0.076 

0.076 
0.066 

0.152 
0.152 

0.142 
0.151 

0.099 
0.118 

0.078 
0.081 

0.502 
0.278 
0.542 

0.215 
0.515 
0.149 
0.256 
0.252 

0.508 
0.507 

0.245 
0.245 

0.079 
0.157 
0.077 
0.077 

0.122 
0.122 
0.121 
0.121 
0.121 
0.121 

0.121 
0.121 

0.077 
0.077 

0.121 
0.121 
0.121 
0.121 
0.121 
0.121 

0.121 
0.121 

0.121 
0.121 

0.245 
0.245 

0.079 
0.079 
0.077 
0.077 

0.121 
0.121 

0.245 
0.245 

0.245 
0.245 

0.121 
0.121 

0.508 
0.507 

0.245 
0.245 

0.245 
0.245 

0.157 
0.154 
0.154 

0.122 
0.121 
0.121 
0.121 
0.121 

-56, +91 
-56, +91 

-41, +75 
-40, +75 

-28, +47 
-65, +86 
-27, +47 
-27, 449 

-19, +59 
-19, +59 
-19, +39 
-19, +59 
-19, +59 
-19, +59 

-85, -25 
-85, -25 

-81, 
-81, 

-72, -15 
-72, -14 
-72, -14 
-72, -15 
-72, -14 
-72, -15 

+5, -H55 
+5, +65 

-25, +55 
-25, +35 

-40, +71 
-40, +71 

-26, +46 
-30, 446 
-24, 445 
-29, 445 

-21, +37 
-21, +37 

-51, 460 
-51, +60 

-52, +60 
-52, 460 

-67, -14 
-67, -U 

-61 , +86 
-61, +86 

-46, +70 
-46, +70 

-29, +87 
-29, +87 

-53, +98 
-52, +97 
-52, +97 

-36, 481 
-36, +81 
-36, 481 
-36, +81 
-36, 481 

5/82 
5/82 

5/82 
5/82 

9/80 
8/81 
9/80 
9/80 

4/81 
8/81 
4/81 
4/81 
8/81 
4/81 

4/81 
4/81 

9/80 
9/80 

4/81 
8/81 
5/82 
4/81 
8/81 
5/82 

4/81 
4/81 

4/81 
4/81 

5/82 
5/82 

9/80 
8/81 
9/80 
9/80 

4/81 
4/81 

5/82 
5/82 

5/82 
5/82 

4/81 
4/81 

5/82 
5/82 

5/82 
5/82 

5/82 
5/82 

8/81 
9/80 
9/80 

4/81 
4/81 
8/81 
4/81 
8/81 

Source 
Freq. 
(MHz) 

Pk-Fk Av 
Noise 

(K) (km s 1 Yc 

¥ range 
(km s“1)b Date 

OH 231.&44.2 

AU Gem 

R Leo 

W Hya 

S CrB 

WX Ser 

U Her 

4750 
4765 

6016 
6030 
6035 

4750 
4765 

6030 
6035 

4660 
4750 

4765 

6016 
6030 

6035 

6049 

4660 
4750 
4765 

6016 
6030 

6035 

6049 

6016 
6030 
6035 
6049 

4750 
4765 

6016 
6030 
6035 
6049 

, 6030 
6035 

M2-9 ..... 

NGC 6334N 

M3-38   

M1-26   

Sgr B2 

0.343 0.154 
0.388 0.154 

0.297 
0.355 
0.255 
0.141 

0.125 
0.116 

0.116 
0.111 

0.291 
0.389 
0.180 
0.339 
0.191 

0.245 
0.168 
0.163 
0.206 
0.138 
0.308 

0.444 
0.439 
0.377 

0.334 
0.233 
0.172 
0.229 
0.154 
0.324 

0.179 
0.260 
0.263 
0.245 

0.160 
0.155 

0.273 
0.311 
0.337 
0.296 

0.149 
0.118 

6030 
6035 

6030 
6035 

6030 
6035 

6030 
6035 

4660 

4750 

4765 

det. 
det. 
det. 
det. 
det. 
det. 

0.122 
0.121 
0.121 
0.121 

0.154 
0.154 

0.121 
0.121 

0.157 
0.077 
0.154 
0.077 
0.154 

0.122 
0.121 
0.121 
0.121 
0.121 
0.121 

0.079 
0.077 
0.077 

0.122 
0.121 
0.121 
0.121 
0.121 
0.121 

0.122 
0.121 
0.121 
0.121 

0.154 
0.154 

0.122 
0.121 
0.121 
0.121 

0.121 
0.121 

-43,+106 
-42,+106 

-27, +90 
-27, +90 
-27, +90 
-27, +90 

-30, +43 
-30, +40 

-23, +35 
-23, +35 

-73, +78 
-35, +39 
-34, +39 
-35, +39 
-34, +39 

-27, +31 
-27, +31 
-27, +31 
-27, +31 
-27, +31 
-27, +31 

+3, +79 
+4, +78 
+4, +78 

+12, +70 
+12, +70 
+12, +70 
+12, +70 
+12, +70 
+12, +70 

-27, +31 
-27, +31 
-27, +31 
-27, +31 

-29, -J44 
-30, 444 

-22, +36 
-22, +36 
-22, +36 
-22, +36 

-42, +16 
-42, +16 

0.091 0.243 +26,+142 
0.083 0.243 +26,+142 

0.079 
0.157 
0.077 
0.154 
0.077 
0.154 

9/80 
9/80 

4/81 
4/81 
4/81 
8/81 

5/82 
5/82 

5/82 
5/82 

8/81 
9/80 
8/81 
9/80 
8/81 

4/81 
4/81 
8/81 
4/81 
8/81 
4/81 

9/80 
9/80 
9/80 

4/81 
4/81 
8/81 
4/81 
8/81 
4/81 

4/81 
4/81 
4/81 
4/81 

8/81 
8/81 

4/81 
4/81 
4/81 
4/81 

4/81 
4/81 

5/82 
5/82 

det. 0.121 -38, +20 4/81 
det. 0.121 -38, +20 4/81 

0.093 0.243 -56, +60 5/82 
0.105 0.243 -56, +60 5/82 

0.115 0.243 -51, +65 5/82 
0.104 0.243 -51, +65 5/82 

+28,+104 
-14,+137 
+29,+103 
+25, +98 
+29,+103 
+24, +98 

9/80 
8/81 
9/80 
8/81 
9/80 
8/81 
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TABLE 3—Continued 

Source 
Preq. 
(MHz) 

Pk-Pk 
Noise 

(K) 

Av V aac vrange 
(km s"1 )a (km s“'' Date Source 

Preq. 
(MHz) 

Pk-Pk Ay 
Noise 

(K) (km s ') 
range 

(km s-1)^ Date 

Sgr B2C 

(continued) 

VX Sgr 

SwSt 1 

M17 

6016 
6030 

6035 

6049 

4660 
4750 

6016 
6030 
6035 
6049 

4750 
4765 

6030 
6035 

6030 
6035 

6030 
6035 
6030 
6035 

OH 17.7-2.0 .. 6016 
6030 
6035 
6049 

OH 26.540.6 .. 4660 

4750 

4765 

6016 
6030 
6035 
6049 

IRC -10414 .. 

M3-27   

R Aql 

W49 

W51 

6016 
6030 
6035 
6049 

4750 
4765 

6030 

6035 

6030 
6035 

0.523 
0.419 
det.? 
det. 
det. 
0.432 

0.469 
0.278 

0.267 
0.186 
0.202 
0.306 

0.175 
0.201 

0.120 
0.126 

det. 
det. 
det. 

0.290 
0.290 

0.101 
0.097 

0.283 
0.310 
0.408 
0.385 

0.515 
0.293 
0.481 
0.137 
0.553 
0.150 

0.280 
0.218 
0.208 
0.248 

0.274 
0.218 
0.230 
0.314 

0.574 
det. 
det. 
det. 

0.537 
0.684 
0.377 
det. 
det. 
det. 

det. 
det. 

0.122 
0.121 
0.121 
0.121 
0.121 
0.121 

0.079 
0.077 

0.122 
0.121 
0.121 
0.121 

0.243 
0.243 

0.243 
0.243 

0.121 
0.121 
0.121 

0.121 
0.121 

0.243 
0.243 

0.122 
0.121 
0.121 
0.121 

0.079 
0.157 
0.077 
0.154 
0.077 
0.154 

0.122 
0.121 
0.121 
0.121 

0.122 
0.121 
0.121 
0.121 

0.154 
0.077 
0.154 
0.154 

0.121 
0.121 
0.121 
0.121 
0.121 
0.121 

0.121 
0.121 

+32, +90 
+32, +90 
+32, +90 
+32, +90 
+37, +90 
+32, +90 

-31, +45 
-30, +44 

-22, +36 
-22, +36 
-22, +36 
-22, +36 

-71 , +76 
-71. +76 

-56, 460 
-56, +60 

-6, +51 
-6, +51 
-6, +51 

-8, +50 
-8, +50 

-43, +73 
-42, +73 

+34, +92 
+34, +92 
+34, +92 
+34, +92 

-11, +65 
-48,+104 
-10, 464 
-9, +65 

-10, +64 
-9, +64 

-2, +56 
-2, +56 
-2, +56 
-1, +56 

+19, +77 
+19, +77 
+19, +77 
+19, +77 

-25, +48 
-26, +48 
-25, +48 
-25, +48 

-18, 440 
-18, 440 
-18, 440 
-18, +40 
-18, 440 
-18, 440 

+31, +88 
+30, +88 

4/81 
4/81 
8/81 
4/81 
8/81 
4/81 

9/80 
9/80 

4/81 
4/81 
4/81 
4/81 

5/82 
5/82 

5/82 
5/82 

4/81 
4/81 
5/82 

4/81 
4/81 

5/82 
5/82 

4/81 
4/81 
4/81 
4/81 

9/80 
8/81 
9/80 
8/81 
9/80 
8/81 

4/81 
4/81 
4/81 
4/81 

4/81 
4/81 
4/81 
4/81 

8/81 
9/80 
8/81 
5/82 

4/81 
8/81 
5/82 
4/81 
8/81 
5/82 

5/82 
5/82 

Vy 2-2 

IRC +10420 

Ml-92 

VI016 Cyg 

W75N  

NML Cyg .. 

V1057 Cyg 

V645 Cyg . 

Hb 12   

R Aqr 

R Cas 

4660 
4750 
4765 

6016 
6030 

6035 

6049 

4750 
4765 

6016 

6030 

6035 

4750 
4765 
6030 
6035 

6030 
6035 

6030 
6035 
4660 

4750 

4765 

6016 
6030 

6035 

6030 
6035 

6030 
6035 

4750 
4765 

6030 
6035 

6030 
6035 

4660 

4750 

6030 

6035 

0.186 
0.133 
0.111 

0.123 
0.081 
0.079 
det. 
det. 
0.152 

0.226 
0.242 

0.307 
0.141 
0.178 
0.107 
0.156 

0.112 
0.142 

0.067 
0.063 

0.092 
0.113 

0.495 
det. 

0.352 
0.281 
0.274 
0.175 
0.373 
0.163 

0.332 
0.305 
0.142 
0.175 
0.168 

0.154 
0.179 

0.110 
0.116 

0.124 
0.109 

0.085 
0.093 

0.250 
0.218 

0.411 
0.193 
0.444 

0.307 
0.271 
0.287 
0.242 
0.133 

0.157 
0.154 
0.154 

0.122 
0.121 
0.121 
0.121 
0.121 
0.121 

0.154 
0.154 

0.122 
0.122 
0.121 
0.121 
0.121 

0.154 
0.154 

0.243 
0.243 

0.243 
0.243 

0.121 
0.121 

0.079 
0.157 
0.077 
0.154 
0.077 
0.154 

0.122 
0.121 
0.121 
0.121 
0.121 

0.121 
0.121 

0.243 
0.243 

0.308 
0.307 

0.243 
0.243 

0.121 
0.121 

0.079 
0.157 
0.077 

0.121 
0.121 
0.121 
0.121 
0.121 

-97, -22 
-96, -23 
-94, -23 

-89, -31 
-89, -35 
-84, -36 
-89, -35 
-84, -36 
-88, -30 

+2,+151 
+3,+151 

+18,+135 
+18,+135 
+18,+135 
+18,+135 
+18,+135 

-68, +79 
-68, +78 

-53, +58 
-53, +58 

-56, +60 
-56, +60 

-20, +38 
-20, +38 

-37, +39 
-76, +75 
-36, +38 
-37, +36 
-36, +38 
-37, +36 

-57, 460 
-57, +60 
-30, +28 
-57, 460 
-30, +28 

-26, +32 
-27, +31 

-99, +17 
-99, +17 

-100, +47 
-100, +47 

-85, +31 
-84, +31 

-56, 
-56, 

+2 
+2 

-11, +65 
-48,+103 
-10, +64 

-2, +56 
-2, +56 
-2, +56 
-2, +56 
0, +56 

5/82 
5/82 
5/82 

5/82 
8/81 
5/82 
8/81 
5/82 
5/82 

8/81 
8/81 

4/81 
8/81 
4/81 
8/81 
4/81 

5/82 
5/82 

5/82 
5/82 

5/82 
5/82 

8/81 
8/81 

9/80 
8/81 
9/80 
8/81 
9/80 
8/81 

4/81 
4/81 
8/81 
4/81 
8/81 

8/81 
8/81 

5/02 
5/82 

5/82 
5/82 

5/82 
5/82 

8/81 
8/81 

9/80 
8/81 
9/80 

4/81 
8/81 
4/81 
8/81 
5/82 

' Autocorrelator channel spacing. 
’ Velocity coverage of the spectrum. 
! A broad emission pedestal may be present in the Sgr B2 6030 MHz spectrum of 4/81. 
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TABLE4 
Detected Lines of Rotationally Excited OH 

Source 
Preq. 
(MHz) Date 

Peak Ta 
(K) 

RMS 
Noise 

(K) 

VLSR AVi FWHM 
(km s-1)a-b (km s~1)c 

range 
(km s"1 )d Notes6 

W5(0H)   4765 

6030 

6035 

Orion A  4660 

9/80 

4/81 
8/81 
5/82 
4/81 
8/81 
5/82 

9/80 

8/81 

NGC 6334N ... 6030 4/81 
6035 

Sgr B2   4660 9/80 
8/81 

4750 9/80 

8/81 
4765 9/80 

8/81 
6030 8/81 
6035 4/81 

8/81 

M17   6030 4/81 

6035 4/81 

5/82 

W49    4765 9/80 
8/81 
5/82 

6035 4/81 

8/81 

5/82 

W51    6030 5/82 
6035 5/82 

Vy 2-2   6035 8/81 
5/82 

1.39 
0.93 
7.72 
7.42 
7.44 

29-2 
26.8 
25.6 

0.22 
0.39 
0.19 
0.25 

1.31 
26.4 

0.18 
0.19 
0.12 
0.24 
0.13 
0.32 
0.37 
0.1? 
1.40 
1.60 
1.23 
1.46 

0.46 
0.44 

11.4 
6.45 

11.2 
6.33 

0.52 
0.41 
0.39 
0.55 
0.43 
0.26 
0.37 
0.38 
0.38 
0.26 
0.33 
0.38 
0.38 
0.30 
0.23 

0.91 
1.82 
1 .03 
0.39 
0.63 

0.093 

0.067 
0.077 
0.060 
0.064 
0.076 
0.064 

0.051 

0.058 

0.110 
0.108 

0.087 
0.106 
0.040 

-0.07 
0.519 
0.074 
0.065 
0.074 

0.069 

0.134 

0.137 

0.167 

0.111 
0.087 
0.056 
0.082 

0.098 

0.037 

0.096 
0.087 

0.041 0.008 
0.033 0.006 
0.019? 

W75N 6035 8/81 1.82 
2.30 
0.58 

0.081 

-45.0 
-43.3 
-42.9 
-42.9 
-42.8 
-43.0 
-43.0 
-43.0 

+9.8 
+14.5 
+9.8 

+14.5 

-10.4 
-10.3 

+60.0 
+60.0 
+57.4 
+62.9 
+58.3 
+61.3 
+61.2 

~+57 
+66.6 
+72.1 
+66.6 
+72.2 

+21.5 
+22.6 
+21.4 
+22.5 
+21.4 
+22.5 

+8.2 
+8.2 
+8.3 

+10.3 
+13.4 
+16.9 
+18.3 
+10.1 
+13.8 
+17.0 
+18.0 
+10.4 
+13.4 
+17.0 
+18.0 

+53.6 
+53.7 
+55.1 
+57.1 
+58.5 

-62.3 
-62.4 
-52.3 

+6.9 
+8.1 
+9.6 

0.31 
0.46 
0.73B 
0.73B 
0.73B 
0.73B 
0.73B 
0.73B 

0.71 
0.78 
0.64 
0.63 

0.61B 
0.48B 

15.7 
20.0 
25.3 
0.69 

29.1 
0.54 
0.61 

-24 
0.73 
0.85 
0.61B 
0.85B 

0.36 
0.36 
0.24 
0.24 
0.36 
0.36 

0.23 
0.61 
0.31 
0.61 
0.85 
0.61 
0.61B 
1.09 
0.73 
0.24 
0.36 
1.21 
0.85 
0.24 
0.48 

0.73 
0.61 
0.61 
0.73 
0.61 

1.46 
1.70 
1.58 

<0.24 
0.61 
0.73 

-45.3 - -42.8 

-48.5 - -41.8 
-48.2 - -41.6 
-48.5 - -41 .6 
-49.0 - -39.1 
-49.2 - -40.1 
-49*7 - -39.3 

+7-9 - +16.1 

+8.7 - +15.8 

-10.7 - -10.1 
-11.7- -6.6 

+47.4 - +72.0 
+49.7 - +74.0 
+44.0 - +72.8 

+43.6 - +72.7 

+47 - +70 
+62.2 - +73.1 

+62.5 - +72.8 

+21.2 - +23.1 

+20.9 - +23.2 

+21.0 - +23.7 

+8.1 - +8.5 
+6.5 - 48.6? 
48.0 - +8.8 
+9-9 - +18.4 

+9-5 - +18.4 

+9.9 - +18.6 

+51.8 - +54.0 
+52.3 - +59.4 

-63.7'- -61 .4 
-63.8 - -60.4 
-53-2 - -50.4 

+5.8 - +9.8 

Hsm. 

Hsm. 

ped. 
ped. 
ped.; Hsm. 
narrow feature 
ped. 
Hsm. 
possible ped. 

Hsm. 
Hsm. 
Possible det. 

a Because of a slight inaccuracy in the procedure which set the center velocity of the Model IV autocorrelator 
during its early operation, the velocity scales for the 9/80 and 4/81 data were subject to errors of ~2-5 channels. We 
believe that the velocities listed here have been largely corrected for this problem, but errors <0.3 km s_ 1 may still 
exist. 

b The LSR velocities denote the velocity of peak emission except in the case of pedestal emission (Sgr B2) where it 
denotes the center of the pedestal. 

c A notation of“ B ” on the velocity widths indicates that the line is composed of a blend of semiresolved features. 
d Vrange indicates the velocity range of the emission complex. e A notation of “ Hsm.” indicates that the peak emission and rms noise were taken from a Hanning smoothed 

spectrum; “ped.” indicates that an emission pedestal was present. 
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state, OH/IR stars and OH/supergiants typically emit most 
strongly in the 1612 MHz satellite line although weaker 1665 
or 1667 MHz main-line emission is usually present. OH/Miras 
often emit only in the OH main lines. Using models developed 
by Goldreich and Scoville (1976) and Elitzur, Goldreich, and 
Scoville (1976, hereafter EGS), typical physical parameters for 
circumstellar envelopes at a radius of 3 x 1016 cm are NOH & 
1016 cm-2, nH2 ä 104 cm“3, Tk < 100 K, with Tdust > Tk. EGS 
found that for a standard model with parameters similar to 
those just listed, the 1612 MHz maser was quenched by colli- 
sions for rcH = nH2 > 4 x 105 cm“3. 

ii) Circumstellar Objects with Hot Central Stars 
The objects in this category are of two different types, 

compact planetary nebulae and young objects such as Herbig- 
Haro and Herbig Ae-Be stars. One compact planetary nebula, 
Vy 2-2 was detected. The emission was observed at two epochs, 
9 months apart; within the noise, there is no evidence for varia- 
bility between the two observations. The ratio of 6035 MHz to 
1612 MHz flux in this source is 0.026 (photon flux ratio 
06O35/01612 == 6.9 X 10 3). 

The negative results for the other compact planetaries might 
be caused by inadequate sensitivity, inappropriate chemistry 
(carbon-rich rather than oxygen-rich), or a dissipated red giant 
circumstellar envelope. Presumably, the phase of red giant 
mass loss has ended in these objects. Within ~104 yr, the 
density of the gas and the density and temperature of the dust 
will become inadequate to support OH maser emission, if the 
gas is flowing out at a rate of a few km s “ ^ Hence, this phase of 
evolution is brief. The young objects were included on the 
chance that their physical environment might resemble that of 
Vy 2-2, despite the difference in evolutionary stages. 

iii) Compact H n Regions Associated with Star Formation 
Rotationally excited OH masers in the 2n3/2, J = 5/2 and 

2n1/2, J = 1/2 levels are commonly found in these regions. The 
1665 and 1667 MHz main lines are the dominant ground-state 
OH masers in these regions; the 1612 MHz and 1720 MHz 
lines are usually much weaker, although some strong masers at 
these frequencies do exist (Guilloteau 1982). In general, 
however, main-line masers predominate among lambda doub- 
lets in the 2n3/2 ladder. This is in contrast with the 2H1/2, 
J = 1/2 lambda doublet in which 4765 MHz emission—the 
analog of the ground-state 1720 MHz line— is strongest. 

Despite the general association of ground- and excited-state 
OH masers in these regions, the velocity of peak emission is 
typically different for different rotational states (e.g., Winnberg, 
Walmsley, and Churchwell 1978). This indicates that the 
strongest ground- and excited-state masers usually exist in dif- 
ferent volumes of gas. Physical conditions in these regions are 
typically Tk = 100-200 K, nH2 ä 107 cm“ 3, and AT0h ^ 1017 

cm“2 (Guilloteau 1982). More details about these objects are 
given by Guilloteau et al. (1984) and references therein. 

b) Vy 2-2: Morphology and Maser Excitation 

To date, most of the information on the structure of the 
neutral envelope about Vy 2-2 has been provided by the 1612 
MHz OH maser. DSP proposed a source morphology similar 
to OH/IR stars from the line profile shape of the 1612 MHz 
emission (Fig. 2) which resembles the blueshifted half of the 
double-peaked OH maser emission pattern of OH/IR stars. In 
the idealized OH/IR star model (e.g., EGS; Kwok 1976; Reid 

et al. 1977), the two emission peaks of the OH/IR stars arise 
from masers situated along the line of sight through the star 
with the low-velocity, or blueshifted, maser residing at the near 
side of the radially expanding envelope and the high-velocity, 
redshifted maser residing at the far side. The weak emission 
between the main peaks appears in spatial maps as concentric 
rings centered on the line of sight through the star (Booth et al. 
1981). DSP suggested that the redshifted emission was absent 
in Vy 2-2 because the intervening ionized region, which is opti- 
cally thick up to a frequency of ~ 15 GHz (Seaquist and Davis 
1983), absorbed it. Alternatively, Kwok (1981) suggested that 
the far component was missing because, geometrically, the gas 
is unable to amplify the 18 cm continuum radiation of the 
nebula along the observer’s line of sight, whereas the front side 
can . The latter explanation is possible only if the 1612 MHz 
maser is unsaturated, however (Elitzur 1982). 

Recently, spatial maps of the ionized region and the 1612 
MHz OH maser using the Very Large Array have been made 
by Seaquist and Davis (1983). At 15 GHz, the ionized nebula 
was resolved as a thin shell, ~0"5 in outer diameter and ~0'.'2 
in inner diameter. The peak OH maser emission is projected on 
the outer periphery of the 15 GHz continuum emission region; 
the weaker, high-velocity 1612 MHz wing originates from a 
string of positions directed outward from the ionized region 
and the postion of peak OH emission. Thus, the 1612 MHz 
OH maser emission of Vy 2-2 does not conform to the ideal- 
ized OH/IR star model. This is not unusual for OH/IR stars 
and may indicate only that the envelope is clumpy rather than 
homogeneous. However, Seaquist and Davis (1983) suggested 
that the 1612 MHz maser emission might be in the shocked, 
density-enhanced zone at the interface of the neutral and 
ionized regions. In this case, the OH maser emission distribu- 
tion would probably bear no resemblance to that of OH/IR 
stars. Since physical conditions will vary greatly, determination 
of whether the masers are located in this region or far out in the 
circumstellar envelope as in the OH/IR star model may indi- 
cate whether they are radiatively or collisionally pumped. 

The LSR velocity of the Vy 2-2 nebula as determined from 
optical spectra is —53.9 ± 3.9 km s“1 (Schneider et al. 1983). 
Recently, Knapp and Morris (1984) have reported a tentative 
detection of CO emission from Vy 2-2 at a center velocity of 
approximately —45 km s“1 and extending from about —56 to 
about —32 km s“1. The optical and CO velocities are some- 
what inconsistent with each other, although either could be 
consistent with an OH/IR star expanding envelope model. The 
CO detection is too marginal to provide firm conclusions at 
this time, however. 

The 6035 MHz OH maser emission reported here may help 
clarify the morphology of Vy 2-2. The —62 km s“1 feature at 
6035 MHz occurs at about the same velocity as the peak 1612 
MHz emission (Fig. 2). In addition, there is in the 1982 May 
6035 MHz spectrum a possible line at —52.3 km s“1. This 
feature is at the 3 cr level and will have to be confirmed. If real, 
it could be interpreted in terms of the OH/IR star model as the 
missing velocity component from the far side of the nebula. 
The previously mentioned argument that 1612 MHz emission 
from the far side of the nebula would be absorbed would gener- 
ally hold for 6035 MHz emission as well. If we assume that 
t(15 GHz) = 1 and Te = 104 K, then by scaling laws (Spitzer 
1978, p. 59), t(6 GHz) = 7 whereas t(1.6 GHz) = 110. Thus, 
even though the 6035 MHz optical depth is substantial, masers 
at the far side of the nebula but at its periphery might not be 
entirely absorbed by the intervening ionized material. 
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c) Pumping and Radiative Transfer of Rotationally Excited OH 
Masers 

The characteristics of the Vy 2-2 masers are anomalous: a 
satellite line (1612 MHz) is strongest in the ground state, while 
a main line (6035 MHz) is strongest in the first excited state. As 
summarized above, this is atypical of both young H n regions 
and OH/IR stars, where rotationally excited OH lines may not 
exist at all. An explanation of the Vy 2-2 characteristics that is 
consistent with the negative results for the other evolved stars 
is the primary challenge of any model of circumstellar rotation- 
ally excited OH masers. The feasibilities of various models are 
discussed below. 

i) Radiative Pumps 
Noting that Vy 2-2 is a copious emitter of infrared radiation, 

DSP suggested that the far-IR pumping model of EGS might 
explain the 1612 MHz OH maser in the source. The EGS 
model has been successful in explaining 1612 MHz masers 
from cool, evolved stars. In its simplest form, this model is not 
expected to produce mainAine OH masers, however. Indeed, in 
their model calculations EGS found no inversions in the 2n3/2, 
J — 5/2 levels responsible for the 6035 MHz emission. Further- 
more, the population per degenerate sublevel in the 2n3/2, 
J = 5/2 states was ~10-3 smaller than in the ground state, 
although the input parameters used may be dissimilar to those 
obtaining in Vy 2-2. Nevertheless, variations of this model 
which take into account more subtle physical effects may 
explain the ground-state main lines. Such models may be rele- 
vant to rotationally excited main lines, as well. 

In Figure 3, we display an OH energy level diagram showing 
the simplified path of the 35 pm pump, and the allowed tran- 
sitions between rotational levels. The Einstein A-coefficients as 
obtained from Brown et al (1982) are given for each transition. 
In the absence of photon trapping effects, the flow path will 
proceed according to the ^-coefficients. Thus, following the 35 
jum pump transition from the ground 2n3/2, J = 3/2 state to 
the 2n1/2, J = 5/2 state, the radical will decay down the 2n1/2 
ladder via infrared rotational transitions until it reaches the 
2n1/2, J = 1/2 state. From there, the only remaining allowed 
transition is to the 2n3/2, J = 3/2 ground state. Simple dipole 
selection rules together with photon trapping effects in the final 
IR transition produce the inversion in the 1612 MHz levels. 

Since the two halves of the lambda doublets are symmetric 
to dipole selection rules, an inversion of the OH main lines 
does not result from a simple cascade through rotational levels. 
Elitzur (1978) noted that the energy separation of the two 
halves of the lambda doublets increases through the 2n1/2, 
J = 5/2 state. If the intensity of the infrared pumping radiation 
also increases with frequency—as it will for hot, optically thin 
dust—the upper halves of the lambda doublets will be prefer- 
entially populated and main-line inversion will result. Bujarra- 
bal et al (1980) found that asymmetries in the Einstein 
A-coefficients of OH for infrared transitions led to stronger 
inversions, when pumping is by a frequency-dependent spec- 
trum as described above. 

This mechanism could well explain the 6035 MHz maser of 
Vy 2-2. However, the 2n3/2, J = 5/2 levels are efficiently 
involved in the pump cycle described above only when the 
2H1/2, J = 3/2—► 1/2 and the 2nl/2, J = 3/2-> 2n3/2, J = 3/2 
transitions are at least partially saturated. Because of the pre- 
sumed large abundance in the ground state, rotational tran- 
sitions connecting the ground state are probably optically 
thick in any case, so the 2nl/2, J = 3/2—► 1/2 transition is the 

Fig. 3.—The flow cycle of the 35 pm radiative pump of the OH maser. The 
bold lines indicate the transitions involved in the inversion of the ground-state 
1612 MHz maser as proposed by Elitzur, Goldreich, and Scoville (1976). (The 
lambda doubling and hyperfine splittings are ignored in this qualitative 
description). The Einstein spontaneous emission coefficients are given for the 
most probable transition connecting two lambda doublets (data from Brown 
et al 1982). Rotational transitions connecting the ground-state lambda 
doublet are presumed to be optically thick and are so designated by the filled 
squares in the figure. Additionally, if the 2Tl3/2, J = 5/2 levels are to participate 
in the pump cycle, then the transitions connecting the 2ni/2, J = 3/2 and 1/2 
levels (marked by an open square) must be at least partially optically thick. 

most critical. This transition will achieve a peak optical depth 
of unity (see the Appendix) under physical conditions similar to 
those giving rise to 1612 MHz OH maser emission in the 
model of EGS, e.g., Tex = 50 K, ^(OH) = 5 x 10"4 cm"3, 
L = 1016 cm, and At; = 1 km s-1. Thus, no extraordinary con- 
ditions are required for the 2n3/2, J = 5/2 levels to become 
part of the far-IR pump cycle. Such a model is worthy of 
further, more detailed calculations. 

ii) Collisional Pump Models 
Collisional pumping has been advocated by Flower and 

Guilloteau (1982) as a likely excitation mechanism for excited- 
state OH masers near H n regions. This model uses recently 
calculated cross sections for para-H2-OH collisions and 
requires that the gas kinetic temperature Tk exceed the dust 
temperature Td. High maser brightness temperatures are pro- 
duced for physical conditions typical of H n region/molecular 
cloud interfaces. A typical gas density in these regions is nHl ä 
107 cm-3, at least 102 larger than in the OH maser regions of 
cool IR stars. As a result, collisional pumping is probably 
insignificant in OH/IR stars and OH/Miras for either the 
ground or excited rotational states of OH. 

The possibility that a collisional pump could explain the Vy 
2-2 6035 MHz OH maser must be given serious consideration. 
The Vy 2-2 envelope is apparently an H n region expanding 
into a neutral molecular cloud, and physical conditions could 
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be similar to those in interstellar OH/H n regions. Specifically, 
a shocked, high-temperature and high-density zone with char- 
acteristics comparable to those of OH/H n regions could exist 
near the interface of the ionized and neutral regions of Vy 2-2. 
Moreover, the kinetic temperature throughout the envelope is 
likely to be higher than in an OH/IR star because of the high 
excitation of the central star and nebula. More extensive mod- 
eling of the neutral and ionized nebulae and observations of 
other molecular species such as CO should eventually lead to 
accurate physical parameters for Vy 2-2 and an assessment of 
collisional pumping of OH. 

iii) Radiative Transfer of Rotationally Excited OH Maser Emission 
Most astrophysical masers are believed to exist in long, 

tubelike columns of gas (Elitzur 1982). The brightness tem- 
perature of a cylindrical maser may be written as (see the 
Appendix) 

7 /iV L2 rfNon / v \ 
12 Snk2 r2 v2Av V V (1) 

where F is the damping constant (inverse lifetime) of the inver- 
sion states; L is the length of the maser cylinder and r is its 
radius;/is the fraction of OH molecules in the lower level of 
the transition; NOH is the total OH column density; Av is the 
line width; and T0 is the unsaturated excitation temperature. 
The brightness temperature is related to the observed flux 
density S by TB = A2S/2kils, so long as the source solid angle 
Qs is small compared to the antenna main beam solid angle. 

From the observed flux density of the 6035 MHz maser of 
Vy 2-2, we would like to determine such quantities as T0 and 
/VOH. Similarly, for the nondetections in other sources, we 
would like to place limiting values on these quantities. Unfor- 
tunately, few of the other required parameters in equation (1) 
are well determined, so we must seek ways to eliminate some 
parameters. Since size parameters such as L/r and Qs are set by 
the physical scale of the circumstellar envelope and can be 
presumed to be comparable for 6035 MHz and 1612 MHz OH 
masers, a fruitful approach is to deal in ratios of 6035 MHz to 
1612 MHz flux densities. Interpreted in the terms of equation 
(1), these ratios become 

^6035 (F/v/Tq^oss 
s1612~(r/v/r0)1612’ 

1} 

where Qs and L/r are assumed equal for the two transitions. 
The detected ground- and excited-state OH lines in Vy 2-2 

are in the ratio 5'6035/5,
1612 = 0.026. The strength of the 6035 

MHz line here may be explained by a slightly larger popu- 
lation in the maser levels. In thermal equilibrium at T = 50 K, 
/6035//1612 = 0.13. Because of the fast IR radiative transitions 
out of the 2n3/2, J = 5/2 states, the thermal equilibrium popu- 
lation is probably an upper limit to the actual population (at 
that temperature). High fractional populations in the 6035 
MHz levels in Vy 2-2 would be expected if the maser resides 
near the interface of the H 11 region and molecular cloud. The 
fractional population ratio might then be bounded by the 
thermal equilibrium value and the value typical of OH/IR stars 
(see, for example, Table 2 of EGS), i.e., 0.13 < /6035//1612 ^ 
0.001. This range is quite consistent with the Vy 2-2 flux 
density ratio of 0.026 if v/T0 and F are similar for the two 
masers. 

For the negative results of OH/IR stars, the flux density 
ratio S'6035/51612 < 1.8 x 10-3 for OH 26.5 + 0.6, <1.2 
x 10“3 for NML Cyg, and <0.013 for IRC +10011. Thus, 

regardless of the values of F and 7J), the difference in popu- 
lation between the 1612 and 6035 MHz maser states is suffi- 
cient to explain the negative results at 6035 MHz. The 
possibility that the relative inversion v/T0 or the lifetime F is 
greatly stronger at 6035 MHz than at 1612 MHz is also pre- 
cluded. 

V. CONCLUSIONS 

The observations and analysis of this paper suggest the fol- 
lowing conclusions regarding rotationally excited OH in cir- 
cumstellar envelopes. For cool objects such as OH/Miras and 
OH/IR stars, the lack of rotationally excited OH emission 
results primarily from the small population in those levels; 
whether the levels are inverted or not is generally academic. 
The possibility that episodic flares of excited-state OH emis- 
sion occur in some of these stars cannot be ruled out, however.. 

The existence of excited-state OH emission in Vy 2-2 can 
probably be attributed to the high excitation of that source. 
Several possibilities for the pump mechanisms and locations of 
the 1612 MHz masers can be enumerated: 

1. The two masers are not spatially associated; the 1612 
MHz maser exists far out in the remnant circumstellar 
envelope and is pumped by 35 jum radiation but the 6035 MHz 
maser exists in a higher density region near the ionized nebula 
and is pumped by collisions. This model is the easiest to 
explain in terms of other known astrophysical masers and 
existing pumping theories. 

2. The two masers are spatially associated in the outer cir- 
cumstellar envelope and both are radiatively pumped, the 1612 
MHz maser by the 35 fim mechanism of EGS and the 6035 
MHz maser perhaps by mechanisms similar to those proposed 
by Elitzur (1978) and Bujarrabal et al (1980) for the ground- 
state main lines. 

3. The two masers are spatially associated but are both in a 
density-enhanced zone near the ionized nebula. Hybrid physi- 
cal conditions intermediate between those of OH/IR stars and 
interstellar OH/H 11 regions could be produced by a shock 
front advancing into a medium whose density is probably 
decreasing as r~2. The 1612 and 6035 MHz masers might be 
pumped by radiation, collisions, or a combination. 

The major challenge for any model of these masers is to 
explain the observed combination of maser transitions, which 
is very unusual. A strong possibility exists that the physical 
conditions and the OH masers in Vy 2-2 are unique. The infor- 
mation provided by the masers will undoubtedly play an 
important role in the eventual explanation of the source. 

Further work on the Vy 2-2 OH masers is needed. Among 
observations, the confirmation of the possible high-velocity 
6035 MHz line is important. In addition, interferometer maps 
showing the relative positioning of 1612 and 6035 MHz maser 
features are essential. Theoretical work needed includes 
detailed modeling of the density and temperature profiles of 
the source and of the pumping and radiative transport of the 
OH masers. 
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APPENDIX 

I. THE OPTICAL DEPTH OF OH INFRARED TRANSITIONS 

The optical depth tv of a transition is given in terms of the level degeneracies gh the Einstein A-coefficient Auh the column density 
of the lower level Nh the transition wavelength A0, and the excitation temperature Tex by 

9u Aui^t A0
2 

Sngi 
^ _ g-hc/XokTe^ (Al) 

Assuming a Gaussian line shape, the 2nl/2, J = 3/2, F = 2+ —> 2ni/2, J = 1/2, F =1 transition will achieve peak optical depth of 
unity at a lower level number density of 

Mt=1 = 5.7x 10- 
io16 cmV Av \ r 

L /\^m s_1/ L 
1 — exp 

)j 
cm (A2) 

where a Gaussian line shape of FWHM Av is assumed, and where L is the path length. For L = 1016 cm, At; = 1 km s \ and 
Tex = 50 K, [w/]T= i = 5 x 10-4 cm-3. 

II. THE BRIGHTNESS TEMPERATURE OF A CYLINDRICAL MASER 

Working from a theory developed by Goldreich and Keeley (1972), Guilloteau, Lucas, and Omont (1981) have given a useful 
expression for the brightness temperature of a cylindrical maser that may be written as 

7 he3 L3 An0r 
12 8tü/c r2 v2At; 

(A3) 

Here, L is the length of the maser cylinder, and r is its radius; An0 is the unsaturated inversion density of molecules in the velocity 
interval At;; and F is the damping constant of the inversion states. The unsaturated inversion density An0 is related to the 
unsaturated excitation temperature T0 by the Boltzmann equation : 

Art0 = 9i(— — =: ni0(e~'"’lkTo — 1) « —nlo pp , (A4) 
\ Qu Gi J K *o 

where nuo and tii0 are the unsaturated populations of the upper and lower states, respectively, and where the last approximation is 
valid for weak inversions at maser frequencies important here. Writing the lower level unsaturated population as a fraction of the 
total OH column density, nh =fnOH =fnOH/L, where NOH is the OH column density, one obtains the maser brightness temperature 
expression given in equation (1) of the text. 
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