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ABSTRACT

This thesis describes observations of radio frequency
spectral lines, particularly the 616-523 H2 0 rotational
transition at 1.35 cm, in a number of galactic objects in-
cluding HII regions and late type stars. H20 emission has
been found to be definitely a maser type process originating
from sources with typical dimensions of the order of a few
A.U. The emission is highly variable in time and is associ-
ated with OH emission both in position and radial velocity.
In many cases, H20 emission is found to occur in objects
which are strong infrared emitters and a survey of late type
stars has revealed that a number of otherwise normal M type
variable stars are sources. Emission from M stars occurs
at velocities of a few km/sec with respect to the star and
varies in intensity in phase with the infrared variations
possibly indicating that the H20 maser is pumped by infra-
red radiation from the star. Stars with H20 emission are
usually also OH sources but at the main lines rather than
the 1612 MHz transition usually associated with infrared
star/OH sources demonstrating an intimate connection between
the two masering phenomena. An analysis of the conditions
required to produce H20 masering produces the result that
the emission can be pumped by the 2V continuum from a star
and that the maser is probably located in the circumstellar
region of a star undergoing mass loss. The discovery of
H20 and OH emission from certain late type stars represents
the identification of a previously unknown process in ap-
parently normal stars which can be studied at radio, infra-
red and optical wavelengths.

Thesis Supervisor: Alan H. Barrett
Professor of Physics
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I. Microwave Spectroscopy of the Interstellar Medium

IA. History

Radio noise of extraterrestrial origin was first dis-

covered in 1932 by Karl Jansky, but it cannot be said that

the young science progressed rapidly from its beginnings.

Early contributions by non-astronomers such as Reber and

others were largely ignored by the astronomical community;

early radio telescopes were crude and the information that

they gathered was little more than an interesting but unim-

pressive novelty compared to the achievements of the great

optical devices of the day. Like much of modern science,

radio astronomy was born in the second world war, but, per-

haps the most important contribution of this period did

not come from any great war research effort but rather from

a group of Dutch astronomers who had plenty of time to think

in occupied Holland. Jan Oort recognized the inherent pos-

sibilities of radio spectroscopy as a tool to study low

energy processes and galactic structure and suggested to

Henrick Van de Hulst that he should find a radio line which

could be detected. Van de Hulst's line was the transition

between hyperfine levels of the hydrogen atom at a frequency

of 1420 MHz; he proposed that this line could be detected

and used to study the distribution of neutral hydrogen in

the galaxy.

In 1952, Ewen and Purcell first detected the hydrogen
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line; they were soon followed by many others in Holland,

Australia and the United States who studied the line in

emission and absorption, mapped it in position and radial

velocity and gave us, for the first time, an accurate view

of the structure of our galaxy. The success of radio as-

tronomy in detecting and exploiting the hydrogen line en-

couraged astronomers to search for other radio lines, par-

ticularly of simple molecules such as OH, CH, SH and SiH;

it was not until 1963, however, that Weinreb, Barrett,

Meeks and Henry (1963) detected OH in absorption against

Cassiopeia A. The confirmation of the detection of OH

was even more exciting than the initial observation, as-

tronomers in California and Australia found anomalous emis-

sion of OH from several regions of the galaxy. At first

the intensity ratios of the hyperfine lines (and, indeed,

the large intensities themselves) of OH made some astrono-

mers believe that a new molecule, "mysterium", was respon-

sible for the radiation (Bolton et al. 1964, Weaver et al.

1965). Further observations led to the conclusion that

OH was the molecule and that some mechanism which seriously

disturbs the populations of the molecular states was at

work in certain well defined regions. OH emission was

found to be highly linearly or circularly polarized in

many cases, to come from extremely small regions and to

be variable in time. Ultimately, interferometer measure-

ments with intercontinental baselines showed some OH sour-

ces to be of stellar size with implied brightness tempera-
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tures of 10 OK. (Moran, 1968.)

While the mysteries of "mysterium" were being ex-

plored, other radio spectral lines were being studied.

At the suggestion of Kardeshev (1960), Dravskikh and Drav-

skikh (1964) first detected a transition between two high-

ly excited states of Hydrogen 104a; other recombination

lines of Hydrogen, Helium, and a third atom, possibly Car-

bon (Palmer et al. 1967.) have since been observed and

used to study the structure and physics of HII regions

and the rotation of the galaxy. In 1965, Rogers and Bar-
i8

rett (1965) detected isotopic 0 H in absorption. In an

attempt to better understand the process of OH emission,

Palmer and Zuckerman (1967) detected a line from the first

excited state of OH in 1968 and showed that it too was

anomalously populated.

The situation in the field of interstellar microwave

spectroscopy was, thus, mixed in late 1968. Neutral Hy-

drogen had been shown to behave normally, OH and one of

its excited states was anomalously emitted, and excited

Hydrogen, Helium and Carbon were known to be out of equi-

librium to some degree in some sources since the implied

electron temperatures of recombination line observations

are significantly lower than those obtained from optical

and radio continuum observations of HII regions. The situ-

ation changed dramatically with the discovery of several

inversion lines of NH3 and an excited rotational line of

H20 by a University of California group in late 1968.
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(Cheung et al. 1968.) Ammonia was shown to be out of equi-

librium and water turned out to be similar to OH in its

unique, maser-like behavior. In 1969 Snyder, Buhl, Palmer

and Zuckerman (1969) detected CHOH in absorption against

many galactic sources and against the isotropic 3 K back-

ground radiation, possibly indicating some sort of inverse

maser process. Several more excited state lines of OH were

discovered in 1969 and early 1970 and all showed some evi-

dence of anomalous population phenomena.

1970, however, was truly the year of "molecule hunting."

Rotational transitions of CO and CN were found in emission

by Jefferts, Panzias and Wilson from a number of HII re-

gions. Buhl and Snyder (1971) soon followed by detecting

HCN and, completely by accident, an, as yet unidentified,

line that they have called "X-ogen" in emission from a

fairly large number of HII regions. These molecules appear

to behave in similar ways: they emit relatively intense

but probably thermal lines from surprisingly large sources

(regions would be a better term) that apparently coincide

with interstellar clouds near HII regions. More recently,

lines of C3HN (Turner, 1971) CH30H and CH202 (Ball et al.

1970, Zuckerman et al. 1971) have been found, usually at

very low intensities in the galactic center.

At this point, the microwave molecular lines which

have been found seem to fall into two groups. In the first

group are those molecules which appear to behave more or

less normally, to be emitted or absorbed by molecular con-
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stituents of interstellar clouds that are surprisingly

complex and dense. These clouds may be the "bioclouds"

suggested by Snyder (1969), containing a molecular soup

that was not dreamed to exist in the interstellar medium

as little as two years ago. In the second group fall

only OH and H20, which are undoubtedly anomalously emit-

ted. The OH and H20 sources have been termed "linars"

(Burke et al. 1970) because their characteristics of very

high brightness temperature, vanishing angular size and

variability are reminiscent of the behavior of starlike

rather than cloud-like objects. OH and H20 sources are

also often associated with unusual infrared objects, star

formation regions and late type stars. This thesis is

concerned with the association between these sources, par-

ticularly H20 sources, and infrared objects and stars.

IB. Physics of Molecular Lines

IB1. Microwave Spectral Lines and the Interstellar Medium

Microwave lines of neutral Hydrogen, OH and CHOH gen-

erally originate in the unionized material of the inter-

stellar medium. This material, which constitutes about

10% of the galactic mass, is thought to be inhomogeneously

distributed in clouds of gas and dust which are concen-

trated in the galactic disk. Typical HI regions have par-

ticle densities of 1-10 cm 3 and range in size from 1-100

pc. The kinetic temperature of the interstellar medium
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has been determined from microwave measurements and ranges

from about 100K to as high as a few hundred degrees. Grains

make up about 1% of the mass of the interstellar medium and

often occur in fairly high densities in obscuring globules

as well as in HI clouds. Chemically, the medium is largely

composed of gaseous atomic hydrogen and helium as well as

other elements and simple molecules such as H2, CH, OH,

CHOH and probably CH4; the ratio of molecules to atoms is

approximately 10-7. Molecules are probably infrequently

formed by direct collisions but rather on grains. The

grains, which are composed of either dirty ice or possibly

graphite-ice composites, are probably constantly gaining

and losing material through collisions and the action of

the radiation field or superthermal particles, and thus

act as an intermediate "state" between uncondensed atomic

and molecular constituents.

Early observations of anomalous OH emission indicated

that it was associated with HII regions rather than with

interstellar clouds. HII regions are, of course, relatively

dense, high temperature "population I" objects consisting

of mainly ionized gas and encompassing one or more central

exciting stars. Although they are often termed "star for-

mation region", this is a misnomer because when an object

becomes an HII region, star formation is probably finished

in the area. The mass of the HII region, which is often

hundreds of Mo, represents the bulk of the parent self

gravitating cloud out of which several stars condensed.
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After the first few young stars "turn on" within the cloud,

their ultraviolet radiation heats up the remaining cloud

and ionizes it to form the HII region. The HII region,

being a hot plasma, emits free-free continuum and ionic

recombination line radiation in the optical and radio. De-

terminations of physical parameters of HII regions from

both optical and radio data have been in general agreement

and have yielded electron temperatures of between 6-10,0000K

and densities of the order of 103 hydrogen atoms cm-3 .

Explanations of OH emission have tended to center upon

its association with HII regions; it has been observed that

the presence of obscuration in an HII region is somehow

significant, that OH and "compact HII regions" or the exis-

tence of very small scale structure are related, and a

great deal has been said about OH as the manifestation of

some stage of star formation or of the so-called "proto-

star." As a point of fact, however, the only real connec-

tion between OH and any other astrophysical phenomenon that

has really been shown concerns infrared objects. In the

case of the Orion nebula, the OH source and an infrared

source are coincident and similar situations exist in sev-

eral other HII region/OH sources. Furthermore, the work

of Wilson has unambiguously proved that one "class" of OH

emission is associated with red stars, often late M type

stars which certainly cannot be classified as protostars.

The bulk of the work discussed in this thesis concerns the

extension of the IR/OH connection to H20 emission and I
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believe shows that there is a strong thread connecting

anomalous emission of both molecules and infrared stars.

Chemically, this association is not unexpected since red

stars are well known to contain large concentrations of

molecules in their outer layers -- water vapor, for in-

stance, is a common infrared spectral feature in Mira

variables. The work of Tsuji (1964) indicates that OH,

H20 and CHO are many times more abundant in cool stars

than they ever could be in even relatively dense conden-

sations in HII regions.

IB2. Microwave Molecular Transitions

Townes' 1955 paper on microwave lines of possible

interest to radio astronomy lists four possible types of

transitions:

1. Atomic or Molecular hyperfine transitions (HFS)

2. Atomic or Molecular fine structure trans-

itions (FS)

3. Molecular rotational transitions

4. Hindered molecular vibrational transitions

To this list we must add the obvious extension

5. Atomic recombination lines

Examples of all of these classes have been observed

in radio astronomy:
1 2

1. HFS - the H 1 S F = 0-1 hydrogen line

2. FS - A doubling of OH
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3. Rotational Transitions of H20, CH20, CO

and CN

4. The NH inversion lines
3

5. H*, He* and C* recombination lines

The molecular fine structure A doubling lines of OH

have been studied intensively since their discovery and

part of this thesis is devoted to some work which was done

on excited state OH lines. Most of this thesis, however,

deals with the H20 line which is an example of a rotational

transition of an assymmetric rotator. In the case of a

simple, diatomic, molecule, neglecting centrifugal distor-

tion, the energy levels of the molecule are a simple pro-

gression given by:

E = h (J+l) = BhJ(J+l) (1-1)J 21

where I is the principal molecular moment of inertia and J

is the rotational quantum number. If the molecule has a

permanent dipole moment, dipole transitions have frequen-

cies:

v JJ-= 2BJ (1-2)

The symmetric top molecule is the next most complex situ-

ation having two equal moments of inertia and energy levels:

2 2h h 1 1 2 (1-3)E h J(J+l) - K ( (1-3)
JK 21 2 I Ib a b

where Ia and Ib are the principal moments of inertia of the
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molecule. Transitions are covered by the selection rules

AJ = 1, AK = 0 where K is now the projection of J on the

symmetry axis of the molecule.

The rotational energy levels of a general polyatomic

molecule are complex both because of the asymmetry of the

molecule and the effect of centrifugal distortion of the

molecule. The centrifugal modification of energy levels of

the simple diatomic molecule, for instance, is of the form:

AEj = -Dh J(J+l) 2 (1-4)

For the asymmetric rotator, K is no longer a good quantum

number but is still useful in specifying the states. Every

molecule can be assigned an asymmetry parameter:

2B-A-CK =A-C 
(1-5)A-C

h hwhere A, B, and C are the rotational constants: I 4h
x y

etc., and Ix' Iy and Iz are the moments of inertia. K has

the value -1 for a prolate symmetric top and +1 for an ob-

late symmetric top. The values of K for the two limiting

values of K completely specify the molecule's rotational

state which is usually written:

J KK+ (1-6)

Although molecular rotation is, by far, the most im-

portant effect in laboratory microwave spectroscopy, the

classic microwave lines are transitions between hindered
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vibrational states of NH3. Several NH3 lines have, of

course, been observed in the interstellar medium. In most

molecules, however, the vibration-rotation bands - transi-

tions between different rotational states in two different

vibrational states, lie in the infrared. For instance, in

H20 the 616 and 523 states are connected not only by the

1.35 cm rotational transition but also through excited vi-

brational states by vibration-rotation transitions. This

situation is somewhat analogous to the way the levels of

the ground state OH A doublet are connected through both

a microwave transition and by infrared transitions through

excited electronic states. A crude example of this pro-

cess is shown in figure I-1.

IB3. Examples of Molecular Lines

IB3a. Water Vapor

H20 is a bent linear molecule with dipole moment

aligned with the intermediate axis of the molecule as is

shown in figure I-2a. For a molecule with this orienta-

tion of the dipole moment, it can be shown that transi-

tions both of the type (K_,K+) = even, odd (e,o) to odd,

even (o,e) and even, even (e,e) to odd, odd (o,o) are al-

lowed. e,e to o,o transitions are between space symmet-

ric states while e,o to o,e transitions are between anti-

symmetric states; thus, there is a natural division between

symmetric and anti-symmetric energy levels in the H20 mole-



- 22

Figure I-1

14 il 7 \

\9*!

/595 ck;

H

V3

37£56 .- '

Figure 1-2

61

OH

Q)=O

/1 6

0--,
/rr;

365a c- ;'

H H



- 23 -

cule (Townes and Schawlow, 1955).

The energy level diagram of water is shown in Figure

1-2, the perturbation of the levels due to molecular asym-

metry and the effects of centrifugal distortion upon mole-

cules with light atomic constituents is quite pronounced.

Both the 616-523 and the 313-220 transitions of H20 lie

in the microwave region at 22 and 183 GHz respectively.

The fact that the J = 6 and 5 energy levels lie at about

450 cm-1 yet a transition between them involves an energy
-1

difference of less than 1 cm 1 is an excellent example of

how great the deviation from symmetric energy levels can

be in an asymmetric molecule.

The two hydrogen nuclei in the H20 molecule each have

nuclear spin 1/2 (the oxygen molecule has no nuclear spin);

thus there is the possibility of hyperfine splitting of

rotational energy levels due to the finite size of the

nuclei. The two possible values (II1= 1,0) of I may couple

to J to give total angular momentum F = J+I. Since the

particles are Fermions (S = 1/2) their interchange must

leave the symmetry of the total wave function unchanged

if it was originally antisymmetric so that, in the case

of both the 616 and 523 states, it must be true that I = 1.

Thus, for these two states, the possible values of F be-

come:

J = 6 F = 7,6,5

J = 5 F = 6,5,4
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Conversely, for symmetric states like 313 and 220 I must

be zero and the relation F = J holds. For hyperfine states,

the additional selection rule AF = 1 or 0 governs possible

transitions. In table I-1, experimental measurements of

the frequencies of the 616-523 multiplet are given along

with calculated values of their relative intensities. The

weighted mean frequency of the 616-523 transition is

22,235,080 KHz although the mean 22,235,220 KHz is often

used for historical reasons.

In addition to molecular rotation, the water vapor

molecule is capable of Vibration with three fundamental

modes as is shown in figure I-2b. The vibration-rotation

bands of the molecule are in the photographic infrared

and are significant astrophysically. H20 absorption bands

have been detected in the spectra of late M stars (Johnson,

1968). The high dissociation energy of the H20 molecule,

5.1 eV, apparently allows it to exist at high densities

in the cool atmospheres of these stars where it is an im-

portant contributor to the opacity.

IB3b. OH-Lambda Doubling

In the OH molecule, the presence of nine orbital

electrons gives rise to a splitting of the rotational

energy levels due to the interaction between electronic

and total angular momentum. The lowest electronic con-

figuration of OH is usually designated K(2sa)2(2pa) 2
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F F' Frequency (KHz)* Relative Intensity(%)**

7-6 22235044.66+0.1 38.5

6-5 077.70±0.1 32.4

5-4 120.86±0.1 27.3

6-6 253.3 ±1.5 0.9

5-5 298.5 ±1.5 0.9

Table I-i

Measured values of the transition frequencies of the 616-

523 hyperfine multiplet of water.

*Bluyssen et al. 1967

**Meeks et al. 1969
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(2pr)3 the "unpaired" electron having principal quantum

number n = 2, orbital quantum number 1 = 1 and projection

of its angular momentum on the internuclear axis mi = 1.

Thus, the projection of the orbital angular momentum on

the internuclear axis A is ±1 and, since the unpaired elec-

tron has spin 1/2 the spin projection E is ±1/2, the pro-

jection of the total electronic angular momentum is 0 is

then equal to JA+EJ which can take on the values 1/2 and

3/2. There are, therefore, two rotational branches for

the molecule in its lowest electronic state which are desig-
2

nated: r½ with possible values of the total angular momen-
2

tum J = 1/2,3/2,5/2 .... and 3/2 with possible values of

J = 3/2,5/2.....

The interaction between the electronic and molecular

orbital momenta may be easily seen if we transform to a

coordinate system rotating with the molecule, the effec-

tive electronic Hamiltonian then becomes:

H = H - w*L (1-7)

where Ho is the Hamiltonian with no rotations, L is the

orbital electronic angular momentum and w is the angular

velocity of the molecule which is proportional to J. It

is then possible to write the entire Hamiltonian for the

molecule, including molecular rotation and orbital-rota-

tional interaction as:
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H =electrons + Hrotation

= H + B J(J+l)-A2 - 2B(J L -Jy L ) (1-8)

where J = A.z

The first two terms in this expression are degenerate

in states A = 1. If we treat the coriolis (third) term as

a perturbation, it has matrix elements with selection rules

AA = i1. In OH the perturbation mixes the 2' and the first

excited 2E states of the molecule so that the energy split-

ting is of the order:

IE(A=Zl)-E(A=-l)I B2J(J+l) (1-9)
hvTr

In figure I-3 the rotational energy levels of the two bran-

ches of OH are shown with an indication of the so-called

lambda doubling for each state (Tinkham, 1964).

Since the hydrogen atom in OH has nuclear spin I = 1/2

each level is further split by hyperfine interaction since

F = J+I. Transitions between lambda doubled hyperfine

states are governed by the usual selection rules AA = ±1

plus AF = 1,0 but not F-F=0-0. Thus for instance, the al-

lowed transitions in 2 rqJ = 1/2 are 1-0,0-1,1-1. In

table I-2 I have listed the line frequencies of the lowest

few transitions of OH.

IC. Astronomical Masers

Perhaps the most interesting and puzzling aspect of
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TABLE I-2

Line Frequencies of OH Lambda Doublet Transitions

J = 3/2

1720.5531
1667.358
1665.401
1612.231

2

1-0 4765.5624
1-1 4750.656
0-1 4660.242

2 .T = I/

6049.0842
6035.085
6030.739
6016.746

J = 7/2

2-1
2-2
1-1
1-2

27 J =

3-2
3-3
2-2
2-3

13441.363
13434.62

,w .1 a

7831.9625
7820.125
7761.747
7749.909

5/2

8118.0526
8189.568
8135.868
8207.401

Radford (1962)
Yen et al. (1969)
Turner et al. (1970)
Zuckerman et al. (1968)
Ball et al. (1970)
Radfor-d (970)

2

2-1
2-2
1-1
1-2

2 J = 5/2

3-2
3-3
2-2
2-3

2

4-3
4-4
3-3
3-4

i !
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astronomical microwave spectroscopy is the non-thermal

nature of some of the observed lines. In fact, as I've

pointed out in Section IA, only the 1420 MHz "hydrogen

line" behaves in the way one might expect from laboratory

experiments and other data on the physical conditions in

the interstellar gas. Non-equilibrium behavior is, of

course, not entirely unexpected in astronomical situations

since the cosmic "laboratory" is far more complicated and

is more of an open system than its terrestrial counterpart.

It is not at all surprising that attempts to generalize

the unique conditions encountered or producable in the

terrestrial environment to the universe as a whole or to

specific regions sometimes fails. What is interesting is

that so many more examples of grossly "anomalous" behavior

are observed (or, perhaps, recognized) in the radio than

in the optical.

The fact that the microwave spectral lines from some

molecules, particularly OH and H20 show some remarkable

common behavior which cannot be explained by small devia-

tions from local thermodynamic equilibrium has led to the

coining of the word "linar" for star-like line emission

regions. Although it is not clear that masering of these

molecules in certain regions results in the observed "li-

nars," large deviations from equilibrium population dis-

tributions can give rise to anomalous amplification of

signals and this maser hypothesis has gained some measure
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of acceptance in recent years.

In the following sections some of the theory and pre-

dictions of the maser hypothesis are presented. Most of

the material is, I hope, not model dependent although some

reference is made to possible specific maser mechanisms.

ICl. Characteristics of Maser Emission

The necessary condition for maser amplification to

take place in a medium is the existence of a negative ab-

sorption coefficient. The absorption coefficient for a

system with a microwave transition between two states (1

and 2) with transition frequency vlo is:

K (v) = hv nog 1 nBo (1-10)

where no,n, and go,g, are the number density and statisti-

cal weight of state 0 and 1 and Blo is the Einstein B co-

efficient for the transition 1-0. Using the usual defini-

tion of the excitation temperature T :

nj g1 -hvlo/kT- -- he e (1-11)
no go

the absorption coefficient becomes:

hv hvo/kT
K (v) = - [ e - 1 n1B1o (1-12)

which is clearly negative when Te is negative. If one were

to simple-mindedly plug this result into the linear solution

of the equations of radiative transfer for the brightness
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temperature of a source with brightness temperature TS

which is "obscured" by an optically thin medium with opti-

cal depth T, the result is:

Tb = Te (1-e T)+TSeT

= ITeI(e TI 1) + TselTI (1-13)

This is, of course, an oversimplification of the situation

since the negative excitation temperature symbolizes the

inversion of populations of states 0 and 1 which is a non-

equilibrium effect. If we assume that only radiative trans-

itions exist between states 0 and 1, we can define R1 and

R such that they depend only upon the various transition

rates into and out of the two states so that:

nl f(v)I Bo1+Ro

no f(v)I B1o+R1  (1-14)

The inversion, defined as:

ni no no [go f(v)I Bo1+R -

1g go go Fi f(v)IvBlo+Ro'

depends upon the radiation intensity, I , the line shape,

f(v), and R and R1. The inversion has a maximum value,

Ano, which has the value:

no [goR 1-g1 Ro
Ano o Ro (1-16)go L Ro

it can be easily seen that An tends toward zero as I

becomes large since:
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An = Ano (1-17)

This situation is referred to as saturation of the maser

and comes about when the rate of photon emission in the

masering process exceeds the rate at which the two states

are "inverted" by the pumping mechanism. Thus the simplis-

tic view of the masering medium having a negative excita-

tion temperature only holds for situations where the medium

does not saturate.

The absorption coefficient, KV, can be calculated

and the equation of radiative transfer solved exactly if

certain assumptions are made about the line width and line

shape. If the line width, Av, is much larger than the

natural width, AvN, the absorption coefficient becomes:

hv f(v)y = - g2BioAno (1-18)
1+ v (1-18)

S

I
(1+-\)

S

where IS is the saturation intensity equal to:

AvNRo
I (1-19)S 2 Blo

In the limit of IS >>I the solution of the radiative trans-

fer equation is the familiar result:

L  Alon aL
I = Ioe + (e n- 1) (1-20)
v g81BloAno
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In the limit I <<I the solution tends toward the result:

I = 10+ IS(aL) (1-21)

It will be noted that all of the above results stem from

the fact that, in this system, Te is not only negative

but also depends upon I

Several interesting effects result from the form of

the absorption coefficient; since the "gain" of the maser

is non-linear, for an unsaturated maser, a spectral line

will be narrowed because its intensity is greater on line

center than on the wings. The line width, Avobs, of a

gaussian feature becomes (Litvak, 1970):

Avobs = Av ( 21 (1-22)
obs aL

As the medium saturates, the observed line width broadens

to the unamplified value, Av. In a similar way the emis-

sion angle of the masering medium depends upon the non-

linear absorption coefficient. If the medium amplifies

its own spontaneous emission, one direction of propagation

will dominate and the maser will "beam". The solid angle

of the beam is, of course, a function of the geometry of

the masering medium but will be for the unsaturated case:

Q2 4 7(1-23)aL

The interpretation of the apparent angular sizes and

the image shapes of masers will be discussed in chapter IV

but, it should be clear that, since the maser acts as a
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coherent amplifier, sources of radiation amplified by the

maser will retain their shapes and angular sizes, subject

to possible narrowing.

Condensations within the maser itself may also be the

amplified images but, if the spontaneous emission from the

masering region itself is amplified, the angular size of

the source will be the size of the masering region approp-

riately narrowed. Thus, the apparent angular size of the

masered source is not necessarily a useful quantity in

attempting to study the emission mechanism.

IC2. Evidence of Maser Emission

The anomalous nature of OH emission and absorption

was first indicated by the non-equilibrium intensity ratio

of the hyperfine components in almost all sources (Weaver

et al., 1965). Since that time, the other unusual aspects

of OH emission have been documented and it has been asser-

ted that these strange properties indicate masering of the

line. OH has, for example, been found to be linearly

(Wienreb et al., 1965) and circularly polarized (Barrett

and Rogers, 1966) and to be emitted from regions of exceed-

ingly small angular size (Moran, 1968). The observables:

line-width and brightness temperature are sufficient to

determine whether non-thermal emission is taking place.

For any situation, the excitation temperature will always

be greater than the observed brightness temperature:Te >TB



- 36 -

Neglecting possible pressure or turbulent broadening, the

line width Av will be:

v Kc v - In 2c M

Thus if Te  T and:e K

T > (cI)2 (1-24)B 2k1n2 v

the emission must be considered non-thermal and we must

conclude that some line narrowing, focusing or masering

mechanism is operable. Non-thermal emission plus some evi-

dence of population anomaly such as disturbed hyperfine in-

tensities assures the existence of masering. In some cases,

for example H20, it is not possible to separate the various

hyperfine components of a line explicitly although it may

be possible to show that they are not present in their equi-

librium intensities (Meeks et al., 1969).

Polarization is not, in itself, an unequivocal indica-

tion of masering since strong polarization has been observed

in some stars which is probably due to scattering in cir-

cumstellar material (Serkowski, 1970). It is, however,

difficult to see how nearly 100% circular polarization,

as has been observed in some OH sources, can be produced

by scattering (Several mechanisms for producing strong

polarization in a masering medium have been proposed (Heer

and Settles, 1967, Litvak, 1969).) but all OH and H20

sources are not polarized.
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It is interesting to note that population anomalies

are not uncommon in microwave line emission. The emission

lines of NH3 are not found in an equilibrium intensity dis-

tribution but the brightness temperature of the lines does

not indicate strong amplification. The discovery of CH20

in absorption against the isotropic 30K background is sug-

gestive of an inverse masering process but it is not clear

where the distinction between masering (Te<0) and local-

ized refrigeration (Te <30K) of the molecule must be made

in this case. Deviation from local thermodynamic equili-

brium is present in many regions and is, in fact, even

demonstrated in hydrogen recombination lines from HII

regions. There is, however, no question about the presence

of masered emission when brightness temperatures in excess

of 10130K, as have been found for OH and H20 sources, are

observed.
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II. Studies of Water Vapor Emission from HII Regions

IIA. Early Observations

The 616- 523 rotational transition of H20 was first dis-

covered in emission by a University of California group in

late 1968 (Cheung et al., 1969). Utilizing the 20' tele-

scope at Hat Creek and the mixer radiometer/spectrometer

system that they had earlier used to detect several inver-

sion transitions of NHs, they observed H20 in Sgr A (this

source later turned out to be associated with the HII region

W24B2 but their large beam was unable to discriminate between

it and the galactic center continuum), Orion A, and W49. The

antenna temperatures observed were far greater than would

be expected from thermal radiation from a source smaller

than their beamwidth, as the sources seemed to be, and with

narrow line width (less than their 350 KHz filters). We,

at MIT and Lincoln Laboratory, along with the Berkeley and

NRL group thought that with smaller beams and high resolution

spectrometers the H20 sources could be shown to exhibit

characteristics similar to that observed in OH sources -

high brightness temperatures, line widths of less than 1 km/

sec, and linear or circular polarization.

At Haystack, an unsuccessful attempt had been made in

December to detect the NH3 lines near 23 GHz so that the an-

tenna was instrumented for 22 GHz operation. A radiometer

had been borrowed from NASA/ERC which could be tuned from
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20-26 GHz with a frequency stabilized L.O.; a pair of feeds

for K Band had been built at RLE and the system had been

shown to be capable of spectral line operation using the 100

channel autocorrelation receiver at Haystack. Total system

temperatures of about 5000 K were obtained using the system

beamswitched. Further work was done on refining the system

in January and a scheme for measuring linear polarization

using orthogonal on and off axis feeds was installed; a quar-

ter-wave plate allowing for crude circular polarization

measurements was also built and tested. Haystack made its

first H20 observations during the second week of February

1969, approximately three weeks after the Berkeley/NRL group

went on the air at Maryland Point using the 85' NRL antenna

and a filter receiver (Knowles et al., 1969a).

During the first observations at Haystack, a number of

"new" sources were observed which it later turned out had

been (or later were) independently discovered at NRL and

high resolution spectra were obtained on all but the weakest

objects. In all sources, with the exception of Orion A,

the angular size of the emitting region was much smaller

than our beamwidth (1.2') and the sources exhibited no gross

linear or circular polarization. Orion A was found to con-

sist of several objects separated by less than 20" of arc

and exhibited a fair degree of linear polarization - on the

order of 20-50% in some features. In W49 a large number of

velocity features, covering a range of 250 km/sec were found.

Over the next month a considerable amount of time was spent
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investigating the behavior of H20 sources and the Haystack

antenna. (A fair amount of time was also, unfortunately,

spent fixing the autocorrelator or the L.O. system which

seemed to malfunction with increasing frequency during the

observing session.) At this new frequency, the antenna was

found to have an aperture efficiency of about 18% and to be

very sensitive to changes in elevation and thermal environ-

ment; the pointing was satisfactory although some erroneous

determination of fixed offsets tended to degrade its per-

formance on occasion. The water vapor content of the at-

mosphere and/or the amount of water, snow or ice on the

radome was, not unexpectedly, an important factor but the

strongest sources could always be detected under even the

worst conditions. A succession of New England "Northeasters"

provided the "worst possible conditions" about once a week.

Toward the end of our initial observing period, we re-

ceived information from NRL indicating that at least one H20

source, W49, was time variable and a check of our data over

a one month span confirmed this observation. A representa-

tive spectrum from our early observations (linear polariza-

tion in Orion A) is shown in figure II-1 (Meeks et al., 1969).

We, therefore, had a number of distinct pieces of information

concerning H20 emission which presented a number of distinct

and not necessarily related questions and areas of possible

study. The characteristics of H20 sources, as then known,

might be summarized as follows:
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1. Occurrence: The sources W30H, W24B2, W49, W51, W75S,

NGC6334N and Orion A were all associated with Type I OH

sources which in turn are associated with HII regions.

The source IC1795(W3) was an HII region from which no

anomalous OH emission had yet been detected. The source

VY CMa was a Type IIa OH source and a peculiar red star.

In all cases, the H20 source was less than a beamwidth

from its associated OH source.

2. Angular Size: In all cases, distinct velocity fea-

tures originate from regions which are much smaller than

a beamwidth.

3. Radial Velocity Correlations: There is rough but

not exact agreement between the radial velocity of the

OH and excited Hydrogen associated with an H20 source

but in some cases H20 is seen at velocities where no

other emission lines have been detected.

4. Polarization: Some linear polarization is observed

in some H20 sources.

5. Time Variations: Spectacular variations on time

scales of a few days to a month and with amplitudes up

to 100% are seen.

The observational questions which, we hoped, would lead to

some understanding of the physical process involved follow

closely from these generalizations:
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1. Are there more sources and have we selected against

regions where OH is not seen? What is the spatial re-

lationship between OH, HII regions and stars?

2. Are the H20 sources, like the OH sources, of ex-

tremely small angular size?

3. What is the explanation for the velocity spread

seen in W49 and is it seen in other sources?

4. Why are some sources linearly polarized and others

unpolarized? Why is no circular polarization seen? Is

there a relationship between polarization and time varia-

tion?

5. What is the time scale of variations? Is there any

periodicity or pattern? Are velocity shifts observed?

IIB. Observations of HII Regions

Most H20 sources are associated with OH emission sources

situated in or near HII regions. Programs of monitoring the

time variation of these sources and their polarization char-

acteristics are presently being conducted by Meeks at MIT

Lincoln Laboratory and by the NRL group (Knowles, Sullivan

and others); observations of the velocity structure and line

shape have been made by Turner and Buhl and Snyder; and a

program of VLBI measurements is being conducted by an MIT-

NRL group. The observations discussed in this chapter were

made, primarily, at NRAO using the 140' telescope during



April-May 1969 and June 1970. During the April period, ob-

servations of the short term time variations, high velocity

structure and linear polarization of all but three of the

then known HII region/H 20 sources were made. The H20 source

in the irregular variable star VY CaM was also observed at

this time in the same way. Two known sources, W24B2 and

NGC6334N, were not observed consistently during either

period at NRAO because of their weakness and the intrinsic

limitations of the telescope. One source, ON-1, was only

discovered by Turner and the NRL group in the spring of

1969 and was therefore not included in our April observa-

tions. Two sources, W31 and W44, were found in June of 1970

at NRAO by Turner and Rubin using the MIT VLBI receiver. In

order to differentiate between different observing tech-

niques and conditions, I have divided the sources up into

those observed at NRAO in April-May 1969 and those observed

at Haystack or NRAO in later months.

IIBl. Sources Observed at NRAO: April-May 1969

A brief description of the radiometer system used may

be found in Chapter VIIA and the performance of the 140'

telescope is discussed in Chapter VIIB. The sources W3,

W30H, W49, Orion A and VY CMa were observed at least once

a day during the period with a bandwidth of 5 MHz (12.5 KHz

resolution); the sources W51 and W75DR21 were observed less

frequently. All observations were made with linear polari-

- 1414 -
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zation with the E plane N-S (position angle: 00). Consis-

tent pointing was assured by using a method that I call

"peaking up on the line" in which the receiver bandwidth

is narrowed so that one or a few main features only are in

the passband; the antenna operator then peaks on the source

as if it were a continuum object. The very high antenna

temperatures encountered on most H20 sources makes this

method an extremely useful and reliable method of obtaining

good results in spite of the rather large pointing errors

encountered with the 140' and also allows you to calibrate

the telescope pointing.

Linear polarization measurements were also conducted

by obtaining spectra with various orientations of the linear

feed to the polar axis. Since the antenna pointing and re-

sponse as a function of polarization angle was not known,

it was decided to settle for measuring only the "differen-

tial polarization" of a source defined as the maximum change

of amplitude of any one velocity feature of a source com-

pared to another feature as a function of polarization angle.

This quantity is independent of the intrinsic antenna polari-

zation response but is only equal to the true linear polari-

zation of a feature if the reference feature is unpolarized.

In the limit of two features with polarization angles and

percentages exactly the same, this quantity is insensitive

to linear polarization.

Because of the extremely high and low velocity features

found in the spectrum of W49, low resolution "sweeps" of all
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sources were made so that a velocity range of at least ±200

km/sec was covered in every source with resolution of 32 KHz.

Very high resolution observations were also made of W49 and

Orion A in order to more closely examine the frequency struc-

ture of some features.

The observational results are described in some detail

in the following paragraphs. Spectra of W75DR21, W3, W51,

W30H and VY CMa from Buhl et al. (1969) are shown in figure

11-2.

W3 a(1950) = 02h21l51±2 s , 6(1950) = 61052'12±30"

This source, associated with the HII region IC1795,

is unusual because it is not also a strong OH source but

shows only weak 1667 and 1720 MHz emission (Turner 1970).

The H20 spectrum shows several closely spaced features as

is shown in figure II-2b. No short term time variations

were detected in this source during the observing period

but comparison of our spectra with those of Knowles yielded

significant changes in several features. A more recent

spectrum is shown in figure 11-3. Neither differential

polarization greater than 10% nor high velocity features

were detected in this source.

W30H a(1950) = 02h23ml4± 2s, 6(1950) = 61038'30±30"

W30H is probably the most intensively studied radio

emission line source in the sky having been studied for ground

and excited state OH as well as other molecules and inter-
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ferometrically mapped in 1665 MHz OH. The HII region it-

self, G133.7 + 1.2, is a rather small, optically invisible

knot near IC1795. The H20 spectrum is apparently composed

of a small number of distinct lines separated by 2-3 km/

sec as is shown in figures II-2d and II-4. We were unable

to detect any time variations in this source during the ob-

serving period nor was any variation apparent when our spec-

tra were compared with earlier observations. Subsequent

observations have indicated that the source is decreasing

with time at a possibly accelerating rate. Approximately

30% differential linear polarization was detected in this

source.

Orion A a(1950) = 05h32147±2s , 6(1950) = -05024'35±15"

The Orion nebula is a source of OH and other molecular

emission lines as well as H20 and is rather a complex ob-

ject. The OH and H20 sources apparently originate near an

infrared nebula and a very cool star which are situated

near the center of the nebula (Raimond and Eliasson, 1967).

The spectrum of Orion A shown in figure 5 shows many

outward similarities to that of the brightest H20 source,

W49, but very important differences exist between the two

sources. Orion A seems to be the atypical H20 source in

that it consists of several sources separated by 15-30 arc

sec. (Meeks, et al., 1969). A map was made of the five main

features in the velocity interval 0 to +10 km/sec and the

derived positions are in good agreement with the results of

__
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Meeks et al. Because the 140' beam is larger than that of

the Haystack antenna at 1.35 cm, no extensive mapping was

done of the other features but partial results on the -6,

14, 16 and 25 km/sec features are not in agreement with the

Haystack results. In table II-1, the Haystack and NRAO

position results are presented; as in Meeks et al. (1969),

all positions are measured relative to the 9 km/sec feature

which appears to be coincident with the OH source. Time

variations over a period of about one week were observed in

Orion A as is shown in figure 5 and were also reported by

Knowles et al. It is important to note that due to sepa-

ration of various components by about 20% of a beamwidth,

artificial variations can be introduced by incorrect point-

ing but I believe that this possibility was eliminated by

careful peaking on the same feature during each observation.

A more recent Orion spectrum (figure 6) illustrates the

variability of Orion more dramatically.

Orion A also exhibits a substantial degree of linear

polarization in some features. In particular, the 0.5 km/

sec feature and the 3.0 and 6.5 km/sec features showed dif-

ferential polarization of 50% and 20% respectively. No

extremely high or low velocity features were observed in

Orion A.

W49 a(1950) = 1907m-50±.2-, 6(1950) = 09000108±15 '"

W49 is associated with an optically obscured HII region

over 14 kpc from the sun. The object is obviously a very
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TABLE II-1

Source Positions in Orion A, Relative to 9 km/sec
Feature, Measured at Haystack and NRAO

VR(km/sec)

-6

1

3

7

9

14

16*

25

A (arc

0±7

-18±4

-18±4

0±8

0

Haystack
sec) A6(arc

0±7

14±4

14±4

7±8

0

-7±7

0±7

-18±10.

2_±7

0±7

-18±10

sec)
NRAO

Aa(arc sec)

-6±20

-24±10

-24±10

6±10

0

0±10

-18±20

-30±20

A6(arc sec)

-30 ±20

12±10

6±10

0±10

0
6lO

18±20

-6±20

Haystack positions from Meeks et al., 1969

NRAO positions based upon partial data
Qe
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unusual, massive HII region containing several components

including a supernova remnant. Two sources of ground and

excited state OH originate from near a compact high density

HII region component. The brighter OH source appears to be

coincident with this clump while the other source is slightly

displaced. The brighter OH source is also an exceedingly

powerful H20 emission source.

W49 represents the preeminent H20 source being by far

the strongest and most complex. Time variations reported

in this source by Knowles et al. and Meeks et al. were con-

firmed by our observations and found to be very rapid with

substantial changes discernible on a day to day basis in

certain "centers of activity" as is shown in figure 7. Of

particular interest is the velocity structure of the main

features in the range -10 to +20 km/sec which appear to be

sets of line "triplets". A spectrum of this source taken

in June 1970 is shown in figure 8 to illustrate the gross

changes which have taken place over a 14 month time period.

The flux from the brightest feature of this source has been

reported as high as 105 F.U. by Sullivan (1970).

Of as much interest as the great brightness of this

source is the sheer complexity of the spectrum. Well over

100 features may be counted in W49 in the velocity range

-150 to +200 km/sec as is shown in figure 9. Typical line

widths appear to vary from about 35 KHz to as much as 75

KHz although some of the broader lines are probably mixtures
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of several overlapping features. The extremely high ve-

locity features seem to be as variable as the main features.

As discussed in Meeks et al. (1969) a feature near 140 km/sec

was observed to disappear at that time over a space of three

weeks being detected on 12 and 16 February but down to less

than 25 F.U. on 9 March. The NRAO spectrum (figure 9)

clearly shows no 140 km/sec feature but even high velocity

features present. It is interesting to note that the emis-

sion from W49 seems to follow a pattern of emission centers

at discrete velocities separated by 20-30 km/sec.

Attempts to measure the linear polarization of the main

features in W49 yielded a negative result even with very

high resolution. The upper limit to the differential linear

polarization is about 10%. Measurements of circular polari-

zation by Meeks and Knowles have also yielded the result

that the source is, apparently, unpolarized.

W51 a(1950) = 19h21m25±3 ý , 6(1950) = 14023'42±30"

This complex HII region is also a strong OH source as

well as a source of other molecular lines. The OH and H20

sources are both close to an extended infrared source and

also a point source.

W51 shows a large number of closely spaced features

and also shows several features near 75-80 km/sec and at

+110 km/sec in addition to the main complex near 60 km/sec.

The spectrum, however, lacks the ordered sets of lines which
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characterize both W49 and Orion A. Observations over the

month failed to indicate any short term time variations in

the spectrum but comparison with earlier spectra indicate

possible time variations. Both Sullivan and Meeks confirm

the fact that the source is variable over a longer time

scale. No observations of linear polarization were made

on the source.

W75DR21 a(1950) = 20L37ml2±3,, 6(1950) = 42011154±30 '

This H20 source is associated with an optically invisi-

ble "compact HII region" which also has two OH emission

sources,one near the continuum maximum (and the H20 source)

and the other 14' north of the radio maximum.

H20 emission from DR21 shows a much smaller spread in

radial velocity than either W49 or Orion A but does have

several features as shown in figure II-2a. Time variation

of the 4 km/sec feature in this source was reported by

Knowles et al. Our observations did not indicate discerni-

ble variations over a one month period but comparison of

our spectra with that of Knowles et al. and Meeks et al.

confirms the NRL result. A significant amount of linear

polarization was detected in this source; the differential

linear polarization between features was found to be about

20%. A search for high and low velocity components yielded

no features with greater than 50 F.U. peak flux.
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IIB2. Sources Observed at Haystack or NRAO

Of the following five sources, two W24B2 and NGC6334N

were not observed at NRAO because of their weakness and low

declination. One source, ON-i, was discovered by Turner and,

independently, by the NRL group during April 1969 and thus

was not observed by us during this period; the final two

sources, W31 and W44 were both discovered by Turner and

Rubin in June 1970. All of these sources were studied to

some extent at Haystack during my observations of infrared

stars. In most cases observations of these objects were

motivated by the fact that the infrared star observing equip-

ment is, by far, the most sensitive water vapor system and

all of these sources appear to be weaker than the objects

mentioned in the preceeding paragraphs. Time variations

for W24B2 and ON-1 were studied to some degree but not with

any regularity since consistent observations of these objects

interfered with studies of infrared stars. The polarization

capability of the Haystack system was not in general used

except to eliminate possible errors in time variation mea-

surements.

W24B2 a(1950) = 17h44i 11±3s, 6(1950) = -280 23'48±40"

This HII region in the direction of the galactic center

was the first source of anomalous H20 emission to be found

and has generally been the most fruitful area of the sky

for molecular lines. This source shows some similarities
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to W75DR21 in both structure and time variations as is il-

lustrated in figure II-il. Meeks has observed a considerable

amount of linear polarization in several of the features but

my observations neither confirm nor deny its existence.

NGC6334N a(1950) = 1 7 h 1 7 m3 3 ±3s, 6(1950) = -35045'35±40"

Water vapor was originally detected in this source in

February of 1969 and was not reobserved at Haystack until

May of 1970. The H20 source appears to be associated with

the northernmost of two OH sources (NGC6334N) in this com-

plex HII region. Other than the fact that the source is

intrinsically rather weak and that its spectrum seems to

exhibit a number of closely spaced lines like W51, nothing

is known about this source that is not shown in figure II-12.

W31 a(1950) = 18107m34±3s, 6(1950) = -19056'30±40"

This source, only recently discovered by Turner and

Rubin, is apparently associated with an OH emission source

and possibly with an HII region. The spectrum shown in

figure II-13 was taken at NRAO and indicates the rather

complicated velocity structure of the source. No infor-

mation regarding time variation or polarization is as yet

available on this source.

W44 a(1950) = 18L 50o 4 8±3s, 6(1950) = 01011'07±40H"

The H20 source in W44 was also found by Turner and Rubin

in June 1970 and appears to be associated with a "compact HII
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region" west of the supernova remnant in W44. The shell

object is a 1720 MHz OH source (Ball, 1968). A 1612 MHz

OH source is also located in the general region but its

exact relationship to the other OH source and the H20 source

is not known. A NRAO spectrum of W44 is shown in figure

II-14. No data on polarization or possible time variations

is yet available on this source.

ON-1 a(1950) = 2 0 h 0 8m0 3 ±2s, 6(1950) = 31022'00±15"t

The "Cygnus 1" or ON-1 object is a main line OH source

with no detectable optical or radio continuum object in the

vicinity which is likely to be associated with the line

source (Ellder et al., 1968). H20 emission was first ob-

served in ON-1 by Knowles et al. (1969) and has been ex-

tensively studied at Haystack as part of my program to ob-

serve the weaker H20 sources. The source is time variable

as is illustrated in figure II-15, and the polarization

properties have been observed. Like W49, this object has

less than 10% linear and circular polarization. The lack

of any radio or optical component near ON-1 suggests that

it may be associated with a "compact HII region" that is

optically thick at radio wavelengths. ON-1 is, I believe,

the only H20 source that is not associated with or in an

infrared object or an HII region.

The results of observations of H20 sources associated

with HII regions are summarized in table 11-2. Unreferenced

results are unpublished data from my Haystack observations.
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TABLE 11-2

Characteristics of H20 Emission from HII Regions

AVR

(km/sec)

-45+-32

Source

W3

W30H

Orion A

NGC6334

W24B2

W31

W l14

W49

Polarization Time Variation
VR

(km/sec) Lin Circ.

20+50%l1'2'
4

Y/N

y 3 , 4

?6
*

<10%1,2

(KHz)

75±+6
71±6
87±+6

100±20

75+10

50±20

33±6

81±+6

75±10

56±6
<20%

Y1, 2 ,4

y3 ,14

Scale
(Days)

>20

>100

10-+20

>30

10+20

>30

>30

>30

Not observed

Unknown
1. Knowles et al., 1969a (1/69)
2. Meeks et al., 1969 (2/69)
3. Knowles et al., 1969b (3/69)
4. Buhl et al., 1969 (4/69)
5. Turner et al., 1969
6. Meeks, 1970

<20%

-4 9

-15+- 6
+53++69

0-*+ 2

+50++62

-160++190

+52++1102

+12++20

-12++5

W51

ON-1

DR21

-12

+65,+69

+57
-8,-6,-5,+2

+7,+9

+60

+15

0

I - . .. . . . . .. '..... .. . ... .. . . .. . - " - - .. .. .... . ... .. . . .. ... .. ... . . . ..
"
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The approximate velocity of the brightest feature or the

center of gravity of the most important complex of features

is given as VR. AVR is the approximate range of radial ve-

locities observed in the source and Av is a typical line

width for the brightest feature. Data subject to possible

variation with time are referenced with the date of obser-

vation.

IIC. Generalizations Concerning H20 Emission from HII

Regions

IIC1. H20 and HII Regions

Similar to the case of anomalous OH emission, H20

emission seems to often originate from a number of HII re-

gions which for one reason or another have been singled out

as being unusual. The observed relationship between OH

emission and HII regions with high emission measures, sig-

nificant amounts of dust and compact "knots" of radio or

optical continuum radiation have generated several interest-

ing hypotheses concerning the emission mechanism. H20 emis-

sion seems to even more closely follow this predilection

toward peculiar portions of HII regions than OH. The sources

in W49, W51, NGC6334 and W75DR21 all seem to originate from

bright continuum knots and, if we include the W30H and ON-1

sources as originating from low or sub luminous "compact HII

regions", the association is even stronger.

The notion of the high emission measure, high electron
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temperature compact HII region as being associated with

star formation has led to what I term the "protostar hy-

pothesis" of OH and H20 emission. The idea that anomalous

molecular emission lines somehow originate or are intrinsic

to the protostar has become very popular in the astronomi-

cal mind and has been strongly supported by theoretical

work and a great deal of publicity. Unfortunately, the

"protostar hypothesis" or, indeed, the entire concept of

the protostar is not supported by much experimental evi-

dence. Radio interferometer observations of HII regions

have yielded the not unexpected result that supposedly

diffuse nebulae are not homogeneous objects but, rather,

clumpy regions with surprisingly high density components

which resemble the proposed "compact HII regions". Thus,

the observed "compact" objects are probably bright, large

or merely close isolated examples of HII region clumps.

Since protostars and normal HII regions are not generally

thought to be compatible objects, there is little reason

to connect anomalous emission of OH or H20 from HII regions

other than the semantic one that both are called "young"

objects. Furthermore, attempts to detect anomalous emis-

sion lines from known pre-main sequence objects such as

T Tauri stars have not been successful (Wilson, 1970).

Although the "protostar hypothesis" is, I believe,

an artifact of the progression of thought concerning OH

emission mechanisms, solid observational evidence has been

uncovered to link OH and H20 emission with diffuse and
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point-like infrared objects in HII regions and, in the case

of OH, with supernova remnants. The most convincing fact,

however, is still the presence of the HII region. The

spatial distribution of the radio and optical continuum

radiation near OH and H20 sources has been discussed by

Ball; the other observable feature of an HII region is the

intensity and velocity field of the atomic emission lines.

The physical and kinematic properties of HII regions

have been studied by several groups, most notably the MIT-

NRAO group which surveyed both hemispheres at the 109a line

and in the 6 cm continuum. Since the H20 emission source

position often did not coincide with the HII region "posi-

tion" (usually the continuum maximum) used in this survey

and I had access to the Haystack 3.8 cm spectral line sys-

tem, I reobserved a number of the sources in the 94a line.

The smaller beamwidth (4'), different position and, often,

superior signal to noise intrinsic to the higher frequency

observations with a maser receiver were used to, hopefully,

better determine the excited hydrogen velocity of the HII

region near the H20 source.

Observations of 16 regions, 10 H20 sources plus six

bright HII regions which were used as a cross check against

the MIT-NRAO work, were made in August of 1969 using the

7795 MHz spectral line system described in Appendix A. A

hydrogen line spectrum using the 4 MHz bandwidth with

either a 5 or 15 minute integration was obtained on the
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94a line along with a continuum temperature measurement at

7796 MHz for each source. Two sources, W30H and ON-1, were

observed for one hour with no result, confirming earlier ob-

servations that the hydrogen line is weak in both of these

objects. A typical spectrum is shown in figure II-16. A

simple gaussian fit program was used to compute the line

center frequency, line width (Av) and line temperature (TL).

Assuming a rest frequency for the 94a line of:

VL = 7792871 KHz

the line velocity relative to the LSR was computed using

the same doppler calculation program as was used to derive

H20 velocities. Using the line to continuum ratio

L Av it is possible to compute the LTE electron temperature

(Te) using the expression:

L 4 2./T 1.15T Av = 2.123 x 10 /T 15
T L ec

v, Av in KHz

T can then be used to compute the turbulent velocity of

the line from the observed line width using the expression:

3 Av 2 2 3kTeV = -1c -VT Vn2 c M

In Table II-3 the Vr, Te and VT for each source is compared

to the similar parameter derived by Reifenstein for the

closest continuum object. In table II-4 the H20 velocity
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TABLE II-3

Radio Recombination Line Data

A. Radio Recombination Lines from H20 Sources I

Source

W3
133.7+1.2

Orion A
209.0-19.4

NGC6334N
351.4+0.7

W24B2
0.7-0.0

W31
10.7-0.4

W442
34.3+0.2

W49
43.2-0.0

W51
49.5-0.4

DR21
81.7+0.5

VR(km/sec)

-42.0
-42.3

-3.7
-2.7

-4.0
-2.5

57.9
61.6

3.1
0.3

54.4
53.9

9.3
8.6

58.2
58.2

-2.5
1.7

T (OK)

4800±700
6800±700

7600±900
7000±700

6200±800
6400±900

6300±800
6900±1000

6500±800
5400±1200

10,550±2000
7500±2000

6600oo±800
7700±1100

7300±900
7600±1000

8800±1000
7200±780

Vt(km/sec)

14.2±2.1
16.9±0.8

14.1±2.0
17.7±0.9

12.5±1.9
12.6±1.5

20.6±3.2
32.4±1.6

15.0±2.0
14.8±3.2

12.0±5.0
10.6±5.0

15.0±2.0
16.5±2.0

16.6±2.5
18. 8±1.4

13.6±1.9
25.7±1.5

B. Radio Recombination Lines from Other HII Regions3

NGC2024
206.5-16.4

W28
6.0-1.2

W33
12.8-0.2

M17
15.0-0.7

10.9
7.0

4.5
3.0

36.3
36.3

17.9
17.2

6400±800
7200±800

7700±900
5800±770

6800±800
7800±1100

4900±700
6400±670

12.5±1.9
11.0±1.5

11.5±1.7
12.5±2.7

13.6±2.0
18.3±1.2

19.5±2.9
24. 8±0.8
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Table II-3 (continued)

Source

W43
30.7-0.1

VR (km/sec)

57.4
92.3

T (OK)

4700±700
5600+800

Vt (km/sec)

18.0+2.6
20.2±1.6

1. Data on the top line from 94a observations at the H20
position, bottom line from 109a data (Reifenstein, 1968)

2. Chaisson, 1971

3. 94a (top line) and 109a (bottom line) data at the same
position



TABLE 11-4

Summary of Microwave Lines from H20 Sources

Radial Velocity (km/sec) of Microwave Lines

OH(cm)1,2,3 OH(abs ) HI (abs) 1 CH201 HII CO CN5 HCN ogen"

-40
(-45+-32)

-49
(-55+-45)

+2,+9
(-8 ++27)

-12
(-15+-6)

+65
(53+69)

+1

+57
(50+62)

-8++9
(-160++190)

+60
(+52++110)

-41 -40o -40 -41

-45
(-41+-49)

+8
(-8++24)

-13+-8,

+50++80

+2++13

+10++15
35+50

+0++25

+59
(57+61)

-42 -140

-4 +11 ~+ll +12

-4

-90,+60

+12,+28

+42

+17

+64

17+557

+66

-106++62 +60 ~60

-1++35 +3

+4 3

14 +-62

+65

+54

+9 -10

+58 ~60 -6o +53

Source H20

w3

W30H

Orion A

NGC6334

W24B2

W31

W41

W49

W51

-149

+12

-60

+6

+61

_ -~- - C- - 3



TABLE 11-4 (continued)

OH(cm)1,2,
3

OH(abs) 1 HI(abs) 1 CH2 01 HII CO CN5 HCN 6 ogen" 7

(12+17)

-3+-+8 -2.5

1. Zuckerman et al., 1970
2. Ball, 1968
3. Turner, 1970
4. Wilson et al., 1970
5. Jefferts et al., 1970
6. Snyder and Buhl, 1971
7. Buhl and Snyder, 1970
8. NH3 (VR = +58), HC3N (V = +64), CH3OH (VR = +66) and H2C02 (VR = +60) have also been

found in W24B2.

Source H2 0

ON-1

DR21

+15
(12+20)

(-12++5)

· · --i I rr I
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for each source is compared with the excited hydrogen, OH

emission, OH absorption, H2CO absorption, HI emission and

absorption and emission from other molecules. Clearly the

data indicates general agreement between the velocity of

the HII region and the molecular line emission but the H20

is so spread in velocity that only the angular position of

the H20 source coupled with the velocity is evidence for

spatial association of the HII region and the H20 emission

source.

The general agreement with the HII region velocity

indicates that the anomalous emission source is physically

in or near the HII region and that the velocity dispersion

of the H20 is probably intrinsic to the emission region

and might possibly be a result of geometry. Expansion or

collapse of a shell or possibly rotation of a pre-planetary

disk could produce the velocity dispersion observed. It

therefore seems likely that a small unusual portion of an

HII region is the site of the anomalous emission but that

the entire HII region itself is not an actual or potential

source.

IIC2. H20 and OH Emission

It is clear that anomalous H20 emission is closely

associated with OH emission and that both phenomena seem

to usually occur in or near HII regions. The angular coin-

cidence of OH and H20 sources as measured by single antenna

techniques is better than 30" in most cases and, as will be
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shown in Chapter III, is, in some sources, much better than

this. Measurement of angular coincidence better than about

1" is limited by the present technology and will be dis-

cussed in more detail later. The agreement of radial ve-

locities between the OH line and the H20 line is limited

by our lack of knowledge of the hyperfine structure depen-

dence of the H20 emission mechanism. Since we do not know

which component or components are observed in a given source,

agreement to better than 2 to 3 km/sec is not to be a priori

expected. In fact, it might be possible to work in the

other direction and, by assuming velocity agreement, deter-

mine which component is observed as was attempted by Thac-

ker (1970). The intrinsic difficulty of this procedure is,

I believe, illustrated by table II-5 where I have cataloged

the occurrence and radial velocity of ground and excited state

OH lines in H20 sources. The velocity agreement is what

I would call "general" but not very detailed, nor does

there appear to be a good correlation between OH hyper-

fine structure and H20 emission. This last point illus-

trates another interesting fact: although it is generally

true that the brightest OH sources are also H20 sources,

many strong OH sources do not show H20 emission. Most of

the well known OH sources and many of the weaker sources

have been surveyed for H20 emission with no detection down

to reasonably low levels (lower than 1 percent of W49 or

better). The lack of H20 emission may be explained by

either asserting that OH emission is a more general phe-



TABLE II-5

OH Emission Line Velocities in HII Regions

273/2 J=3/2

1665 1667

-54

2 J=37T J2 ='

1720 4660

2 3/2 J=5/2

4765 6031 6035 13441

-44

NGC6334(N) -13+-8

52+77

0+22

57+61

-9+-12

54+70

2+13

0+26

12+17

-44

-10

62 56 62

2+12

35+50

8,15

57+61

2,3,4,5,6

7,3,4,5,6

2,3,10

7,3,1066,72

8,3

2,3

10-20 7,3,4,10

2,3

9,3

7,3,10

15

6+9

1. Turner, 1970
2. Ball, 1968
3. Thacker et al., 1970
4. Zuckerman and Palmer, 1970
5. Yen et al., 1969

6.
7.
8.
9.

10.

Turner et al., 1970
Palmer and Zuckerman, 1967
Downes, 1970
Ellder et al., 1969
Gottlieb, 1971

1612

W30H

Orion A 7+8

23/2 J=7/2

W24B2 66+69

W31

W44

W49

W51

10+15

13+17

57+61

ON-i

W75DR21

I--·------- --Tiro ·-. I 1rr' i !. ., .• I i ii i I 1Ili , ,,•,,iNl ![ff -,, - ' ... " ' ... ...... '. . : " 
'

.

-41+-49 -41+-49 -41+-49
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nomenon or by observing that observational selection and

the much poorer sensitivity of 22 GHz receivers relative

to 1.6 GHz receivers is to blame. The former explanation,

of course, implies that although both OH and H20 emission

come from very special regions, the two are not necessarily

closely related: a region may be "special" enough to give

OH emission but not "special" enough to give H20.

The time variations of H20 sources represent another

case of similarity and divergence from OH. At this point

no H20 source has been shown to be constant in intensity

over a time scale longer than a year. Several OH sources

are also known to be time variable, most notably NGC6334,

in the ground state emission and often also in excited

state lines. Most OH sources, however, do not seem to be

variable and in no case does the variation of an OH source

exhibit the remarkable behavior that is common to H20 emis-

sion. Sullivan (1971) has attempted to correlate OH and

H20 variability in some sources but with little or no suc-

cess. Sullivan also reports variation in the plane of

polarization of the H20 emission in Orion but this seems

to be an incidental effect more attributable to the varia-

tion of polarized lines that are blended together than to

any intrinsic correlation between variability and polari-

zation. The most highly variable source, W49, does not

appear to be polarized. Sullivan also has reported in-

teresting effects in variation of the radial velocity of
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features and in line widths. In the former case, the re-

ported velocity shifts are not attributable to variations

in very closely spaced, overlapping lines causing a shift

in the center of gravity of a multiple feature but are very

small (less than 1 km/sec) shifts in an isolated feature

which are probably real. In one case, which will be dis-

cussed later (VY Canis Majoris), my data confirm a small

velocity shift reported by Sullivan (1970). The case for

a correlation of line width with variability is much strong-

er; the brightest and most highly variable lines seem to

be the narrowest and "line narrowing" is often observed to

accompany brightening of a feature.

The polarization of H20 emission is also a puzzling

feature. OH emission is known to exhibit very strong linear

and circular polarization - often up to 100% in some fea-

tures, and possible correlations have been observed between

hyperfine components observed and even excited state line

occurrence and circular polarization. Although some sources

of H20 emission are polarized to a substantial degree,

moderate to weak linear or no polarization seems to be the

rule for most features and, as yet, no circular polarization

has been observed. Earlier, we reported a possible anti-

correlation between linear polarization and time variation

which more intensive observations have disproved. This

erroneous conclusion was caused by the fact that the most

rapidly varying source, W49, is unpolarized while two of

the slowest varying sources, W30H and VY Canis Majoris, are
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both polarized.

IIC3. Other Molecular Lines

Spectral lines of the molecules NH3, CHOH, CO, CN,

HCN, CH202 , C3HN, CH30H and an unidentified molecule ("x-

ogen") have been observed in the interstellar medium, often

from HII regions which are also H20 sources. The formal-

dehyde line is the most thoroughly studied of these transi-

tions being seen in absorption against many galactic HII

regions. Formaldehyde seems to be distributed in clumps

or clouds which have been shown by velocity arguments to

often be physically associated with the illuminating HII

region. In one notable case, the Orion nebula, no formal-

dehyde absorption is observed indicating a lack of the mole-

cule in the immediate region of that object or in the space

between it and the sun. The widespread and nearly isotropic

distribution of galactic formaldehyde, however, argues

against a close association between this molecule and the

highly localized H20 phenomenon.

Microwave lines of other molecules are seen in emis-

sion from HII regions and appear to be quite extended in

space, at least in the cases of NH3, CO and HCN. The most

"popular" sources, Orion A and W24B2, are, of course, also

H20 sources, but particularly in the case of HCN, lines

are also seen in non H20 sources. The early state of the

work on most of these lines make generalizations concern-
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ing their occurrence and H20 emission rather difficult but

several general trends are apparent:

1. Most of the sources are rather extended in space -

often more extended than the associated HII region.

2. No anomalous brightness temperatures are observed.

3. No peculiar polarization or time variation effects

are observed.

Thus, I believe that it is fair to conclude that, based upon

the preliminary data, any correlation between H20 emission

and these other molecules is merely a reaffirmation that

both the normal emission of molecular lines and the anoma-

lous emission of H20 are associated with HII regions. The

velocities of the H20 sources and the various other molecu-

lar lines tabulated in table II-4 confirm that there is a

general agreement between H20 and other molecular line emis-

sion and a rather poor association between absorption and

emission line velocities.

--
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III. Studies of Water Vapor Emission from Infrared Stars

The possibility that water vapor emission is associa-

ted with infrared objects was an early development of the

initial observations of the phenomenon. The Orion A H20

sources, like the OH source in the object, are almost cer-

tainly associated with the infrared nebula and point source

imbedded in the HII region. Similarly, both the W30H and

W51 H20 (and OH) sources are near but not coincident with

infrared objects with blackbody temperatures of 1000 K or

less. An even stronger case exists for the VY Canis Majoris

source which was also discovered in the early observations

and is identified with a peculiar irregular variable star.

A similar situation for OH emission, particularly the

identification of the Orion A OH source with an infrared ob-

ject, led William J. Wilson of MIT to conduct a survey of

what he has termed "infrared stars" for OH emission. In

surveying about 500 objects from the Caltech 211 Sky Survey

(Neugebauer and Leighton, 1969) he has uncovered about 31

OH sources with the emission coming primarily from the 1612

MHz transition. Many of the sources are true infrared ob-

jects like the NML Cygnus object with no optical counterpart

and a blackbody temperature of about 1-2000 0 K, but a sub-

stantial number of sources were found to be very late type

Mira variables (Wilson, 1970a). Mira variables are particu-

larly interesting since they show spectral lines of many
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molecules in their optical and infrared spectra and are the

only stars to show absorption bands due to steam. The known

association between OH and H20 sources, the two known cases

of H20 emission from infrared objects and the discovery of

OH emission from Mira variables strongly suggested that a

survey of infrared stars similar to the Wilson survey would

turn up a number of H20 sources. The final impetus to this

idea was given by B. E. Turner who, with a group of associ-

ates, discovered H20 emission from the star R Aql, one of

Wilson's OH source stars, and a rather typical bright Mira

variable (Turner et al., 1969).

IIIA. Survey and Results

The survey of infrared stars for H20 emission was begun

in September of 1969 using the Haystack antenna and water

vapor receiver which is described in Chapter VIIA. The sur-

vey was initially constructed to maximize the possibility

of detecting new sources rather than to gather statistics

since the receiver was rather insensitive even though it

represented the best water vapor system in operation at that

time. It was, and is, anticipated that the survey will be

repeated when better radiometers become available. Objects

were selected from the Caltech 2p Sky Survey with particular

emphasis being put on three types of objects:

1. Objects included in Wilson's OH survey

2. Mira type variables

m_



- 89 -

3. Objects with blackbody temperatures similar to

that of VY CMa and R Aql

Since Wilson's survey concentrated on the reddest objects in

the infrared catalog and Mira variables usually have surface

temperatures greater than about 2000 K (I-K=6) many of the

redder objects in Wilson's survey are not prime candidates

according to these criteria. This, however, did not prove

to be an operational limitation since the much poorer sensi-

tivity of the water vapor system than the OH system that he

used requires longer integrations, and thus coverage of fewer

sources in a reasonable amount of time, to achieve accep-

table detection levels. It was decided to set 20 F.U. or

approximately ten times the detection level of Wilson's sur-

vey as the 3a detection limit for the H20 survey.

Despite the fact that the radial velocities of many

Mira variables are well known and that the OH velocity in

these objects is close to the stellar radial velocity, it

was decided to search a fixed radial velocity window for

each object. This procedure was adopted because of the

wide velocity spread observed in some H20 sources and to

simplify observing and data reduction. A ±+100 km/sec ve-

locity window was selected to cover most stellar velocities

with respect to the local standard of rest. This window

corresponds to about 16 MHz at 22 GHz or four times the

maximum correlator bandwidth (4 MHz, 100 KHz resolution)

at Haystack. Thus each star can be searched by taking four
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spectra with low but acceptable resolution (1.3 km/sec) for

a survey.

Since the objective of the survey was to be detection

of H20 from infrared objects and since the position determi-

nations of these objects are accurate to better than one

beamwidth of the Haystack or NRAO 140' antenna, no position

search was made. As is discussed in Chapter VIIC, the

pointing errors of the Haystack antenna are much smaller

than the beamwidth and, thus, the possibility of missing

sources is small. In the case of the 140' antenna, although

pointing errors are not small, it was decided that the possi-

ble gains in using a position search for each source were

more than outweighed by the expenditure of extra observing

time required.

The actual survey was carried out during three distinct

observing periods which consisted of a number of not neces-

sarily contiguous 24 hour observing sessions. The first

period lasted from early September to November 1969 with

a total of 134 sources being surveyed. The two known infra-

red star H20 sources, VY CMa and R Aql, were redetected al-

though the strength of R Aql was about one fifth that re-

ported by Turner. The first new source found, W Hya, was,

interestingly enough, not a known OH source and was a late

type semiregular variable. Two other sources were subse-

quently also found: U Her and NML Cyg, the latter being

the first and strongest OH source found by Wilson in his

survey. NML Cyg had been previously searched for H20 but
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with no success.

The second observing period was carried out during De-

cember of 1969 in conjunction with an H20 VLBI experiment

at the NRAO using the 140' telescope and an MIT designed

and built radiometer. The use of a different antenna and

the NRAO 400 channel autocorrelator necessitated modifica-

tion of the observing program somewhat. In particular, the

+100 km/sec window could be covered with two 10 MHz spectra

(1 km/sec resolution) overlapped by 4 MHz rather than with

four spectra as at Haystack. No new sources were detected

during this period but interesting time variations were ob-

served in the spectra of R Aql and U Her and a number of

"suspects" were turned up which required further observation.

The third observing periods at Haystack during January

and February of 1970 consisted primarily of reobservation

of promising suspects from the first two periods and of an

extension of the survey to include more Mira type variables

of late spectral type. Three new sources were found: U Ori,

RX Boo and S CrB and, in addition, further interesting time

variations were found in R Aql and U Her which indicated a

possible correlation between microwave and optical intensi-

ty. Following this observing period, a program of monitoring

the time variations of several stars was initiated during

which selected objects were reobserved from time to time

and a number of new stars were observed; VX Sgr was found

during this time.
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In table III-1 the 248 stars surveyed for H20 emission

are listed in order of increasing right ascension. For

each source the star's popular name, IRC number, position,

spectral type and infrared color index (I-K) are given.

Stars in which H20 emission was detected are marked with an

asterisk. The detection limit is 20 F.U. (3a) unless noted

and the velocity range searched was ±100 km/sec relative to

the local standard of rest unless noted.

IIIB. Stars with Water Vapor Emission

A total of nine stars with water vapor microwave emis-

sion have been detected up to this time so that nearly half

of the known water vapor sources fall into this category.

Seven of these sources were found in my survey while an

eighth, VY CMa, was independently discovered by the MIT and

NRL groups during the initial observations of water vapor.

I have arbitrarily divided the nine water vapor stars into

two groups: 1. Peculiar Infrared Stars with Water Vapor

Emission and 2. Long Period Variables with Water Vapor Emis-

sion.

IIIB1. Peculiar Infrared Stars with Water Vapor Emission

The four stars in this group, VY CMa, RX Boo, VX Sgr

and NML Cyg, represent peculiar stars which show water vapor

emission. Recent work has shown two of these objects, VY CMa

and NML Cyg, to be much less unusual than had been previously

_ _
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TABLE III-1

Stars Surveyed for H20 Emission

R.A.(1950)
HH MM SS DD

Dec.(1950) I-K
MM SS Sp

1 +60001
Y Cas

2 -30002
SY Sol

3 +50003
X And

4 +40006
VX And

5 +60009
T Cas

6 +40009
R And

7 -10009
UY Cet

8 +10005
T Psc

9 +30015
RW And

10 +50016
RV Cas

11 +10011
12 +50030
13 +30021
14 +10014

S Psc
15 +50035
16

AX Per
17 +20029

SV Psc
18 +500149

19 +50050
U Per

20 +10025

21 +40037
W And

22 +00030
0 Cet

23 +60083
FZ Per

24 +00032
R Cet

00 00 44 55 24 24 5.4

00 05 01 -25 46 30 6.0
M6e

00 13 28 46 44 18 4.1

00 17 14 44 25 52 4.1

00 20 28 55 30 12 5.0
M7e

00 21 23 38 18 00 3.9

00 24 35 -06
S6

52 54 4.5
MA

00 29 26 14 19 24 114.5

00 44 34 32 24 54 5.7
M8e

00 49 53 47 08 36 4.3

01
01
01
01

01
01

42
00
00
00

54
17

7.6
6.1
6.1
4.7
M7e

M3e
01 43 52 18 49 36 4.1

01 55 35 45 11 42 4.0
MB

01 56 16 54 34 24 4.1
M6e

01 59 59 07 26 06 4.5
MO

02 14 21 44 04 18 5.6
M8e

02 16 49 -03 12 12
M6

02 17 35 56 56 03 3.5
K5

02 23 29 -00 24 36 4.5
M4e

IRC
Name Remarks
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TABLE III-1 (continued)

R.A.(1950) Dec. (1950) I-K
HH MM SS DD MM SS Sp Remarks

25 +50068
UX And

26 +30044
R Tri

27 +60096
CQ Cas

28 +20051
RZ Ari

29 +30056
30 +30061

UZ Per
31 +50096
32 +40062

RV Per
33 -20043

RT Eri
34 +10047
35 +40070
36 +10050

NML Tau
37 -20049

V Eri
38 -30033

W Eri
39 +10060

R Tau
40 +10061

S Tau
41 +20085
42 +60144
43 +00062

BD Eri
44 +10066

RX Tau
45 -10075

BX Eri
46 -20062

47 +60150
TX Cam

48 -10080
R Lep

49 -20066
T Lep

50 +50137

02 30 16 45 26 06 4.0

02 33 58 34 03 06 4.4
M4

02 46 08 60 49 36 5.4

02 53 00 18 07 49 3.0
M6

32
31

03 31 55 -16

4.1
4.1

6.4
4.4

19 42 5.6

4.0
6.0
6.8

04 02 02 -15

04 09 21 -25

51 30 4.6
M6

15 54 5.2

04 25 36 10 03 30 3.9
M6e

04 26 29 09 50 36 5.4

29
30
31

50
49
13

22
62

-00

33
10
05

6.0
6.9
4.4

04 35 30 08 13 36 5.6

04 38 11 -14 17 24 4.4

04 43 04 -23 57 00 4.0
K2

04 56 44 56 06 54 6.9
M9

04 57 22 -14 52 36 5.0
C7

05 02 43 -21 58 24 5.0
M7e

05 07 20 52 48 48 6.6

IRC
Name

1,2

2,3

1



- 95 -

TABLE III-1 (continued)

R.A.(1950) Dec. (1950) I-K
HH MM SS DD MM SS Sp Remarks

51 +50141
R Aur

52 -10091
EX Ori

53 +30114
S Aur

54 +00074
S Ori

55 -10094
RW Lep

56 +30124
U Aur

57 +00082
Y Ori

58 +00085

59 +20127
U Ori*

60
X Per

61 -10108

62 -10109
63 +20135

WY Gem
64 +20136

BU Gem
65 +00102
66 +201441

U Gem
67 +00104oo

V Mon
68 +50164

IC Aur
69 +40156
70 +10153

V CMi
71 +20171

R Gem
72

HD51480
73 +20172
74 +10154

R CMi
75 -30087

VY CMa*

05 13 16 53 31 30 4.3
M7

05 22 08 -06 11 24 4.2
M8

05 23 47 34 06 54 6.2
S

05 26 29

05 36 34

-04

-14

43 30 5.0
M7e

041 18 4.8

05 37 29 31 53 30 3.1
Ml

05 39 01 -04 09 24 4.8
M3

05 42 57 -04 15 36 4.3
F5

05 52 51 20 10 24 5.4
M8

05 52 53 50 33 09

06 03 50 -07

06
06

-05
23

06 09 16 22 55

06
06

-03
22

05 24 4.5

3.2
K5

00 3.1
M1
6.6

06 20 11 -02 10 00 3.6
M6e

06 21 02 49 18 54 2.6
MO

06 29 45 40 44 54 6.8
07 04 17 08 57 18 4.5

M10
07 04 19 22 46 30 4.6

S3
07 04 21 22 46 59

24
10

07 20 53 -25

B5
10 54 4.6
06 00 4.2

S 1•
40 24 5.6

M14

IRC
Name
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TABLE ITT-i (continued)

R.A. (1950)
MM

Dec. (1950) I-K
SS DD MM SS Sp Remarks

76 +50177
RS Lyn

77 +140172
78 +20181
79 +10167

S CMi
80 -20133

Z Pup

RU Lyn

ST-S
83 +00162
814 +20197

VV Cnc
85 +10185

R Cnc
86 +00175

07 114 29 148 36 148 14.2
M/C

07 15 00 38 08 30 14.8
07 28 13 20 39 00 14.5
07 30 01 08 25 36 14.3

M7e
07 30 26 -20 32 148 .

07 36 143 36 146 16

07 145 30 -02 28 08

-02
19

08 13 149

08 23 36 -014

5.1
14.0

11 S2 s14 3.7
M7

1414 214 4.

87 +00179
EY Hya

88 +00180
89 +20206

X Cnc
90 -10210

T Hya
91 -20176
92 -20177
93 +20207

T Cnc
914 +10203

95 +30208
W Cnc

96 -10222
X Hya

97 +302114

98 +30215
R LMI

99 -20197
100 +10215

R Leo
101 +10216

102 -301S6
W Ant

08 143 146 01 148 514 14.14

08
08

-03
17

08 53 12 -08

08
08
08

53
53
53

25
26
49

-19
-214

20

05;
57 00 14.1

M3 e
01
05
02

42
54
30

14.3
14.3
14.6

09 05 38 13 25 214 14.1
MC

09 07 01 25 27 00 14.2

09 33 05 -114 28 00 14.7
M7e

09 38 38 31 30 214 2.6
K6

09 142 35 314 414 8 14.2
M7e

-21
11

148
39

06
48

2,3

6.2

MFe
09 14s 18 13 30 36 6.

Ce
09 148 s4 -29 39 214 14.2

IRC
Name HH
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TABLE III-1 (continued)

R.A.(1950)
HH MM SS DD

Dec. (1950) I-K
MM SS Sp Remarks

103 +60202
104 +60203

U UMa
105 +30219

106 +70099
R UMa

107 +10233
VV Leo

108 -20218
V Hya

109 +10234
W Leo

110 +10235
VY Leo

111 -20222
R Crt

112 +80023
113 +40226
114 +60213

Z UMa
115 -20237

R CrV
116 +00217

SS Vir
117 +00220

BK Vir
118 +30240

119 +30241
120 +10256

R Vir
121 +60220

Y UMa
122 +00224

RU Vir
123 +40238

U CVn
124 +50222

TU CVn
125 +70116

RY Dra
126 +10262

RT Vir
127 +60223

UW UMa
128 +00230

SW Vir

10 11 17 56 36 00 4.1
10 11 41 60 13 54 2.7

MO
10 13 12 30 49 24 7.5

S
10 41 10 69 02 00 4.7

Mi4e
10 46 08 08 55 48 4.0

10 49 12 -20 59 18 4.6
NO

10 50 58 13 59 06 5.8

10 53 26 06 27 00 3.3
M5

10 58 09 -189

12
32
53

38
51
54

75
35
58

03 36 4.8
M2

42
24
00

24
08
09

4.8
4.4
3.9
M6e

12 17 02 -18 58 42 3.6
M6e

12 22 40 01 02 54 3.6

12 27 48 04 41 00 4.0
MC

12 31 13 33 31 00 1.8
KO

12 34 26 27 19 54 4.6
12 35 56 07 15 24 3.5

M4
12 38 02 56 07 24 4.4

M8
12 44 47 04 24 42 5.2

12 44 57 38 38 24 5.1

12 52 39 47 28 06 3.0
M5

12 54 33 66 16 24 4.0
NP

13 00 05 05 27 06 4.4
MA

13 09 57 56 38 54 4.1

13 11 30 -02 32 30 4.0
MB

IRC
Name
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TABLE ITT-i (continued)

R.A. (1950)
HH MN SS DD

Dec. (1950) I-K
MM SS Sp Remarks

129 +50226
V CVn

130 -2025)4
R Hya

131 -10290
S Vir

132 -30207
W Hya*t

133 +1402148
R CVn

1314 +20270
A Boo

135 -20266
136 +140255

Ct Boo
137 +701214

U UMI
138 +30257

RX Boo*
139 +002143
1140 +140257

V Boo
1141 -30222

Y Cen
1142 +30260

R Boo
1143 +30261

RV Boo
11414 +30272

S CrB*
1145 +10290

S Ser
1146 -20286

RS Lii
1147 +20281

WX Ser
1148 +80030

S IJMi
1149 +00269

B3G Ser
150 +140272

Y CrB
151

R CrB
152 +140273

V OrB

13 17 114 145 147 00 3.14
MA

13 26 58 -23

13 30 214 -06

13 146 13 -28

01 24

56 06
M7

07 06
M8e

13 146 149 39 147 36 14.8

114 13 21 19 25 56

114 114 15 -16 12 142 14.1
114 15 53 35 1414 22 16

Ki
114 16 12 67 01 36 14.14

114 21 58 25 55 514 14.6
M8e

114 214 50 014 53 514 5.0
114 27 1414 39 05 00 3.8

M6e
114 27 59 -29 52 214 14.2

M/2
114 35 01 26 57 30 3.8

M14e
114 37 08 32 145 06 14.1

MB
15 19 19 31 32 36 3.9

M7e
15 19 20 114 29 12 5.1

M5e
15 21 26 -22 144 06 5.2

15 25 32 19 1414 06 6.1
M8e

15 31 21 78 148 18 14.1

15 141 02 -01 33 00 5.3

15 1414 53 38 28 214 14.3

15 14 0 28 19 00
GO

15 147 143 39 143 18 14.9
N 3e

IRC
Name

2,3

1,2
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TABLE III-1 (continued)

R.A.(1950)
HH MM SS DD

Dec. (1950)
MM

I-K
SS Sp Remarks

153 +20285
R Ser

154 -30245
155 +20286

156 +30283
RU Her

157 +30289

158 +20298
U Her*

159 +30292
160 -30265

a Sco
161 +40283

G Her
162

1649-41
163 +70135

R UMi
164 -30266

ST Sco
165 +50255

S Dra
166 -10347

V446 Oph
167 +20307

S Her
168

6231-92
169 -30258

RR Sco
170 -10355
171 -20341
172 -20347

R Oph
173 +20315
174 +10323

V438 Oph
175 +10324

a Her
176

1735-32
177 +60251

T Dra
178 -10376

XX Oph

15 48 22 15 17 00 4.4
M7

15 48 53 -30 02 54 4.3
15 49 05 21 07 24 2.3

K5
16 08 07 25 12 00 5.6

M7e
16 20 35 33 49 18

K5
16 23 35 19 00 24 4.2

M7e
16 25 59 34 54 24 6.3
16 26 20 -26 19 23 1.9

M2
16 27 01 41 59 24

M6
16 49 55 -41 44 00

16 30 38 72 23 12 4.6
M7e

16 33 28 -31 08 06 4.3
S4

16 41 50 54 59 48 4.1

16 43 54 -11 33 06 5.9

16 49 37 15 01 27 3.5
M6e

16 50 41 -41

16 53 26 -30

t7
00
04

11
12

29
13
54

36
19

-10
-20
-16

18
11

16
17
17

17
17

50 06

30 09 3.6

32
29
01

04
07

17 12 22 14 26 36

17 35 58 -32

5.5

4.7
M5e
4.2
4.2
M8

13 12

17 36 13 57 45 36 4.1

17 41 16 -06 14 52 4.6

IRC
Name

2,3

2
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TABLE 111-1 (continued)

B.A. (1950) Dec. (1950) I-K
HH MM SS DD MM SS Sp Remarks

179 -10381
180 -20404
181 -20424
182 -20431

VX Sgr*
183 -20454
184 +30334

TU Lyr
185 -10434
186 +40321

T Lyr
187 +10365
188 +10366

X Oph
189 -10450
190 +10381

191 +40334r
B Lyr

192 -20S341
SU Sgr

193 +io11o6
R Aql*

194 -20S40
195

196
RY Sgr

M Het IV-2
197 +403)48

UV Cyg
198

S Het IV-1
199 +50301

B Cyg
200 -10524

GY Aqi
201 +30395

X Cyg
202 +004158

BB Aqi
203 -30425

V1943 Sgr
204 -10529
205 +0046j7

v584 Aqil
206 +70163

48

00
05

-08
-19
-20
-22

-16
31

-0736

00
31
19
14r

412
30
30
00

00
18

00
48

00
24

-o5
i0

48
30

18 S3 47 43 52 54

6.9

6.3
4.8
M4
5.2
4.7

4.4
N3
6.1
S.0
Ki
6.4
2.3
KS

M5
19 00 43 -22 47 06 4.3

M7
19 03 s8 08 09 06 5.0

M7e
19 05 56 -22 19 12 6.0

13 -33 41

19 13 49 22 51 53
GO

KO
19 29 40 43 31 42 4.4

19 33 3)4 22 J13 50

19 35 26 50 05 06 2.7

19 47 20 -07 44 i8 4.6

19 48 37 32 47 18

19 54 58 -02

20 03 51 -27

S7
01 12 4.44

M7e
22 05 4.3

M8
20 07 46 -06 24 40 6.8
20 07 55 -01 46 36 4.1

M8
20 12 26 66 05 36 4.5

MC

IRC
Name
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TABLE III-1 (continued)

R.A.(1950)
HH MM SS DD

Dec. (1950)
MM SS Sp

207
P Cyg

208 +40409
BC Cyg

209 -30430
T Mic

210 +80040
UU Dra

211 +40434
212 +20474

EU Del
213 +60296

U Cep
214 +40448

NML Cyg*
215 +50347

RZ Cyg
216 +30464

UX Cyg
217 +50351

AZ Cyg
218 -20596

RS Cap
219 +50362
220 +70168

T Cep
221 -10558

RX Aur
222 -20608

BA Del C
223 +40483
224 +50383
225 +80048

S Cep
226 +60235

U Cep
227 +00509

HD207067
228 -10573

229 +00511

230 +50417
BS8421

231 +40501
SV Peg

20 15 57 37 52 35
B1

20 19 47 40 17 30 5.0
MC

20 24 52 -28 25 36 4.3
M6e

20 24 53 75 05 00 4.5
MC

20 32 14 42 15 11 7.3
20 35 38 18 05 54 3.4

M6
20 38 03 59 21 30 5.2

20 44 33 39 56 06 8.2
M4

20 50 10 47 10 06 5.7

20 53 00 30 13 26 5.2
M6e

20 56 15 46 16 36 3.9
MZ

21 04 29 -16

21 10 00 -14

21 23
ap

48 -22

37 30 4.1
M6
7.5
4.8
M7

35 54 4.1
M5

38 00

00
48
06

A
8.3
5.0
5.4
N8e

21 41 58 58 33 00 2.0
M2e

21 43 59 -02 26 12 3.9
M3

21 54 17 -14 20 54 4.0

22 00 22 -00 10 24 4.0

22 03 17 46 30 05 2.9
M8

22 03 29 35 06 00 4.5

IRC
Name

I-K
Remarks

1,2
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TABLE ITT-i (continued)

R.A. (1950) Dec. (1950) I-K
HH MM SS DD MM SS Sp Remarks

232 +60353
RW Cep

233 +~4O511
S Lac

2314 +60o357
ST Cep

235 +20532
SS Peg

236; +140518
237 +301498

BD Peg
238 +140522

RX Lac
239 +10527

R Peg
2140 +10529

2141 +60389
V Cas

2142 +30509
W Peg

2143 +140536
BU And

21414
Z And

2145 -206142
R Aqr

2146 +1405145

2147 +601428
TZ Cas

2148 +5014814
R Cas

1. OH Source

22 21 114 55 142 36 2.8
MO

22 26 01 35 18 06 4.

22 28 17 56 145 06 3.6
MO

22 31 37 214 18 36 14.9

22 39 32 142 17 00 14.7
22 140 35 27 53 36 14.0

M8
22 4y 141 140 147 14 1.

23 014 07 10 16 214 14.3
M7e

23 06 56 08 214 36 3.0

23 09 31 59 25 514 14.7
M7e

23 17 22 26 00 2~4 1.

23 21 16 39 27 214 14.6

23 31 15 148 32 33

23 141 12 -15 314 06 14.8
M7

23 142 314 143 38 30 5.14
M8

23 50 26 60 143 36 14.1
M/2

23 55 53 51 06 36; 4.9
M7 e

(Wilson, 1970)
2. Source regularly observed for H20 emission, 10 F.U. detection

limit
3. Source with possible H20 emission, not confirmed

IRC
Name
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thought and to be similar to ordinary late type stars (Her-

big and Zappala, 1970). VX Sgr and VY CMa are believed to

be rather similar objects in optical and microwave spectral

properties as well as their temporal history (Wallerstein,

1970). The state of evolution of the stars in this group

is open to question; VY CMa and NML Cyg have been identified

by various authors as young objects evolving toward the main

sequence. The rather conventional, although veiled, M

spectral characteristics of both objects, however, argues

for their being late type stars. Wallerstein (1970) has,

in addition, pointed out that VY CMa and VX Sgr are both

Lithium poor while confirmed early objects such as T Tauri

stars are usually Lithium rich.

VY Canis Majoris a(1950)=7 20-53±2s, 6(1950)=-25040'24±30'

This irregular variable has long been acknowledged to

be a peculiar object exhibiting an unusual spectrum, infra-

red excess and an extended optical image. Recent theoreti-

cal and experimental work has somewhat clarified the situation

concerning this star. VY CMa is apparently an M5 super-

giant imbedded in a rotating nebular shell or disk of gas

and dust. The existence of the nebula is suggested by both

direct observations of the reflection nebula (Herbig, 1970

and Feast, 1970) and by infrared observations of a shift in

the maximum of the spectrum to 3-4p rather than the li peak

expected for an M5 star (Hyland et al., 1969 and Low et al.,

1970). The existence of a strong degree of linear polariza-

___
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tion (10-40%) of the optical radiation from VY CMa supports

this view (Serkowski, 1969).

VY CMa has been found to be an exceedingly powerful OH

source radiating strongly at the 1612, 1665 and 1667 lines

(Eliasson and Bartlett, 1969 and Wilson, 1970). The 1612

radiation is essentially unpolarized while the main line

emission shows circular and a great deal of linear polari-

zation which is possibly correlated with the optical polari-

zation in position angle (Wilson, 1970). Observations of

the main line OH emission from VY CMa have indicated a small

but measurable decrease in its total flux over the period

December 1968 to August 1969 which may correlate with a

decrease in optical flux over this period (Booth, 1969 and

Wilson, 1970).

The water vapor spectrum of VY CMa is remarkably simple

and stable for an H20 source exhibiting three strong fea-

tures at 14, 18 and 35 km/sec with several other features

in the 10-25 km/sec range. Linear polarization measurements

have indicated approximately 20% linear polarization of the

main features but no circular polarization; the position

angle is not known. Early observations indicated no time

variations in this source but, as is shown in figure III-1,

the 35 km/sec feature is time variable although over a rela-

tively long time scale compared to the variation of other

sources. The 14 and 18 km/sec features appear to be stable

in time to within ±10% and the total flux has decreased by

less than 10% despite a large decrease in the 35 km/sec
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feature over the period April 1969 to June 1970. Sullivan

(1970) has reported a velocity shift in the 35 km/sec fea-

ture relative to the main features over a one year period.

My data clearly confirm this shift. The shift observed for

the April 1969 to June 1970 period is +0.5±0.3 km/sec. It

is unclear whether the microwave variability of VY CMa is

correlated with optical variations. VY CMa's light curve

was regular during the period 1910 to 1930 but recently

has become very complicated. During 1969 and 1970 the star

has been slowly decreasing in intensity (Robinson, 1970).

The optically visible nebulosity is quite possibly a recent

phenomenon and may be associated with the change in the

star's pattern of variability (Wallerstein, 1970).

Herbig (1970) has proposed a model explaining the rather

complex optical emission and absorption spectrum of VY CMa

which includes a kinematic interpretation of the OH and H20

emission velocities. In table III-2 the optical and micro-

wave properties of VY CMa are listed and in figure III-2

I have attempted to sketch the velocity distribution of the

various lines. In Herbig's model the M5 star (Ts = 27000K)

is surrounded by a rotating disk of gas and carbenaceous

dust with both a velocity and temperature gradient (400 K

to 18000 K) so that the high temperature absorption lines

may originate from the star while the lower temperature

atomic emission and molecular absorption lines may origi-

nate in the disk. The fact that the H20 emission lies in-
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terior in radial velocity to the two OH complexes and that

they, in turn, correspond to the emission line velocities

is taken to indicate that the OH emission comes from the

outer portion of the disk while the H20 emission is from

the inner edge or from the star itself. Thus the OH and

H20 sources may not be physically associated in VY CMa

with the OH emission originating from a region which is

similar to an emission line object while the H20 might

originate from a region more similar to the outer atmos-

phere of a star.

RX Boo a(19 5 0)=14h21m 5 8±2 s, 6(1950)=25055'54±30"

This star represents more of an extreme case than a

peculiar object since it is the latest type star that is

not a long period variable being classified M8. RX Boo

is a short period (90 days) small amplitude variable. A

water vapor spectrum of RX Boo is shown in figure III-3a.

Other than the radial velocity of the emission line com-

plex, little is known about this source due to its extreme

weakness. There is some indication that the emission is

time variable as is discussed in section IIIC. As can be

seen from table III-2 the correlation between the optical

emission and absorption lines from the star and the H20

emission is good. Wilson (1970b) has found no 1612 or main

line OH emission from this object.

VX Sagittarii a(1950)=18!05mo052a, 6(1950)=-22014'00±30"

VX Sgr is a peculiar low amplitude (3-4 Magnitudes)
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variable that exhibits light variations on a 600-900 day

time scale which resembles those of VY CMa during 1920

through 1950 (Robinson, 1970). The spectral type of M3-4

and the optical line spectrum are similar to VY CMa. Waller-

stein (1970) and Wilson (1970b) have suggested that the OH

spectrum is also like that of VY CMa. VX Sgr does not have

the pronounced visible nebula that marks VY CMa but this

may be due to the transient nature of this phenomenon.

H 20 emission was found in VX Sgr in October 1970 al-

though the star had been observed, with no detection, on

numerous occasions during 1969-70. An investigation of

the optical behavior of VX Sgr during this period shows

that it increased by about one magnitude over the period

from April 1970 to October 1970 (Frogel, 1970b). Thus, the

non-detection of H20 emission previous to October is con-

sistent with time variations correlated with the star's

phase. A spectrum of VX Sgr is shown in figure III-3b.

The radio and optical velocity structure of VX Sgr is com-

pared to that of VY CMa in figure III-2; both objects are

undoubtedly complex star and circumstellar cloud systems

with the velocity structure resulting from expansion of a

shell (Wallerstein, 1970) or rotation of a ring (Herbig,

1970).

NML Cygnus a(1950)=20h4433±2s, 6(1950)=39056'06±30"

NML Cygnus is one of the most intensively studied as-

tronomical objects of the last few years. It was first dis-
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covered as a very red, very intense yet optically invisible

object by Neugebauer, Martz and Leighton (1965) and then

as an intense 1612 OH source by Wilson and Barrett (1968).

Intensive study of the infrared spectrum of NML Cyg has shown

it to be an object somewhat similar to VY CMa. Although

there is still considerable debate concerning its exact

classification, NML Cyg is probably a late M type giant

or supergiant of spectral type no earlier than M6III (Her-

big and Zappala, 1970) and possibly as late as M71a (Low

et al., 1970). Reddening by a circumstellar cloud probably

accounts for the star's peculiar spectrum (Hyland et al.,

1969). The star is possibly variable, at least at 10p

(Low et al., 1969) although Neugebauer (1970) finds no

variation at 2U.

OH emission from NML Cyg has been studied in great

detail by Wilson using both single antenna and interfero-

metric techniques. He has found the source to be extremely

complex exhibiting strong, slightly polarized 1612 MHz and

weaker 1665 and 1667 circularly polarized emission from

two distinct velocity intervals, -30 to -5 km/sec and 4 to

25 km/sec. Both the intensity and polarization of the 1612

features appear to be time variable. VLBI observations

indicate that the 1612 lines originate from a large number

(more than 15) of sources with a characteristic size of

about 0.1 arc sec confined to a 2 arc sec region centered

on the infrared star (Wilson, 1970).

1
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NML Cyg is a rather weak H20 source exhibiting what

is probably a complex of closely blended lines near -19

km/sec as is shown in figure III-4. Any emission from

around 20 km/sec is less than one fifth as intense as the

-19 km/sec feature. The weakness of the source has made

measurement of polarization and time variation of this

source difficult although there is some indication that

it may be decreasing in time. The optical, infrared and

microwave properties of NML Cyg are summarized in table

111-2.

IIIB2. Long Period Variables with Water Vapor Emission

The five stars in this group are all long period varia-

bles of the Mira-Ceti type or semiregular variables with

similar spectral characteristics. Typical periods for this

type star are in the range 100-600 days with light varia-

tions of 2-5 magnitudes. Stars of this type are late M

type giants with high luminosities (about 104 L) and masses

(1-5 MO) but low densities (10-6 - 10-  g/cm 3 ). Both the

mass and luminosity appear to be a function of period with

the brighter, less massive stars having the shortest peri-

ods (Feast, 1963).

The optical spectra of Mira-Ceti variables are com-

plex and time dependent. Metallic absorption lines as well

as the TiO bands which are the basis of the M type classi-

fication scheme are observed. The TiO band strength usually
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varies with phase, as does the temperature of the photo-

sphere, but the relationship is not a simple one. The

stars travel on irregular paths in the temperature-spectral

type plane as is sketched in figure III-5 (Soinrad and Wing,

1969). Variations in the absorption line velocities of up

to 10 km/sec have been observed with the velocity maximum

occuring near maximum light. The mean absorption line ve-

locity is usually taken to be the velocity of the star

(Merrill, 1940).

Emission lines appear in the spectra of Mira-Ceti var-

iables from before maximum light until just after minimum.

These emission lines are at a lower velocity than the star

and apparently originate in or below the reversing layer;

their disappearance is associated with the maximum strength

of the TiO bands and is apparently due to blanketing (Mer-

rill, 1960). Preston (1967) has derived an empirical re-

lationship between the difference of the absorption and

emission line velocities

V(abs)-V(em) = 0.35P (in days) km/sec

The emission line velocity also varies with time with ampli-

tudes as high as 20 km/sec but the maximum velocity occurs

near minimum light. If the emission lines arise from ionic

recombination at the edge of a photospheric shock wave, as

is hypothesized, the star probably reaches maximum radius

at maximum light (Merrill, 1960).
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The maximum emission of stars of spectral type M6-M8

is near 2p so the infrared spectrum is of great importance

to the study of these stars. The 2p continuum maximum

tends to lag the optical maximum by about one fifth of a

period for most stars, but the situation is complicated by

stellar molecular absorption bands. Significantly, strong

bands of CO, CN and H20 are observed in the sDectra of

almost all Mira-Ceti variables later than about M1 . The

H20 absorption, specifically the 1.9p band, is at a maxi-

mum just before minimum light and then decreases rapidly

to a minimum where it remains until about a fifth of a

period before maximum light where it begins a steady in-

crease (Frogel, 1970). Infrared excesses in the 10-20p

range have been detected in some Mira-Ceti variables,

especially those which show OH microwave emission, which

have been interpreted as an indication of the existence

of circumstellar dust shells (Hyland et al., 1970). The

one notable exception to this behavior is the OH/H 20 source

R Aql. Mass loss and the existence of extra-stellar ma-

terial in M giants has been suggested and is somewhat sup-

ported by the IR observations (Gehrz and Woolf, 1971).

The five long period variables with water vapor emis-

sion are discussed in the following paragraphs. The opti-

cal, infrared and microwave properties of these stars are

listed in table 111-2.
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TABLE III-2

Stars with H20 Emission

Type
Period (days)

Optical Velocity
LSR (km/sec)

Emission Absorption

A. Peculiar Stars

Pec .Irr.
0-900

-9 - -12
+18-+56

SRb -5

Pec. Irr.
600-900

-221

+38-+61

+3

-17,-10,0,+241

+232

B. Long Period Variables

gM8e
5-13

M8e
8-12

gM6e-M8e
7-14

gM7e-M8e
7-13

gM5e-M8e
6-12

+28-+33

-34

+43-+46

+16

-10

+50

Star
IRC

Sp
Mv

VY CMa
-30087

RX Boo
+30257

VX Sgr
-20431

NML Cyg
+40448

M5
9-12

M8
7-9

M3-4

M6
>12

M
372

-147U Ori
+20127

W Hya
-30207

S CrB
+30272

U Her
+20298

R Aql
+10406

SRa
382.2

M
361

406.0

300.3

-27

+39
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TABLE III-2 (continued)

1612

OH Velocity
LSR (km/sec)

1665-67

A. Peculiar Stars

-15-+5,+30-+55

-16--5,+12-+29

-30--5,+5-+25

-5-+10,+20-+55

-21--19,0-+28

H20 Velocity
LSR (km/sec)

+14-+18,+35

B. Long Period Variables

U Ori
+20127

W Hya
-30207

S CrB
+30272

U Her
+20298

R Aql
+10406

+53

*Merrill (1941) unless noted
**Wilson (1970a and b)
tNeugebauer and Leighton (1969)

l.Wallerstein (1970)
2.Herbig and Zappala (1970)

Star
IRC

VY CMa
-30087

RX Boo
+30257

VX Sgr
-20431

NML Cyg
+40448

+5.1

I-Kt

5.6

4.6

4.8

8.2

+3,+14

-19

-37

+42

5.4-42--36

+36-+44

+4

-9--20

+39-+441

3.9

-15

+47-+49 5.0

--- --
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U Orionis a(1950)=05h52~ 51±+2 (1950)=20010'24±30''

U Ori is a Mira-Ceti variable of spectral type M8e

with a 372 day period whose infrared spectrum is somewhat

similar to NML Tau (Hyland, 1970). Linearly polarized 1665

and 1667 MHz OH emission has been detected from the star

but, as yet no 1612 MHz line has been detected. Wilson

(1970a) suggests that the lack of 1612 MHz emission may be

due to time variation or, possibly, may indicate that this

is an unusual source. The H20 emission from U Ori is a

narrowly spaced complex of lines near -37 km/sec which

agrees well with the velocity of the linearly polarized

component of the OH emission. A representative H20 spec-

trum is shown in figure III-6. Possible time variations

have been detected in this source but not enough data is

available at this time to confirm variability.

W Hydrae .(19 50)=13h4 6ml3±2 s, 6(1950)=-28o07'O6±30"

W Hya is a semi-regular variable with a 382 day mean

period and a spectral type of M8e. Although this star is

not a classical Mira-Ceti variable it bears strong spectral

resemblance to these objects; for example, infrared water

vapor absorption has been found in its infrared spectrum.

No 1612 MHz OH emission has as yet been detected from this

star (Wilson, 1970a) but the star is a main line OH source

(Wilson, 1970b). W Hya was the first "new" H20 source to

be detected in my survey and exhibits a complex of blended
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lines near 42 km/sec. The source was quite weak when first

detected in the fall of 1969 but intensified quite signi-

ficantly reaching a maximum in the spring of 1970 which was

later found to correspond to the star's optical maximum as

shown in figure 111-7. Although the source is fairly weak,

rough measurements of linear and circular polarization were

made at Haystack with no linear polarization greater than

50% and no circular greater than 25% detected.

S Corona Borealis a(1950)=15h 19 19±2 , 6(1950)=31032'24±301

This Mira-Ceti variable is of spectral type M7e with

a 361 day period. S CrB is a main line but not a 1612 MHz

OH source (Wilson, 1970b). The 1H20 emission spectrum is

shown in figure 111-6.. This star is interesting in that

it represents a case where the H20 emission line velocity

agrees better with the emission line velocity than with

the velocity of the star as can be seen in table 111-2.

H20 emission from S CrB is variable but no periodicity has

yet been detected.

h m s
U Herculis a(1950)=16h23m35±2~-, 6(1950)=19°00124± 30"

U Her is an M7e Mira-Ceti variable with a 406 day per-

iod that has recently been found to be a quite intense and

variable OH source (Wilson, 1970b). This source, once a-

gain, consists of several closely spaced features at a

radial velocity which agrees quite well with the stellar

velocity. The emission is strikingly variable in time with
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a range of at least a factor of five in intensity and strong

evidence of correlation with the optical light curve as

is shown in figure III-8.

R Aquilae a(1950)=19h03-5 8±2-, 6(1950)=08009'06±30

R Aql is probably the best studied Mira-Ceti variable

H20 source being the first one discovered. The star is of

spectral type M5e-M8e with a 300 day period. OH emission

at 1612 and 1667 MHz but apparently not at 1665 MHz was

found in R Aql by Wilson (1970); the OH emission is slightly

unusual in that it shows a strong unbalance with most of

the flux concentrated in one velocity range rather than the

two usually observed in infrared star/OH sources. Rather

strong H20 emission was first detected in this source by

Turner in April of 1969 with two peaks at 47 and 49 km/sec

(Turner et al., 1969). My first observations of this source

in September of 1969 revealed a weak, almost undetectable,

source with two features at these same velocities. I mea-

sured a peak flux of less than one quarter the value re-

ported in the first detection and, at first, attributed

the discrepancy to cross calibration errors between the

Haystack and NRAO 140' antennae. Subsequent observations

revealed that the source is highly time variable as is in-

dicated in figure III-9 with a maximum microwave intensity

occuring near maximum optical light and that Turner observed

the source near maximum in April while my first observation

was almost exactly at minimum light (Mayall, 1970). There

__
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is an interesting difference in the character of the 1969

and 1970 maxima: Turner's spectrum indicates that both

the 47 and 49 km/sec features increased at maximum in 1969

while my data indicate that the 47 km/sec feature stayed

approximately constant and only the 49 km/sec feature varied

in 1970. It is interesting to note that the 49 km/sec fea-

ture possibly only reached about three quarters the inten-

sity in 1969 that it reached in 1970 but that the total

flux at the two maxima was approximately the same. The

1971 maximum was substantially more intense than the two

previous maxima (see figure III-10).

IIIC. Time Variations

The rather spectacular time variations of the spectra

of R Aql and U Her discovered in the course of the survey

led me to undertake a program of attempting to monitor the

time variations of several of the water vapor sources assoc-

iated with stars. The monitoring of time variations in

radio sources is usually a very arduous task which was made

especially difficult in this case by the very high frequency

of the observations. Observations at 1.35 cm are about

the limit of the performance of the Haystack antenna and

decidedly beyond the limit of the NRAO 140' antenna; in

addition, the weakness of the sources plus the non-negli-

gible atmospheric contribution at this frequency further

served to complicate the problem. Fortunately (or unfor-
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tunately) I had spent a considerably amount of time at Hay-

stack in a program of monitoring continuum variations in

radio sources at 2 and 4 cm during 1967 and 1968 and was

well acquainted with both the antenna and the techniques

involved in a time variation program (Schwartz and Barrett,

1968).

The detection of relative time variation in spectral

line sources is rather easy, especially in the case of water

vapor where spectacular changes are observed; one merely

has to watch the changes in the shapes and relative ampli-

tudes of distinct features. Unfortunately the spectrum

of most infrared star/water vapor sources consists of one

feature or a few blended features so that only absolute

measurements are of use in studying time variations. Three

elements are necessary for effective absolute flux measure-

ments: 1. A flux calibrator or absolute flux scale, 2. Con-

trol of variables such as receiver gain, antenna gain vari-

ations and pointing error and, 3. Effective means of cor-

recting for variations which cannot be controlled such as

atmospheric effects and, often, geometrically or thermally

induced antenna gain variations.

Unfortunately, at 1.35 cm, the number of sources which

can be used as flux calibrators is limited. Calibration

was usually achieved by observations of Jupiter when avail-

able and cross calibration between Haystack and the NRAO

140' telescope was achieved through observations of Jupiter
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and the continuum source DR21. As is discussed in Chapter

VIIB the accuracy of the cross calibration is rather good

but the absolute flux scale is open to considerable ques-

tion and should be regarded as arbitrary to within ±50%.

Receiver gain variations are easily reduced to negligible

values by frequent or continuous calibration in most con-

tinuum or spectral line systems and, in the systems that

I used, were overwhelmed by the other systematic effects.

Pointing errors, however, are a different matter at this

high a frequency and are discussed in Chapter VIIB. Es-

sentially, pointing is not a problem with the Haystack

antenna at 1.35 cm but did present considerable diffi-

culties at NRAO.

The problem of correcting for atmospheric attenuation

has been discussed by other variable source observers (Allen,

1966). With a knowledge of the sea level pressure, temper-

ature and relative humidity one can compute the zenith

opacity to acceptable accuracy for clear days. Therefore,

if observations are made at high zenith angles (greater

than 200 when possible) in good weather (no rain, snow or

cloud cover greater than 25%) and frequent weather data

is recorded, atmospheric absorption can be corrected out

to about ±10%. This rather surprising result is a conse-

quence of the fact that, even on top of the atmospheric

water vapor resonance, the atmospheric contribution to the

sky brightness rarely exceeds 500K at the zenith.
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Antenna gain variations are the most significant pos-

sible source of error in absolute radioastronomical measure-

ments at cm wavelengths. Luckily the environmental control

in the radome at Haystack eliminates all but the most severe

thermally induced gain variations. Gravitationally induced

distortion of antennae produces large but repeatable gain

variations. The gain elevation curves of both Haystack

and the NRAO 140' at 1.35 cm are well known thanks, in the

case of Haystack, to the work of Dr. M. L. Meeks (1970).

A discussion of the measurements made of the performance

of these antennae is included in Chapter VIIB.

Six of the nine infrared star/water vapor sources were

observed for time variations from the time of their dis-

covery to November 1970. Spectra were taken with either 30

or 10 KHz resolution both at Haystack and at the NRAO 140'

telescope at intervals that did not exceed 90 days and were

reduced to a unified flux scale. Two sources, VY CMa and

NML Cyg, were not systematically observed. VY CMa is ap-

parently variable in both intensity and radial velocity

and is being monitored by other observers (Sullivan, 1970).

NML Cyg was not observed regularly because it is too weak

for quantitative study with reasonable integration times.

The light curves of the three strongest sources, W Hya,

U Her and R Aql, are shown in figure III-• as a function

of optical phase. Since water vapor emission is generally

accepted to be some form of masering phenomenon, I have

plotted the peak flux of the strongest feature for each
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sents an infrared excess for stars of spectral type M5-1V8

and it has been reported that the stars which have OH show

definite excesses in the lO-2Oii rangfe which has been inter-

preted as evidence for circumstellar shells (Hyland et al.,

1970). Some of the stars with H20 reportedly do not show

this long wavelength excess so that, possibly, the smaller

color index, which is more in keeping with the expected

value for stars of this spectral type, may reflect the

fact that these stars have little or no circumstellar ma-

terial (Hyland et al., 19370).

In general, the H20 emission from stars is much weaker

than that from HIT regions. In table 111-3 I have esti-

mated the intrinsic luminosity of several sources, based

upon isotropic emission and using only one velocity feature;

thus, for a complex source like W49, the total luminosity

might exceed the luminosity of one feature by several or-

ders of magni~tude. By any measure, stars are weaker sources

than HIT regions. Possibly, this tendency may be explained

by an emission mechanism favoring different hyperfine com-

ponents as is the case in OH, but our present inability to

differentiate hyperfine components leaves this an open

question.

The radial velocity of the H20 emission is lower than

the velocity of the star as indicated by the molecular ab-

sorption bands. Thus, the H20 emission regions are, ap-

parently, moving away from the star. For the long period

variables, the optical emission line velocity, however, is
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TABLE 111-3

Absolute Isotropic Intensity of Microwave H20 Sources

Adopted Distance

3100
3100
500
700

10000
19600
3800

13800
6000

1500

1*
W Is dv j
m hvi
(photons/s ec)(Pc.)

46
1046

143
104
1047
104
148j

104

10

2 x 1045

144
104

104
10

412
104
142

104
104
10

401

1702
101

5001

2501
2302
162

200~
1801

Flux of one feature only

1. Wilson (1970a)
2. From absoluted magnitude
3. Direct parallax

Source

w3
W 30 H
Orion A
NGC63341
W 24B 2
W31
w441
w49g
w51
ON-i
w75DR21

VY OMa
RX[ Boo
VX Sgr
NNL Cyg

U Oni
W Hya
S CrB
U Her
R Aqi
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always less than the 1120 velocity so that the relationship

(Schwartz and Barrett, 1970)

Vabs H20 opt. em

is obeyed. The H20 velocity generally is closer to this ab-

sorption than the emission line velocity. In VY CMa and

VX Sgr, the optical velocity structure is complicated by

stellar and, apparently, circumstellar components (Waller-

stein, 1970) but the rough correspondence that the 1120

emission region is not traveling away from the star at as

great a velocity as the material contributing to the opti-

cal spectrum still holds.

The relationship between OH and H20 emission in stars

is both interesting and significant. All stars except RX

Boo which have H20 emission also have OH emission but the

OH does not follow the typical pattern for an IR star/OH

source (Wilson, 1970a). In stars with H20 emission, main

line emission is strong, sometimes brighter than the 1612

line. In some cases, the 1612 transition has not been de-

tected (Wilson, 1970b). When 1612 and main line emission

are present, the velocities do not agree, the main line

emission often occurs between the 1612 complex in velocity.

The radial velocities of the main line OH and the H20 emis-

sion agree in all cases. Wilson (1970b) suggests that the

OH sources associated with H20 sources and stars represent

a new class object called Type Ib - main line OH sources

associated with stars. He suggests that Type Ib stars
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which also have 1612 emission may represent compound ob-

jects and that the 1612 and main line emission may not be

physically related.

The most striking observation concerning H20 emission

from stars is the strong correlation between the strength

of the line and the stellar luminosity as a function of

time. In figure III-12 I have plotted the peak intensity

of the H20 line in R Aql and NML Cyg, two stars which are

regularly monitored for infrared and OH variations at the

California Institute of Technology and Harvard University,

Agazzis Station, and the infrared luminosity in several

infrared colors. The AAVSO (Mayall, 1971) for R Aql is

also shown as well as the integrated 1612 MHz OH intensity

(Bechis, 1971). The OH/H 20 correlation, incidentally, is

the first instance of a relationship between the intensity

of two radio spectral lines as a function of time yet ob-

served. Since there does seem to be a relationship between

main line OH and H20 emission, a strong correlation would

be anticipated for the main lines also but, at present,

monitoring of the main lines is just beginning.

The variation of infrared luminosity with time shown

in figure 111-12 is probably typical of Mira and semi-regular

variables and the preliminary indications are that in phase

H20 variation is also common. OH time variations are in

some cases in phase but there are a few good exceptions to

this rule; the lower amplitude of OH variations makes gene-
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ral statements about the phase relationship uncertain at

this time but work is continuing on this problem (Bechis,

1971).



- 139 -

IV. Studies of Water Vapor Sources with Interferometric

Techniques

The highest resolution available with present indi-

vidual antennae at 1.35 cm is about 1.5 min of arc. At

this resolution, as has been discussed, the H20 sources

are unresolved and in only one case, Orion A, is the mul-

tiple source structure indicated by the many radial velocity

components of the spectra observed (Meeks et al., 1969).

The similarities between OH and H20 emission, particularly

in incidence, intensity and the evidence that both are anoma-

lous population phenomena, led us to attempt very high reso-

lution experiments on H20 sources similar to those conducted

on OH sources in the past few years. OH sources have been

found to exhibit typical angular sizes in the range 0.1 to

0.005 arc sec and multiple source structure, associated

with velocity components, of the order of 1 arc sec (Moran,

1968). OH sources have also been found to be, in some

cases, associated with infrared objects or nebuli (Rai-

mond and Eliasson, 1967) and with stars (Eliasson and Bart-

lett, 1969, Wilson, Barrett and Moran, 1970). The reso-

lution implied by these measurements has, of course, required

the use of coherent radio interferometers. Very Long Base-

line Interferometers (VLBI) utilizing independent time

standards and tape recorders have made possible the mea-

surements with transcontinental baselines necessary to

resolve OH and H20 sources.
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An excellent treatment of the simple, two element, mul-

tiplying interferometer represented below as used in radio

astronomy exists in Moran (1968) and I will only sketch the

important results. For sufficiently narrow bandwidths,

the interferometer response to a point source is:

S = Aei W T = Aei o (4-1)

where the delay T is a function of the baseline vector

joining the two antennae projected on a unit vector to the

source. Because of the earth's rotation, the source trans-

lates through the interferometer fringe pattern giving rise

to interferometer fringes. The fringe frequency, wF, is

actually the beat frequency between the radiation received

at different locations and thus differentially doppler

shifted by different projections of the earth's rotation

on the receiving direction:

S= 0o + WFt

This effect may be compensated for by multiplication of

the interferometer output by a fringe function with delay

T' which is derived from a best guess at the source and

baseline positions. The result is the complex visibility:

V = AeiW(T- T ' ) = AeiAO (4-2)

The complex visibility is the Fourier transform of the

actual source brightness distribution in a space formed



- 141 -

by the projection of the baseline vector on the direction

to the source. Because of the motion of the earth, the

locus of any projected baseline on this space is an ellipse.

If a source is unresolved, the visibility at any point on

this ellipse will be identically one; resolved sources will

show variation in visibility with projected baseline, and

as the number of fringes on the source approaches infinity,

the visibility approaches zero.

Clearly, the visibility can also be used to determine

source and baseline positions. The phase, AO , is the most

precise measure of positions, but since it is modulo 2w

it is necessary to positively identify to which fringe a

given measurement refers for the number of measurements

needed to solve for all of the unknown parameters. The

fringe rate, d = fR and delay, T, do not suffer from

fringe ambiguity problems and can be shown to form nearly

orthogonal measures of positions which are equivalent to

measuring the phase (Moran, 1968). The precision of delay

measurements is, unfortunately, proportional to reciprocal

bandwidth which, in the case of spectral line sources, is

limited. The fringe rate offset by itself is capable of

measuring either the baseline or source positions but not

both in a series of measurements. The precision of fringe

rate offset measurements is proportional to reciprocal in-

tegration time which, in turn, is usually only limited by

recording equipment or source availability (Moran, 1968).

The extension of interferometric observations to spec-

·_
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tral line sources is actually rather simple and can be

accomplished by either narrow banding the two receivers,

using prefiltering and multiple correlators or by using

post cross-correlation autocorrelation of the visibility

and then Fourier transforming to obtain the power spectrum

of the visibility function (Rogers, 1967). Spectral analy-

sis of the visibility actually adds a new dimension to the

interpretation of the results. Many of the OH and H20

sources appear to be made up of many small sources sepa-

rated in both angle and velocity; and spectral separation

of these components allows them to be dealt with individu-

ally while, if they had the same velocity or were continuum

sources, the visibility function would be hopelessly complex.

IVA. Experimental Considerations

In the conventional radio interferometer, coherent re-

ception is insured by using common or commonly derived lo-

cal oscillators for all frequency mixing and the signals

are brought together for correlation electrically with ap-

propriate delay compensation. The essence of the VLBI

technique is that the two stations are not electrically

connected but, rather, the two signals are recorded and

brought together later in some processing device like a

correlator or general purpose computer. Relatively pre-

cise timing or the presence of some unambiguous time ref-

erence is, of course, required and can be achieved by the
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use of broadcast time services or navigation nets (WWV or

Loran C, for example). The coherence of intermediate stages

of mixing is achieved by the use of independent time stan-

dards at both locations so that the degree of coherence

achievable in an experiment is limited by the relative sta-

bility of the standards. A typical VLBI system like the

NRAO Mark I used in our experiments is represented in fig-

ure IV-1. The IF signal is converted to video, clipped

and digitally converted for recording on a conventional

digital tape recorder which, in turn, is controlled by a

synchronizing unit which can be set to achieve as nearly

simultaneous recording at two stations as is desired.

The simplest limitations of this system are imposed

by the recording bandwidth and tape running time of the

system which, for the Mark I, is a maximum of 360 KHz and

3.5 min respectively. For many H20 sources, a 360 KHz

bandwidth (4.8 km/sec) is insufficient to study the entire

spread of observed velocities. This is an especially acute

problem when an attempt is being made to map the relative

positions of various velocity features. In our June 1970

experiment, a frequency switching device, built by H. P.

Hinteregger, C. A. Knight and A. H. Whitney of MIT for

another VLBI experiment, was used to sequentially change

the input IF to the video converter in synchronism with

the tape record gaps. This system allows observations of

up to eight different 4 km/sec windows with a reduction
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of integration time for an individual window of one over

the number of windows times the total time.

For lower frequency experiments, the sensitivity of

VLBI experiments is limited by the tape running time, but

at 1.35 cm the coherence time of the interferometer is

more important. Intermediate stages of mixing of the sig-

nal inject phase noise and frequency drifts which result

from the independent nature of the local oscillator systems

at the two stations. Phase noise will destroy the coherence

of the interferometer if the expectation value of the phase

error, A6, exceeds f during a coherent integration.

The frequency stability of an atomic standard is usu-

ally expressed in terms of the normalized r.m.s. frequency

error, Av/v, so that the coherence time, T, of an inter-

ferometer will be:

1 1

Beyond this coherence time, incoherent averaging is possi-

ble but the interferometer can be used as a Hanbury Brown-

Twiss interferometer with the accompanying degradation of

signal to noise (Moran, 1968). Long term drifts are also

important since they will limit the precision with which

quantities like the fringe rate and phase can be measured.

To maximize coherence, L.O.s are derived from or phase-

locked to harmonics of an atomic standard at both stations.

Weinreb (1970) has discussed the behavior of various time
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standards in terms of the time periods over which they

achieve acceptable stability. Hydrogen masers, Rb stan-

dards and good crystal oscillators have about the same

stability over periods of less than a second: Av/v = 10- 13

Over longer periods the Rb (10-11 to 10-12) and hydrogen

masers (10-13) are better with the maser surpassing the

Rb standard on time scales of a few seconds.

The L.O. system used in the H20 experiments is sketched

in Appendix A and basically consists of an 11.09 GHz Klystron,

the second harmonic of which is used for the first L.O.

This Klystron is locked to a 140 MHz signal which is a

direct multiple of the 5 MHz output of a standard. This

multiplier chain injects very little phase noise itself

and is the key to the success of our experiments. The L.O.

system is largely the work of D. C. Papa and G. P. Papa-

doupoulos of MIT and represents a significant technical

achievement. The phase stability of the L.O. systems was

checked before each experiment by directly beating the two

L.O.s together and observing the phase noise visually and

photographically on an oscilloscope. r.m.s. phase noise

of less than 300 at 22 GHz over time periods from 1 to 30

sec was achieved for the December 1969 and all successive

experiments. In figure IV-2, the phase stability of the

interferometer is illustrated in a dramatic way. The ac-

tual fringe frequency, phase and fringe amplitude varia-

tions in time of an H20 feature in W49, during the January
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1970 experiment (Rb standards at NRL and Haystack), are

not significantly different from those expected from the

two standards.

In figure IV-3 the local oscillator phase as a func-

tion of time for one three minute tape from the June 1970

experiment is shown directly. It is interesting to note

that the implied stability of about 10- 13 is still about

what would be expected from the time standards (hydrogen

masers this time). Extrapolation of direct atmospheric

phase fluctuation measurements on horizontal paths at 10

GHz (Deam and Fannon, 1955) to 22 GHz and a 20 km model

atmosphere yields the result that the atmosphere should

become important at the 10-1 3 level. I am, however, in-

clined to believe that the phase fluctuations are due to

the standards and that the direct measurements are effected

by ground turbulence. Even longer coherent integrations

should be possible with improved frequency standards.

Data reduction for the H20 VLBI experiments was done

at MIT Haystack observatory using the CDC 3300 computer and

a series of programs which were developed from those used

in the processing of OH VLBI data (Moran, 1968). The first

stage data reduction programs were modified to accomodate

the frequency swithced data and to compute a 54 point corre-

lation function every 0.002 seconds for each tape pair.

The resulting correlation functions are written on an inter-

mediate tape every 0.2 seconds for further processing. In
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subsequent programs the cross-correlation spectra for each

window may be accumulated at different fringe rate offsets

or referenced to the phase of some strong feature, rotated

by the reference phase and accumulated. In the first case,

the fringe rate offset as a function of source hour angle

may be used to determine the source position. The phase

reference technique eliminates atmospheric or local oscil-

lator phase fluctuations and allows precise measurements

of differential fringe rate between velocity features and

thus makes possible mapping of the angular structure of

the emission region. The autocorrelation function of each

tape may also be computed and the fringe visibility of a

feature determined. It is interesting to note that, given

a sufficiently high signal to noise ratio, formula 4-3

indicates that the present processing scheme is capable

of measuring correlation on an experiment using standards

with a relative stability as bad as 10- 10.

IVB. History of Observations

The first attempts to study H 20 sources with very high

resolution were made using intensity or Hanbury Brown-Twiss

interferometers in May and June of 1969. The intensity

interferometer is much simpler than the VLBI in that, to

first order, it is insensitive to local oscillator phase

noise. The coherent integration time in such an inter-

ferometer can be as high as the inverse line width; using
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a 30 KHz bandwidth, the stability of the local oscillators

need only be about 10 . The penalty paid for this advan-

tage is much degraded signal to noise and the total loss

of all phase related information. Two experiments were

attempted using simultaneous recording on analog instru-

mentation recorders of the detected signals and timing

information, between the NRL 85' and the Berkeley 20' and

later between NRL and Haystack. Richard Hills of Berkeley

processed the data but found no correlation, probably be-

cause of poor signal to noise. Burke and Papadoupoulos

attempted the first true VLBI between Haystack and a 10'

antenna at MIT in July and later attempted another experi-

ment between Haystack and NRL, both using NRAO Mark I sys-

tems and a primitive version of the VLBI radiometers used

in later experiments. These two experiments also failed,

again because of poor signal to noise. The poor state of

the local oscillator systems did not allow sufficiently

long integration times to offset the poor noise tempera-

tures of the receivers. The author joined the VLBI group

shortly after the failure of the Haystack-NRL experiment.

The first successful H20 VLBI was performed in Decem-

ber of 1969 between NRL and the NRAO 140'. Preparatory to

the experiment, the entire local oscillator system was re-

built and extensively tested. Particular attention was

paid to the 140 MHz multiplier chain, filtering of the 140

MHz signal and its match into the phase-lock network. The
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RF sections of the receivers were also rebuilt to achieve

better noise performance and both systems were set up to

be operable as conventional radiometers to allow peaking

up on H20 sources to insure good pointing. The NRAO sys-

tem was equipped with the parametric amplifier that I had

successfully used at Haystack for the search of infrared

stars and some of the observations reported in Chapter III

were made with it (see Chapter VIIA). The actual experi-

ment was a near disaster due to a malfunctioning Rb stan-

dard at NRAO, but the huge signals at both stations allowed

brute force processing of the data by the phase reference

method. Very short coherent integrations were used in

processing the data and fringe visibilities of approximately

one were achieved on W49, Orion and VY CMa. Relative and

absolute position measurements were seriously prejudiced

by the poor stability of the bad standard and it was de-

cided to repeat the experiment in January using the slightly

longer Haystack-NRL baseline.

The January experiment confirmed the December results

and, in addition, yielded some position data on W49. Of

special interest was the detection of an error of about

500 ft. in the assumed position of the NRL antenna by the

differential fringe rate method (Burke et al., 1970) which

demonstrated the usefulness of the H20 VLBI as a geodetic

tool. Our failure to resolve any sources on this baseline

and the relative paucity of position information gained

__



- 153 -

because of the use of an unknown baseline and Rb standards

led us to propose a three station experiment for the spring

involving Haystack, the NRAO 140' and the 36' in Tucson,

Arizona.

The June experiment was performed on three successive

weekends, although various technical problems cut down the

amount of data to the equivalent of about three rather than

six days. The Haystack-Tucson baseline is 280 million wave-

lengths and the achievement of correlation on this baseline

represents the highest angular resolution ever achieved in

astronomy. More recently, experiments were performed be-

tween Haystack and NRAO in January and March 1971. The

January experiment produced no usable results because the

linearly polarized feeds of the two antennae were acciden-

tally crossed. Data from the March experiment has not been

reduced at this writing. Because our VLBI experiments have

been sequential in nature, most of the results that will

be discussed in the next section were attained in June since

this was the longest and most precise of the experiments.

In table IV-1 I have listed the various baselines used in

the successful VLBI experiments.

IVC. Results

IVC1. Angular Sizes

The angular size or "spot size" of an emission feature

may be approximately determined from the fringe visibility:

__
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TABLE IV-1

H20 VLBI Baselines

Baseline Length (km) Length (X)
Fringe Spacing

(arc-sec)

NRL-NRAO

NRL-Haystack
2

NRAO-Haystack
3

3
NRAO-Tucson

Haystack-Tucson
3

1. December, 1969
2. January, 1970
3. June, 1970

227

667

845

2940

3659

1.7xl0
7

5.0x10
7

6.3x10 7

2.2x10

2.7x10

.0120

.00110

.0033

.0009

.0007

i__ ~_
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A
12

(A 1 A2 )½

where AI, A2 and A1 2 are the intensity of a spectral fea-

ture at station 1 and 2 and the intensity of the cross-

correlation function as a fraction of the system tempera-

ture at the two stations. A totally resolved source has

V = 0 and an unresolved source has V = 1; depending upon

the source geometry, a partially resolved source's visi-

bility will vary with projected baseline. An unresolved

source may, however, have a visibility that is not unity

if the correlation is partially destroyed by local oscil-

lator phase instability or by phase cancellation of fea-

tures which are coincident in velocity but not in position.

Thus, a source may be considered partially resolved only

if the visibility is not one and the visibility decreases

with increasing projected baseline.

In the December 1969 and January 1970 experiments,

no source had unity fringe visibility but no believable

variations of visibility with projected baseline were ob-

served and it was therefore assumed that all sources which

yielded some correlation were unresolved. In June 1970,

the visibility of W49 was unity on all three baselines and

the visibility of Orion, VY CMa and W3 was unity on the

Haystack-NRAO baseline. On the baselines to Kitt Peak,

fringe visibilities of less than one were observed for

Orion and no correlation was observed for the other sources

_ I ~



- 156 -

although it is not clear that the signal to noise ratio

was sufficient to observe the sources. In figure IV-4 the

variation of fringe visibility with projected baseline for

Orion is shown. In table IV-2 the angular sizes of the

H 20 sources observed in various experiments as well as the

implied linear sizes of the sources are tabulated.

IVC2. Angular Structure

The differential fringe rate, AfR, between two fea-

tures is a function of the separation in right ascension,

Aa, and declination, A6:

Af fR(a, 6 ) + afR( a,6)

R 3a 36

Thus, if more than one measurement of the differential fringe

rate is made, the position offset between two features can

be unambiguously determined. The fringe phase is consi-

derably more sensitive to relative position differences

but the use of phase data requires the identification of

a fringe over a considerable period of time. Since the

present recording system requires interruption of the data

at least every three minutes, fringe identification is

difficult in view of the phase stability problems of the

local oscillators. A fringe rate map of the main features

of W49 was made in June 1970 by least square fitting the

differential fringe rates to equation 4-4. The phase ref-

erence method was used to reduce the data so that local

~ __ s __
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TABLE IV-2

"Spot" Sizes of H2 0 Sources

e (arc-sec) L (A.U.)

<0.002

<0.01

<0.0008

<0.002

<0.0003

<20

<6

NRAO-NRL Baseline

Source

w3

W30H

Orion

VY CMa

W49

_I____



- 159 -

oscillator and atmospheric phase fluctuations are not im-

portant sources of errors. In figure IV-5 the fringe rate

map of W49 is shown. On the longer baselines, the closely

spaced in velocity and angle features at -7.0 km/sec break

up into features at - 5.6, -7.0 and -8.6 km/sec. For these

close features, the fringe rate can be used to resolve

fringe phase ambiguities to obtain higher precision. In

figure IV-6 the relative phase of the -7.0 and -5.6 km/sec

features is plotted as a function of local hour angle; the

implied separation is 0.00063" ± 0.00006" in right ascen-

sion and 0.0010" ± 0.0001" in declination. It is interest-

ing to note that no obvious correlation between radial

velocity and angular position appears to exist in W49 ex-

cept for the fact that the -7.0 km/sec features are closely

spaced.

A similar fringe rate map for Orion was attempted. The

separation between the two brightest features, +9 and +4

km/sec is about 20 seconds of arc in general agreement with

the single antenna results. The errors in the interfero-

meter results are, interestingly enough, larger than the

single antenna errors, mostly as a result of poor atomic

standard stability.

IVC3. Positions

Fringe rate data may also be used to determine the

absolute position of an object if the baseline is known,
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but the measurement cannot be made independent of phase

fluctuations or of possible offsets in the frequencies

of the atomic standards which will show up as a constant

fringe rate offset. Unfortunately the malfunctioning of

the atomic standard at NRAO caused a large fringe rate

offset which added an additional degree of uncertainty to

the position measurements. Sufficient data was obtained

to determine the position of Orion, VY CMa and W49 during

the June experiment. In table IV-3 the interferometer

positions are compared to the positions of the OH sources

in these objects and to the position of the optical or

infrared objects in VY CMa and Orion. The present pre-

cision of the interferometer results is not indicative

of the intrinsic limitations of the technique but rather

of various technical problems encountered in our experi-

ment. With our present knowledge of the Haystack-NRAO

baseline, it should be possible to measure the absolute

positions of H20 sources to better than one arc second.

IVD. Interpretations of the Spatial Structure of H20 Sources

IVD1. Interpretation of Interferometer Angular Sizes

The apparent angular sizes or "spot sizes" of OH and

H1120 sources cannot be interpreted independently of an emis-

sion source model. If, for example, the source is a self

emitting maser that is unsaturated, the apparent angular



TABLE IV-3

Positions of H 20 Sources

a(1950)Source

Orion A

H20: +4 km/sec

+9 km/sec

OH:1

Becklin's Object:

IR Nebula:1

VY CMa

H2 0:

OH: 2

IRC-3008 73

Star:

HH MM

05 32 46.6±.2

05 32 47.3±-.1

05 32 47.0±-.1

05 32 46.8±.1

05 32 46.8±.2

DD MM

-05

-05

-05

-05

-05

-25

-25

-25

-25

07 20 50.5±1.4

07 20 55.0± .6

07 20 53

07 20 54.6

24 20 .614

24 41.1±10

21±3

17±1

34±3

40 26.2-±6

11+5
24

11.9

w49
19 07 50.1±.2

19 07 49.9

09 01

09 01

1. Raimond and Eliasson, 1967
2. Eliasson and Bartlett, 1969
3. Neugebauer and Leighton, 1969
4. S.A.O. Star Catalog
5. Rogers et al., 1967

6(1950)

H2 0:
OH: 5

08±15

17

C~
_ __ __~________~___ _ i - -- · - i. - - i · ·I Y- --- i- . i-L--·-·II~E3Ei~Zi·~isi~P~·yli~PYC~SlOsU
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size, ea, may be much smaller than the angular size of the

amplifying cloud, Oc:

a c

For a saturated maser, the apparent and actual cloud sizes

will be about equal. Image narrowing can take place if a

background source is being amplified and the maser is un-

saturated. For a background source with a tapered inten-

sity distribution of half width 0b' the apparent size will

be approximately:

Ob
a /

where aL is the non linear gain factor from equation 1-20.

It has also been suggested that the actual sources are

much smaller than the spot sizes and that the observed angu-

lar sizes are determined by interstellar scintillation

(Moran, 1968). The scattering hypothesis is supported by

the observation that the angular size of OH sources seems

to increase with distance from the observer. If we assume

that scattering results from electron density fluctuations

AN with characteristic scale sizes 1, then the phase shift,e

#, through one fluctuation will be (Scheuer, 1968):

S= 2.8 x 1013 XAN 1
e

For a source with distance R from the observer, the typi-

cal scattering angle 0 through the entire medium will then

be:



- 165 -

0= 5x 10 ~ (R) ½ 2AN

Thus, if a source is both an OH and H20 emitter, the angu-

lar sizes would be related by:

ea (OH) 200 0 (H20)

For W)19, the relevant observations are:

1. 0 (OH) 0.05"
a

2. 0 (H20) 0.0003"
a

3. No scintillations are observed on time scales

T less than 100 seconds.
5

The observation of no scintillation is not a severe

restriction on a scattering model. The diffraction pattern

of the scattering medium must not move with respect to

the observer or source in time so that

0<a X/VMdit

for V V the restriction is 0 (OH) < 0.01" andMedium a

O (H20) < 0.00005". The scattering model is further re-a

stricted by the possible conditions in the interstellar

medium. If the image does not "dance" but, rather, is

smeared by the interference of many beams, two conditions

are imposed (Scheuer, 1968):

1. More than one irregularity must contribute

to the diffraction pattern: RO > 1
a
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2. The antenna pattern must be much larger than

the diffraction pattern of one irregularity:

A/i < eaa

Combining these conditions:

Re > 1 > A/6Oaa

This restricts 1:

1013 > 1 > 109 cm

Using the OH results, the restriction on AN is:e

10- 1 > AN > 10- 3 cm 3
e

which is probably reasonable since ANe is almost certainly

less than about 1 cm 3 . The test of the model is, of course,

resolving the H20 source in W49.

If the angular sizes are not determined by interstellar

scattering, the linear sizes given in table IV-2 reflect

the dimensions of the emission regions or of the amplified

images. The emitting or amplified objects would then have

sizes comparable to stellar diameters supporting the view

that late type stars may be responsible for H1120 emission

in some cases. The brightness temperature of W49, the

strongest source, is upwards of 1016 oK clearly eliminating

the possibility of thermal emission and supporting the maser

hypothesis. If 60.001" is a typical angular size for all

H2 0 sources, even the weakest late type star sources like
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S CrB or NML Cyg must have brightness temperatures of greater

than 1013 oK.

IVD2. Spatial Structure and Position

Although the positions of velocity features have been

determined for only two sources, Orion and W49, several in-

teresting conclusions can be drawn from this small sample.

In both Orion and W49 the emission from various velocity
14

features is confined to a region about 10 A.U. in diameter.

Discrete velocity features in W49 appear to be separated

by as little as 10 A.U. in at least one case. Thus the ab-

solute upper limit on the size of the emission region is
14

10 A.U., although 1-10 A.U. is probably the true present
14

upper limit. The 10 A.U. region encompassing all of the

velocity features possibly represents the entire region

where population inversion is possible, for example by radia-

tive pumping by a single pump source, while 1-10 A.U. is

probably the actual size of the region that is inverted.

The masering region is evidently very turbulent as

evidenced by the wide spread in velocities observed but,

in general, there seems to be little correlation between

angular and velocity separation of features except in the

case of very closely spaced features like the -7.0 km/sec

complex in W49. Typical rotation rates, w = AV/AL, are

probably between 10- 9 and 10-  sec but may be as high

as -6 - .
as 10 sec.
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Although the absolute positions of only three sources

have been determined and the precision of the measurement

is not much better than ±10", the H20 sources appear to be

coincident with the OH sources. It would thus appear that

1120 and OH are emitted from the same general region. A

determination of whether exact positional coincidence ex-

ists between OH and H20 sources is a difficult experiment

but is, in principle, possible by simultaneous observation

of the two lines in a VLBI experiment.
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V. Studies of Other Molecular Lines

VA. Observations of OH Excited States

Originally, it was thought that the study of rota-

tionally excited OH lambda doublets would yield new data

about upper state populations that could be used to dis-

criminate between different pumping models. Litvak's (1968)

proposed infrared pumping with resonance trapping model for

inverting ground state transitions predicts, in some de-

tail, the behavior of the transitions in the 2r J = ½,

2 1 J = 3/2 and 2 T3/2 J = 5/2 states. In particular, the
2 2 2
27 J = ½, F = 1-0, 2 r2 J = 3/2, F = 2-1 and 2 3/2 J = 5/2,

F-F' = 3-2 transitions should be inverted and should rather

strongly emit in sources with particular ground state OH
2

behavior. The 2 7 J = ½, F-F' = 1-0 transition was de-

tected in W30H and W49 supporting the Litvak model (Zucker-

man et al., 1968), but subsequent observations of other

transitions have tended to confuse rather than clarify the

state of OH theory. As will be discussed in the following

2
section, no transitions in the 27r J = 3/2 state have been

detected. The 23/2 J = 5/2 3-3 and 2-2 (Yen et al., 1969)
3/2

2
and the 3/2 J = 7/2, F-F' = 4-4 (Turner et al., 1970) have

been found, but in most cases the emission contradicts the

Litvak predictions. In these cases the excited state lines

are found in W30H and, sometimes, in other sources. The
2 T J=, F-F = 1-1 transition has also been observedw½ J = ½, F-F' = 1-1 transition has also been observed
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(Thacker et al., 1970) but in W24 B2.

In the following sections, I will describe attempts
2 2

made at Haystack to detect the 2r½ J = 3/2 and 2r J = 5/2

OH excited states in W30H and other sources during late

1968 and 1969. Accurate line frequencies had not been

measured for these transitions at this time so the obser-

vations were conducted using calculated frequencies from

Poynter and Beaudet (1968). The calculated frequencies

were subsequently found to be substantially in error for

some transitions. Calculated and measured frequencies of

interest are shown in table V-1.

2
VA1. Observations of the 2 J = 3/2 State

During January and February 1969, observations were
2

made of the 2 1½ J = 3/2 state in W30H and other sources

at Haystack in an attempt to confirm the negative results

reported by Turner (1968). The Haystack Planetary Radar

7.8 GHz maser and the 100 channel autocorrelator described

in Section VII-1 were used to search for the F-F' = 2-1,

2-2 and 1-1 transitions. The F-F' = 1-2 transition could

not be observed because of a restriction on the tuning of

the maser. No spectral features were detected on any source

at any transition; the search results are shown in table V-2.

Because of the erroneous line frequencies used, the actual

radial velocity range, Vr , searched differed from the in-

tended velocity range, V r(PB) but, in all cases, the radial

__



- 171 -

TABLE V-i

Calculated and Measured OH Excited State Line Frequencies

Calculated (MHz) 2

27T J = 3/2 2-1

2-2

1-1

1-2

7831.7144 7831.962

7819.650 7820.125

7761.329 7761.747

7749.235 7749.909

J=5/2 3-2

3-3
2-2

8207.255

8188.9147 8189.560

8135.160 8135. 880
2-3 8116.852

1. PytradBadt(98

2. 2rn1 J = 3/2: Ball et al., 1970; 2Tr1 J = 5/2: Poynter, 1970

F-F'



TABLE V-2

27 J = 3/2 Excited OH Line Search Results

J 2J = 3/2

F-F' Source VR(PB) VR ATrms Av (KHz)

2-1
W30H -65+--20 -57+-*-12 .02 10
Orion A -7++7 +1+-+15 .03 30
NML Cyg -30+-5 -22++3 .03 30

2-2
W30H -65+-35 -47+-17 .02 10
Orion A -15++15 +3++33 .03 30

i-iJ
1-1 R

W30H -65+-35 -49+-19 .02 10 1
Orion A -15++15 +1++31 .03 30

------------------- ~;p--.p*- -·-· -- iC----~IC·I · 1 --- lillb -i :-;-;---- .. -L
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velocity of the most important ground state features was

covered.
2

The results of the 2 r1 J = 3/2 observations did con-

firm Turner's result but were rather seriously compromised

by the poor velocity coverage. A more thorough search for
2the 2 J = 3/2 state in W30H, using measured line fre-

quencies, has been made by Ball et al. (1970) and yielded

lower limits on the line strength and still no detection.

The absence of anomalous emission from this OH excited

state is puzzling both in the light of theoretical con-

siderations and because the 2 r3/ 2 J = 5/2 and 2 3/2 J = 7/2w3/2J:7/

states, both at higher excitation levels, have been de-

tected in W30H. The rather severe limitations placed upon

the infrared pumning model by the absence of the 27 J = 3/2

state and the presence of an excellent Haystack receiver

make an extension of the observations to other sources an

attractive future experiment.

2VA2. Observations of the wr J = 5/2 State

An attempt was also made to detect the 2 J = 5/2

state of OH at Haystack. Observations were made during

December 1968 and January-February 1969 using a cooled

parametric amplifier at 8.1 GHz and the Haystack spectral

line system in the total power configuration. All four

transitions were searched for in W30H with 30 KHz resolu-

tion over a velocity range of about 40 km/sec about the
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center velocity of the ground state OH features - 45 km/

sec. No spectral features were found in the F-F' = 3-2,

3-3 and 2-3 transitions. An apparent line was found in

the 2-2 transition at about -43 km/sec in December. To

confirm this "detection" data was taken in 1969 using a

slightly different radiometer IF and a beamswitching ar-

rangement which, it was thought, would make very long inte-

grations easier in the face of parametric amplifier gain

variations. The spectral line was again detected with

30 KHz and 10 KHz resolution. In figure V-1 a spectrum

of W30H is shown from the observations. The line tempera-

ture is about 0.1 OK and the velocity is -413 km/sec rela-

tive to a line frequency of 8135.160 MHz (Schwartz and

Barrett, 1969).

After our observations, measurements of the F-F' =

2-2 line frequency by Poynter (1970) and a group at Smith-

sonian Astrophysical Observatory (Gottlieb, 1970) indi-

cated that the Poynter and Beaudet values (1968) are in

error and that, as a result, our search did not cover the

velocity of the ground state OH features. The line which

we observed was found to be at a radial velocity of -17 km/

sec, a velocity far removed from that of any other atomic

or molecular lines in the region. The results of our search,

corrected to the measured line frequencies, are shown in

table V-3.

Whether the rather convincing spectral line shown in

_



TABLE V-3

2½ J = 5/2 Excited OH Line Search Results

7½- J = 5/2

F-F'

3-2

3-3
2-2

2-2

2-2

2-3

VR (PB)

-67+-41,-33+-23

-67+-23

-67>-2 3
-67+-23

-50+-35

-50+-35

-61+-17

V R

-45+-1

-41++3

34+--19

-34+-19

ATrms

.02

.02

.02

.03

.01

.03

Av

30

30

30 12/68

10 1/69

10 2/69

30

Possible lne at -17 km/sec
Possible line at -17 km/sec

_~----- ~ L ~aecl~~ ---------
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figure V-1 is a real microwave line of OH or some other

atomic or molecular species or a mistake is not clear at

this time. There are several possibilities:

1. The line is a real OH feature at -17 km/sec. If

this is true, other atomic or molecular lines should also

have this velocity in W30H. To date no lines with this ve-

locity have been found although large peculiar velocities

are possible as in the very high velocity dispersion of

the H 20 in W49.

2. It is a spectral line of some other, unidentified

molecule. This possibility cannot be excluded although no

known line of a chemically simple molecule exists near

8135.16 MHz. At least one other unknown radiofrequency

line, "X-ogen", has been found in several sources including

W30H.

3. The line is actually low level IF or RF inter-

ference. These possibilities are nearly excluded by the

fact that two entirely different IF systems were used during

December 1968 and January-February 1969 and that the "line"

appeared to move in frequency the proper doppler shift to

compensate for the earth's motion. Such behavior by inter-

ference can be excluded on the grounds of extreme improba-

bility.

4. The line is some artifact of the data processing

or spurious response in the receiver or autocorrelator.

Very low level spurious responses cannot be ruled out be-
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cause of the observing procedures: total power off-ons and

beamswitching would not cancel or eliminate such effects.

The Haystack correlator is known to produce spurious signals

under some conditions but it has not yet been shown that

the configuration used in our experiment was susceptible

to this problem.

The final proof of the existence and interpretation

of the -17 km/sec OH line in W30H rests upon redetecting

the line with an independent radiometer system. The Smith-

2sonian group has attempted to observe the w2 J = 5/2 state
2

and, so far, has succeeded in showing that no line exists

around -45 km/sec. Receiver problems have made study of

-17 km/sec difficult; but preliminary data indicate that

the line has not been redetected, supporting the view that

it was interference or some spurious signal (Ball et al.,

1971).

VB. Observations of CH20 near Carbon Stars

CH20 absorption is known to be somewhat associated

with HII regions as well as with cool galactic dust clouds.

The formation mechanism which produces the large amounts

of the molecule observed is not known. Formation of CH20

on grains or in localized high density regions is partially

supported by absorption in dark nebulae but formation in

or near the atmospheres of cool stars is not excluded. Cal-

culations by Tsuji (1961) indicate that small equilibrium
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-1?) n H0peconcentrations of CH20 (NCH20/NH = 10 ) and C 2 0 pre-

cursors such as HCO + (NHCO+/NH = 10 - 9 ) and CO (NCO/NH =

10- ) can exist in the atmospheres of cool carbon stars

(O/C = 0.2). If mass expulsion from carbon stars is an

important source of interstellar CH20, then emission from

the molecular clouds near these objects might be detectable.

Absorption in cool clouds might also be more prevalent

near carbon stars if the stars are imnortant sources of

supply and, in addition, the possibility of anomalous emis-

sion exists for CH20, although it has not been detected in

the usual places near HII regions.

Because the exact nature of the mass loss cloud, or,

indeed, the mass loss rate itself is not known, it is diffi-

cult to estimate the detectability of CH20 emission or ab-

sorption near carbon stars. A simple calculation for de-

tection of emission can be made subject to certain limi-

tations. The CH20 optical depth, T, for excitation tempera-

ture, Te , greater than 20 OK is given by Snyder et al. (1969)

in terms of the CH20 number density, N, the absorbing path

length, L, and the line width, Av, as:

T _ 6.3 x 10- 1 3 NL (5-1)T Ave

L in cm, Av in KHz

For the 140' telescope, at 14.83 GHz, the antenna temperature

of an unresolved source with angular size Or, arc seconds and

brightness temperature T is:
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-6 2 o

T 4.0 x 10 TB 0 2 K (5-2)
A BS

Assuming an optically thin source, TB - TeT, a line width,

Av = 1 km/sec = 20 KT1z, the line temnerature will be:

T -A 049 NL3  oK

If the cloud mass is given by:

N~3 NH
MCloud z NL N H  (5-3)~Cloud CN2CH20

the line temperature becomes:

N M
T 10-8 'AH MCloud o (514)TA • 0 NC M

A 'CH20 M

Unfortunately, if NCH2 0 /N11 = 10 - 1 2 , 103 M will be required

to produce a detectable temperature of 0.1 0K. If, however,

N 0.1 N only 0.1 M are required. 0.1 M is proba-
CH20 HCO 0 0

bly the maximum mass loss cloud that can originate from a

carbon star since the mass loss rate is probably not greater
-8

than 108 M /yr. for such a star.

Observations of a number of bright, close carbon stars

and M stars were made during March 1969 using the NRAO 140'

telescope and a cooled parametric amplifier. Observations

were made using the frequency switching scheme and data re-

duction discussed by Thacker (1970). Several known regions

of CH20 absorption were observed as a system check and, as

an examnle, a spectrum of the W30H source, one of the weaker

absorption regions studied so far (Zuckerman et al., 1969),

is shown in figure V-2. The carbon stars observed are
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listed in table V-4 along with the resolution, velocity

range searched and the minimum detectable signal. No

emission or absorption was detected in any object.

The lack of detectable emission or absorption near

carbon stars is not, I believe, a significant finding.

CH20 is not an important constituent of the atmospheres

of carbon stars and the circumstellar clouds are not ex-

pected to be large; thus, the chances of detectability are

not good. Other molecules are, however, present in higher

concentration near some stars and some have observable

microwave transitions. CO emission has been detected from

near IRC+10216, a cool carbon star (Solomon et al., 1970).

IRC+10216 is apparently immersed in an extended nebulosity

and it is not known whether the star or the nebula is the

emission source (Herbig and Zappala, 1970) but it is clear

that an attempt should be made to detect molecules of this

type near stars. In table V-5 I have listed the equili-

brium concentrations at 2500 OK of several interesting

molecules in an M giant and in a carbon star type giant

(Tsuji, 1964). CO, CN, HCN, NH 3 and, of course, OH and

H 20 all exist in substantial concentrations in stars and

have been detected by their microwave lines in the inter-

stellar medium.



TABLE V-4a

Carbon Stars Searched for CH20

Carbon Stars

Vo (VSearched vo0±l16 km/sec)

0

0

0

0

Av (km/sec)

0.4

0.11

0.4

0.4

Source

WW Cas

Y Tau

FU Aur
TU Gem

BL Ori

CR Gem

RV Mon

TU Gem

X Cnc

r Cyg

V Aql

U Cyg

AT (OK)

.12

.08

.08

.08

.08

.08

.08

.08

.08

.08

.08

.08

0. )

0.4
0.411

0.4

0.4

0.4

0.11

______ _~_~____ . .-. -- - -



TABLE V-4b

Other Stars Searched for CH20

M Stars (OH or H20 Sources except *)

V (VSearched= Vo0 ±116 km/sec)

+34
-40
+21

0
+41
-10

+5
+6

-15
+48

0
-8

Av(km/sec)

0.4
0.4
0.4
0.4
0.4
0.)
0.4
0.4
0.4
0.4
0.4
0.4

ATrms (o0K)rms

.08.08

.08

.08

.08

.08

.08.08

.12

.08

.08

.08

.12

TR Objects (OH Sources except *)

+9
+3
-16
+39

0
+55
-36
+73
+11
+22
+58

Sources

NML Tau
U Ori
VY CMa
R Leo*
W Hya
RX Boo
S CrB
WX Ser
U Her
R Aql
NML Cyg
UX Cyg

+10011
+50137
+40156
-20197
+10216*
+30292
-10381
1735-32
-20424
-20540
+40483

0.4
0.4
0.4
0.4
0.4
0.4
0.4
0.4
0.4
0. 4
0.4

.12

.12

.08

.12

.08

.12

.12

.12

.12

.12

.12

I---~~I--- ~~F·-lll__l_ ·~__-_ C _ -BLqP·LI-L-~bl- -- ---- -- 1_1_ _ __ _ ___ _ -__ i ---ra -- -- -- - -~ ------ ...p-··~--·il- Ci-----. ·--- *· iC. -. -;;iil -·l;-~-qF-p_~i;lii~iP11·r~TCiiL~CL-i_~-·
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TABLE V-5

Abundances of Molecular Species in Stars

M Giant

N-log(N-)
H)

3.2

4.0

11.5

CO

OH

CN

H120

HCO

HCN

NH

CH2 0

(Tsuji, 1964)

Carbon Star

3.0

8.0

3.0

8.0

9.0

3.0

3.2

9.5

11.5

11.0 10.0

12.0

1. H:C:N:O =

2. H:C:N:O =

-4 -
1:5x10 - 4 :10 4 :10-3

1:5x10-3 :5x0l-210-
3

T = 2500 OK

T = 2500 OK
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VI. The H20 Maser

Any attempt to explain anomalous H 2 0 emission must

reproduce the experimental data without having to resort

to physical conditions which are implausible. Thus, any

model must be constrained by both observations of the ma-

sered emission and by other observations of the emitting

regions, but this is not to say that these regions may not

be unique and that many of their characteristics may be

poorly specified at this time. New phenomena or unusual

physical conditions may be "conjured up" as long as they

do not violate physics, the data or our general knowledge

of the physical universe. Ideally, a model should also

make predictions that can be used to test its assumptions.

An extra complication is added when it is possible that

multiple processes are being observed; for instance, there

is no proof that the same mechanism produces H20 emission

from HII regions and late type stars. However, since the

emission from both type objects is masering, I will assume

that similar mechanisms are involved. To take into account

some of the fundamental differences between the two types

of objects, I will consider two "typical" sources, W49 and

R Aql.

In the following sections, I will attempt to develop

a crude general theory of H2 0 emission from the observa-

tions of W49 and R Aql, and then I will apply this theory
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to the case of emission from late type stars.

VIA. General Model

Although the nature of the pumping model lies at the

heart of any maser model, many characteristics of the emis-

sion are independent of the inversion mechanism and depend

only on the pump rate and other physical conditions in

the inverted region. If the microwave intensity is less

than the saturation intensity, Im < I , the medium willm s

non linearly amplify its own spontaneous emission or some

background source. In any case, the brightness tempera-

ture will be related to the amplified source temperature,

T , and amplifier length, L, by 1-20:

TB = T e'L (6-1)

Typical linewidths for H20 sources are about 50 kHz which,

if doppler broadening is dominant, corresponds to a kinetic

temperature of Tk = 200 aL OK (1-22). If Tk = To, then

TB 200 aL eaL

For a source like W49, this yields aL > 25 and, thus,

Tk > 5000 0OK. On line center cL and Av may be used to de-

rive An0 from 1-18, if L is known:

hv An
S= g(616 )B(616-52 3) A (6-2)

For aL = 25 and L 5 10 A.U., An0 must be greater than
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102 cm (Litvak, 1969).

If the maser is saturated, I > I , the total num-m s

ber of emitted photons, Nm, will be limited by the pump

rate. Assuming isotropic emission:

N - 1 I Av 4rL 2

m hv m
(6-3)

= R Av An V

where V is the volume of the inverted region. Using the

total emission rate for W49 and V = L3 , R oAvNAn > 106

-3 -1cm- 3 sec - 1 . The microwave emission rate for W49, W =
m

I B(6 16-52 3), is about 106 sec - 1 thus, to be saturated:
m

I B(616-52 3) > R AvN (6-4)m o N

-3
which restricts An > cm -3

S0 02 -3Since 200 K < T < 5000 OK and An 10 cm (un-

saturated) or Ano  1 cm 3 (saturated), the density and col-

lision rate in the medium may be found. For nH20/n H > l0,-
7

n > 10 (unsaturated) or n > l07 (saturated) yielding H-H20

collision rates of >1 sec - 1 and >4 x l0- 3 sec -1 respectively.

These densities must, of course, be regarded as absolute

lower limits since they assume that all H2 0 molecules are

in 523. The actual population density is likely to be so

disturbed that any crude calculation of the fraction of the

total population in the states of interest will be mislead-

ing.

Determining whether the maser is saturated would be
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an important quantitative key to the nature of the pumping

mechanism. The rapid time variations of H2 0 sources sug-

gest that the maser is unsaturated (Knowles et al., 1969b)

since the unsaturated maser is much more sensitive to changes

in amplification length and density:

Al
AIm aL A + A unsaturatedI L nm

(6-5)
AIm= AL + An saturated

I L nm

The time scale of variations depends upon whether turbu-

lence or a change in pump rate is involved.

The propagation time for a 100% time variation is just

1LL/c for the saturated maser and -L for the unsaturated
(xL c

case. For W49 L/c = 3000 sec so that changes take effect

essentially instantaneously. If turbulent effects alter

the amplifying path, the time for a 100% change will be

lLapproximately L/Vt and - L for the two cases. In HII
t  aL Vt

regions Vt could be as large as 50 km/sec yielding varia-

tions on time scales of 2 x 107 and 6 x 10 sec. Changes

in pump rate give variations which depend upon the geome-

try of the pump-emitting region system but, in general, the

time scale will be less than the light propagation time.

Time variations in late type star sources are related

to the variation of the optical or infrared flux from the

star. Variations of late M stars are, typically, rather
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irregular from cycle to cycle with variations from maximum

to maximum of 25-50%. In the three cases studied, the

H20 maximum intensity varies considerably from maximum

to maximum but the variation never exceeds about 50% in-

dicating that, at least in the late type star sources, the

maser must be partially saturated. Since the variations

in HII regions and stars have similar time scales (but are

not, in general, periodic), it seems reasonable to assume

that they, too, are partially saturated.

VIB. Geometric and Kinematic Considerations

The velocity structure of H20 emission lines from HII

regions, especially in W49 and Orion, is suggestive of

systematic rotation or radial motion in the source (Knowles

et al., 1969a). Unfortunately, when the lines are mapped

by VLBI techniques, no obvious correlation is seen between

the velocity and angular separation of features. The motion

appears chaotic with peculiar velocities usually substan-

tially greater than the turbulent velocity of the HII re-

gion. The possibility that a source may consist of a num-

ber of orbital systems is not, however, excluded. The -6.6

km/sec complex in W49 may, for example, represent such a

system. For orbital motion with angular frequency m, the

line width, Av, must exceed the radial velocity dispersion,

AV, in the system:

A > AV
c
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If the maser has spherical symmetry:

AV = Lw

yielding:

Av > L_ v (6-6)cC

If the size of the amplification region, L, is about 1 A.U.

-8 -1(as in Orion) the requirement is w << 10 -  sec . For orbits

about a one solar mass object, this requirement is satis-

fied if the orbit radius is much less than 10 A.U.

The -6.6 complex could also represent an expanding or

contracting shell about, for example, a star. The "age"

of a contracting shell would be R/V where R is measured at

about 100 A.U. If V is about 2 km/sec the age is about

150 years. Using n = 108/cm3 , and a shell thickness AL =
13 28

1013 cm, the energy of expansion would be 10 ergs which

could easily be supplied by radiation pressure from a star.

If the 5.1 and 6.5 km/sec features are also part of the

same system, their transverse distances are consistent with

an age of about 100 years.

The idea that W49 is composed of several systems is

supported by not only the angular association of several

groups of velocity features but also by some of the time

variations. The brightest and most rapidly variable fea-

tures in W49, at -1.9 and +9.6 km/sec, appear to be spa-

tially associated. The -1.9 and 9.6 km/sec features do not,

however, vary in phase; in fact, there seems to be a 1800
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phase relationship between these two features. The -6.6

km/sec complex appears to be less rapidly variable and its

variation is not correlated or anticorrelated with the

5.1 and 6.6 km/sec features as might be expected. The -6.6

features performed a time variation in January - February

1969 in phase with a feature near +13 km/sec, leading to

the prediction that when its position is determined, this

feature will probably be associated with the -6.6, 5.1,

6.6 km/sec region.

The velocity structure of H 20 emission from late type

stars shows a remarkable effect. The H20 emission is al-

most always moving away from the star, toward the observer

at a velocity between 0 and 15 km/sec. Statistically,

this observation almost rules out rotation except in the

case of VY CMa, which will be discussed later. The emis-

sion almost certainly originates on an expanding shell sur-

rounding the star. The fact that the H2 0 velocity is usu-

ally greater than the emission line velocity of the star

indicates that the emitting region has substantially de-

celerated since its initial ejection from the star (the

emission line velocity is probably the lower limit in radial

velocity for ejected material). In figure VI-1, the pro-

bable geometry of a late star H2 0 source is sketched. Al-

ternative suggestions would have the emission originating

from a shock wave formed in the region where ejected ma-
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terial impinges on a dust shell at rest with respect to

the star (Wilson, 1970a) or in material from such a shell

accelerated by radiation pressure (Auman, 1970). These

models are, however, more suited to 1612 MHz OH sources

where thick circumstellar dust shells are observed and where

the line emission breaks into two ranges at the optical

emission and absorption velocities.

Dust shells may, however, be an important mechanism

for explaining ejection of material from M stars and, thus,

the velocity distribution of the OH and H20 lines. If

mass ejection does not take place in a star, material may

be carried away from a star by radiation pressure provided

a sufficient amount of condensed material exists to couple

the radiation field to the gas (Gehrz and Woolf, 1971).

Dust shells almost certainly exist around almost all late

M stars although there is still considerable debate about

their composition, thickness and temperature. Herbig's

(1970) rotating dust shell or disk model, discussed in

Chapter III, may be of importance in understanding the ap-

parent velocity shift in the 35 km/sec feature in VY CMa.

Emission from a particular region or object in a rotating

shell or disk would show a sinusoidal variation in radial

velocity with time and, if the maser intensity is direc-

tional, velocity variations could be accompanied by inten-

sity variations. Velocity and intensity variations can

also be seen in an expanding or contracting shell geometry;
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consequently, further observations of VY CMa should pro-

vide an interesting clue to the structure of this unusual

object.

VIC. Pumping Models

Three general processes have been proposed for in-

verting or anti-inverting population in interstellar mole-

cules:

1. Chemical pumping (Solomon, 1968; Gwinn et al., 1968)

2. Direct collisional pumping (Townes and Cheung, 1970)

3. Radiative pumping (Litvak, 1968)

As related to H2 0 emission, chemical pumping may be inter-

preted as formation of the molecule in an excited state

which then decays in such a way that a population inversion

is produced. The reaction H + OHV-H 20, association and

dissociation of H20 could account for anomalous emission

by both molecules and is a tempting possibility since only

OH and H2 0 are known to maser. Formation of excited H20

molecules by collisions of superthermal particles with icy

grains is also a possibility especially in the light of the

presence of dust in many HII regions which have anomalous

emission. Direct collisional pumping has been suggested

as an anti-inversion mechanism for H2CO but is reported to

be unimportant in H20 (Townes and Cheung, 1970). Although

chemical or collisional pumping cannot be dismissed out of

hand, pumping by infrared radiation in the manner discussed
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by Litvak (1970) presents an interesting model for H20

emission which fits many of the observations.

The Litvak model, originally proposed for amplifica-

tion near a collapsing "protostar", can easily be applied

to more realistic situations. If the amplifier is assumed

to be a low temperature, high density clump near an intense

near infrared source such as a late type star, the kinetic

temperature and approximate density in the saturated case

0 7 -3will be Tk 2 200 K and n Z l0 cm 3 . Below a certain ro-

tational energy, the molecules will be in approximate ther-

mal equilibrium with population density decreasing with

energy. Above what Litvak calls a "demarcation", collisional

de-excitation will be less important than radiative decay

and the molecular population of states will be radiation

dominated. For the assumed physical conditions, the de-
-1

marcation will occur at about 350 cm . A population in-

version results in the vicinity of the 616-523 states with

pumping by near infrared vibration-rotation transitions

and microwave emission "cooling" the radiation dominated

upper states to the kinetic temperature of the lower states.

For an abrupt transition to thermal equilibrium, the exci-

tation temperature of the 616-52 3states can be shown to be:

1 = 1 E(52 3) F1 ]
+ E(52 3) i (6-7)

Te Tk E(616)-E(52) TR Tk

where E(JK-,K+) is the energy of a rotational state and

TR is the radiation temperature. For TR = 2000 K and Tk =
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200 K, -3 OK. Litvak (1970) shows that under simi-

lar conditions, the lifetimes of the 616 and 523 states

will be governed by the populations of the 5os and 432 states

respectively and thus that:

n(616 ) n(505s),,z (6-8)
n(523) 32 kinetic

again yielding T = -3 0K. The inversion can be estimatede '
giving An/n(53 2 ) = 0.3 or An = 0.03 n H20.

The actual pumping of the maser is done by 2p radia-

tion from the star which excites molecules to v and v3

vibrational states which then decay to the 625 state. De-

cay by a 106 cm- 1 transition to 616 completes the cycle.

Via vl , the pump route is 523 + 514(V 1 ) + 625 - 616. Via

v 3 the route is 523 + 
6 24(V 3 ) 625 -+ 616. Competing

anti-inversion cycles like 616 6
2 5 (V1 ) 4 634 + 523 are

weaker than the pump cycle (Litvak, 1969). The 106 cm- 1

and 203 cm- 1 (the 634-52s transition) lines should be in-

tense and may be detectable from aircraft or spacecraft.

The recent observations of 50-100V excesses in Orion and

M17 (Low and Auman, 1970) may, in fact, represent the super-

position of H20 rotational lines in these sources and, in

any case, should be investigated further.

VID. H20 Emission from Late Type Stars

In the preceding sections, I have proposed that H20

emission originates in a saturated maser pumped by intense
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2P radiation. The density of the inverted region must be

high enough to support a 1 cm 3 H2 0 inversion yet not exceed

10 cm- 3 which would suppress the maser by collisions, and

the kinetic temperature must be less than 200 0K. I have

also shown that the observed velocity distribution of emis-

sion from late type stars is consistent with emission from

expanding material about 10 A.U. from the star. From inter-

ferometric observations, the emission region must be smaller

than 1 A.U. To complete this picture, I will show that

the mass loss region near a Mira variable can be the emis-

sion region and that the variable 2p flux from the star

causes the periodic time variation of the H2 0 line dis-

cussed in section IIID.

The circumstellar region will not be in hydrostatic

equilibrium but the density and temperature still may be

estimated. The mass loss rate, F, will be:

F = p(r) V(r) 4rr2  (6-9)

Gehrz and Woolf (1971) estimate the mass loss rate for
-6

Mira variables as 10 M /yr which yields, at a radius r =

10 A.U. and V(r) = 5 km/sec, a mass density p(r) in the

emitting region of about 10- 1 6 g/cm or about 10 parti-

3cles/cm . The temperature at a radius of 10 A.U. will be

between 200 OK and 1000 OK depending on the amount and

composition of the circumstellar shell (Gehrz and Woolf,

1971). Then, using An : 0.03 nH20 and nH20 /n - 6 x l0-4
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(Tsuji, 1964), the inversion is An Z 2000 cm-3 .

Large mass loss from Mira variables is supported by

Frogel's observation of a large variation in H20 absorp-

tion from such stars indicating a sizable flux of H2 0 mole-

cules to low temperature regions (Frogel, 1970).

The pump rate for the maser is determined by the 2V

flux from the star. At the assumed radius, the masering

region will subtend about 1% of the stellar flux. Using

the measured K magnitude of R Aql (Neugebauer and Leigh-

ton, 1969) and a natural width, governed by vibration-ro-

tation transitions of about 50 kHz, the total number of
43

available pump photons is about 10. Thus, 2V emission

can just pump the maser even if it emits isotropically.

Non isotropic emission, resonance trapping of infrared

radiation and multiple pump routes all allow for lower

than 100% pump efficiencies. Decreases in pump rate, due

to the intrinsic variability of the star, cause proportio-

nate variations in the H20 intensity. For R Aql, the range

in surface temperature from a maximum of 2300 OK to a mini-

mum of 1900 OK yields a change in the 2V flux of about a

factor of two and, since downstream absorption of radiation

by H2 0 is at a minimum at maximum light, the actual change

in available flux is much greater; Sinton (1968), for ex-

ample, has found variations in the equivalent width of the

2p H2 0 band of R Leo of greater than a factor of 15.

In the framework of the model proposed by Frogel (1970)
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H20 emission and absorption as a function of phase is linked

to mass expulsion from the star. Near or after 2v maxi-

mum, hot material is expelled from the star and cools as it

rises above the photosphere. H20 absorption decreases with

temperature but increases with the total volume of material

so that the absorption maximum lags the infrared maximum

by a considerable time. Large variations in H20 absorption

indicate a large amount of H20 reaching low temperature

regions where the H20 maser operates. Maser intensity is

simply coupled to the total flux in the pump line since

the total density in the cool region is only slightly per-

turbed by periodic injection of material. Absorption on

the pump line would be strong but only detectable with very

high resolution since the total absorption in the vibra-

tion-rotation bands is small. The rotational transition

lines at 106 and 203 cm-1 might, however, be detectable

since the star is not bright in this range. Main line OH

emission also originates in the H20 masering region. The

OH maser may also be pumped by near infrared radiation

or, possibly, by common OH/H 20 vibrational resonances in

the 2v range.

Radiation from a single late type star cannot explain

H20 emission from HII regions, but the detection of strong

infrared sources in Orion and other objects perhaps in-

dicates that cool, very luminous infrared stars or systems

of stars may also be responsible for this stronger emission.

I
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The more organized nature of the phenomenon and the greater

interest in late type stars, however, make these objects

the best place to study both OH and H20 emission. More

work, particularly concerning the spatial relationship be-

tween OH and H20 sources, angular structure and time varia-

tions is indicated. Additional observations of the infra-

red radiation from OH and H20 sources is also important;

high resolution spectroscopy at 2v and, possibly, near

100p would rather quickly confirm or demolish the Litvak

pumping model.
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VII. Appendices

VIIA. Radiometric Systems

The observations reported in this thesis were made at

4.8, 7.8, 8.1 and 22.2 GHz with a variety of radiometric

systems on several different antennae. Different observing

frequencies and spectrometers as well as requirements for

varying degrees of stability have led to the use of several

unconventional radiometer systems. A number of systems

were constructed at MIT and are of technical interest and

will be described in detail.

VIIA1. Radiometers

The radiometric systems used are briefly described in

table VII-1 and their performance, limitations and applica-

tions are summarized. The 411.8 and 8.1 GHz systems were of

conventional design which is common in present radioastro-

nomical practice. Beam or load switching was used in con-

junction with a non-degenerate parametric amplifier first

stage. Mixing to a frequency acceptable to the IF strip

was accomplished using a universal local oscillator (L.O.)

system. The universal local oscillator employs a frequency

synthesizer to produce a UHF reference signal, a harmonic

of which is used to phase lock a high power L Band oscilla-

tor. The L Band signal is then multiplied to the frequency

-- - -- ---:



TABLE VII-1

Radiometric Systems

Antenna

NRAO 140'

Haystack

Haystack

Haystack

NRAO 140'

Haystack

Haystack
NRL 85'
NRAO 36'
(VLBI)

NRAO 140'
(VLBI)

Freq.
(MHz)

4995

7800
±100

7400-
8400

20,000-
24,000

20,000-
26,000

22,235

22,235

22,235

BW
(MHz)

400

40

100

T (OK)

100

40

150-
250

20 4-600ooo

250 2400

20 1200

4000
20 4000

3000

40 1000

Pol.

Linear
Rotatable

Left
Circular

Linear

Linear
or

Circular

Linear
Rotatable

Linear
or

Circular

Linear

Linear

Switching
System

Load

Total
Power

Beam Sw. or
Total Power

Beam,Load
or

Total Power

Beam or
Load

Beam,Load
or

Total Power

Total Power

Beam Sw. or
Total Power

L.O.
Stability

(Af/f)

510-10

<10-11

<1011

<10 -ll

Notes

Cooled parampI

Maser, right cir-
2

cular available
(T : 70 OK)s
Cooled paramp

14
Original LEL mixer,
K Band Klystron L.O.

Aerojet-General5

mixer

RLE paramp with
6

new X3 L.O.

Fixed 1st L.O., 7

variable 2nd L.0.
MIT mixers at Hay-
stack and NRL, LEL
mixer at 36'

RLE paramp with
VLBI front end

1. Owned by NRAO
2. Owned by LL
3. Owned by LL
4. Owned by NASA,

5. Owned by NRAO
6. Owned by RLE, LL
7. Owned by RLE, NRL

LL 8. Owned by RLE

- __ -1 · · - · II..----.-~- -~ -CF~--·I
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desired and directly used as the L.O. In figure VII-1 a

block diagram of the Haystack 8.1 GHz system is shown as

an example of a typical radiometric system for spectral

line observations. The 7.8 GHz system used at Haystack

was of slightly different design in that a maser preampli-

fier was used, no Dicke switch was employed and the first

L.O. was a Klystron phase locked to the UHF reference sig-

nal.

The 22.2 GHz systems listed in table VII-1 represent

an evolution of not only the noise performance but also in

the local oscillator stability and ease of operation of the

systems. The earliest systems, employed at Haystack and

NRAO, used a directly phase locked oscillator at 22 GHz to

provide the first L.O. These systems suffered from prob-

lems intrinsic to the state of the art of harmonic gene-

rators, namely, that to produce a large enough difference

signal to achieve a good phase lock at high harmonic num-

bers, a tremendous amount of reference power or a very

efficient multiplier is necessary. Neither of these re-

quirements was easily met. The NRAO system used in April

and May 1970 employed a very good mixer preamplifier which

gave this system excellent noise performance, but this was

more than off-set by the problems of local oscillator sta-

bility and drift encountered. The greatest advantage of

this system was the very large turning range of the L.O.

made possible by the use of a backward wave oscillator
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locked to a highly turnable VHF oscillator reference source.

The 22.2 GHz system eventually developed by J. C.

Carter for use at Haystack avoids the problem of phase lock-

ing a 22 GHz oscillator by using a direct multiple of an

X-Band Klystron as the L.O. With the use of a degenerate

parametric amplifier, developed by P. W. Rosenkranz at

MIT, this system was employed in most of the search and

time variation studies of late type stars. The noise tem-

perature, stability and flexibility of this system repre-

sents the state of the art at 22 GHz.

A system similar to the Haystack 22 GHz radiometer

was used as the basic H20/VLBI receiver. The first L.O.

was derived from the second harmonic of an 11 GHz phase

locked Klystron. The VLBI L.O. system is unique in that

the VHF reference signal of 140 MHz is directly derived

from the 5 MHz output of an atomic standard and has been

shown to give frequency and phase stability equal to that

of the standard. For operation on the NRAO 140' antenna,

the VLBI system was configured in such a way as to allow

for operation in VLBI mode (first L.O. fixed, second L.O.

variable and switchable) or in spectral line mode (first

L.O. variable). The VLBI radiometers were used on the 140'

antenna (with the MIT parametric amplifier) and on the NRL

85' and NRAO 36' antennae; for VLBI operations with Hay-

stack, the existing L.O. system was modified to use the

fixed 140 MHz VHF reference. In figure VII-2 the H20/VLBI
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system is shown schematically as an example of the systems

now in use. Recently, the Haystack system has been converted

to a 120 MHz reference scheme to make the L.O. compatible

with the system used for continuum VLBI operation.

VIIA2. Spectrometers

Spectral analysis at both Haystack and NRAO is per-

formed with one bit autocorrelators of similar design (Wein-

reb, 1963). The Haystack 100 channel autocorrelator is

linked to the Univac 41190 computer which also points the

antenna. At the end of an integration period, which is

set by the observer, the accumulated autocorrelation func-

tion is written on tape and Fourier transformed for display

on a line printer. Velocity calculations and temperature

calibration are done automatically from the autocorrelator

data and data given by the observer. Slope corrections,

averaging of data and other manipulations may be done on

line or in SLREDUCE, a post processing program developed

by John Ball (1969) for use on the Haystack CDC 3300 com-

puter.

The NRAO 413 channel autocorrelator is linked to a

DDP116 computer which automatically Fourier transforms the

data and stores the spectra on tape every integration period

(usually one minute), displays it on a cathode ray tube and

on a X-Y plotter (Shalloway et al., 1968). Velocity cal-

culations, calibration and other manipulation of the data
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are done in a series of post processing programs developed

for the NRAO 360/50 computer (Farris et al., 1968).

Autocorrelation receivers have the advantage of great

flexibility with a number of bandwidths which may be changed

by altering the sampling rate. The available bandwidths

with the Haystack correlation (as of November 1970) are

25, 5, 1.5 MHz, 500, 150 and 50 kHz*. The NRAO correlator

has 10, 5, 1 MHz, 500, 100, and 10 kIz bandwidths. The

transform of a finite time series is not, however, a faith-

ful reproduction of the original infinite time series. In

particular, the transform of a uniformly weighted autocorre-

lation function has a spurious response to delta function

in frequency space that is only 6 db down. The spectra

shown in this thesis were all apodized with Hamming weight-

ing which has the first spurious response 16 db down. The

relationship between resolution Av band width, B, and num-

ber of channels N for uniform and Hamming weighting is

(Weinreb, 1964):

Av = 0.604 2B Uniform weighting (7-1)

2B
Av = 2B Hamming weighting (7-2)

VIIB. Antennae

The Haystack 120' and NRAO 140' represent essentially

In Haystack practice, 20 channels of the autocorrelation
spectrum are discarded to remove band edge effects giving
an effective band width of BW = B/1.25 and a resolution
of B/40 for Hamming weighting.
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different approaches to the problem of large antennae de-

signed for use at cm wavelengths. Haystack is an altazi-

muth mounted paraboloid enclosed in a temperature controlled

spaceframe radome. Antenna pointing is controlled by a

servo system and an integrated Univac 490 computer. The

computer performs all pointing tasks as well as precession,

refraction and systematic pointing corrections, and radio-

metric data processing. The antenna employs cassegrain

optics to minimize ground contribution to the noise tem-

perature and to allow for the use of off axis feed posi-

tions for multiple radiometer operation. The 140' is of

monumental but conventional design. The antenna is polar

mounted and has prime focus optics. The analog drive sys-

tem is directly controlled by a telescope operator.

VIIB1. Antenna Performance

The efficiency of both antennae at wavelength down

to 2 cm has been discussed by many authors (Meeks et al.,

1968, Mezger et al., 1966). At 1.25 cm both antennae are

approaching the limits imposed by their surfaces although

Haystack has successfully operated at 1 cm and 8 mm. The

efficiency of the l140' was calibrated on several occasions

using the continuum sources 3C274 and W75DR21. Cross cali-

bration of Haystack was then achieved using simultaneous

observations of strong H 20 sources during VLBI experiments

and by observations of Jupiter with both antennae at dif-
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ferent times. Beam widths and shapes were measured seve-

ral times using the strong H120 sources. The two antennae

are compared in table VII-2. The Haystack beam is still

very clean and symmetric at 1.35 cm and assuming 2.4 db

less in the radome, the antenna, itself, has an aperture

efficiency of about 25% at this frequency (Meeks, 1970).

Both Haystack and the 140' suffer from serious de-

gradation in gain due to gravitational deformation of their

surfaces and defocusing. With altazimuth geometry, this

effect may be isolated and calibrated with relative ease.

The polar mount of the 140' strongly mixes elevation and

hour angle dependence of the gravitational forces and makes

calibration difficult. Gain degradation appears to depend

hupon elevation up to hour angles of about ±3 - and, there-

after, seems to strongly depend on hour angle rather than

elevation. The gain versus elevation curves of both an-

tennae, measured on a number of strong H 20 sources, are

shown in figure VII-3. The degradation at large hour angles

of the 140' makes flux observations all but impossible ex-

cept near transit.

VIIB2. Antenna Pointing

The RMS pointing error in the Haystack system is of

the order of 0.0030 (10.8 arc-sec) or less. Calibration

of absolute pointing has been done at 2 cm and the syste-

matic errors not compensated for by the pointing system
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TABLE VII-2

Haystack and NRAO 140' Parameters

Aperture
Efficiency*

Beamwidth
(ax6 arc min)

Haystack

0.45

0.15**

4.2 x 4.2

1.5 x 1.5

NRAO 14o0'

0.55

0.14

6.6 x 6.6

1.5 x 1.8

* Includes atmospheric correction, measured near h = 450

** With 2.4 db radome loss, nA = 0.25

(cm)

3.8

1.3

6.3

1.3
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appear to be consistent with the system of interferometer

positions of H20 sources to within 0.0030. Thus pointing

errors appear to be of general order 1/9 beamwidth at 1.35

cm.

140' pointing is seriously affected by antenna orien-

tation and, in general, must be calibrated at each opera-

ting frequency by multiple observations of a number of

sources of known position. By assuming that the H 20 source

corresponds in position with the OH source in a given ob-

ject, I calibrated the 140' pointing at 1.35 cm on the

strong H1120 sources. The pointing curves of the 140' are

shown in figure VII-4 along with typical observed errors.

The pointing appears to be relatively repeatable near

transit but, like the efficiency, degrades with hour angle

or elevation. 140' pointing also appears to depend on

thermal effects, probably differential heating of the feed

supports during certain periods of the day. The effect

appears to be uncalibratable in any simple way.

VIIC. Observing Techniques

The often poor characteristics of antennae and re-

ceivers at 1.35 cm required the use or invention of tech-

niques to optimize observation that are often not used at

other wavelengths. In particular, the use of total power

observations for obtaining spectra and of continuum point-

ing techniques on strong spectral lines requires some expla-



GRAPH PAPER 
PIdNTE N U.S.A

z

---I -

I4ri

qTWA'

'Vi

-1- i -

-'j "_"_-

~1 "7I7 7727i

..

MA/' e _C- EAST

VE41N

½
xv
~~~1~

00- 1

1.4

.i.

IL

I I

\, J. r,,,

AI- 7

I

A_ a

~4~iI

I.

....

------ > 7-- ---------------

I

-- I--

.1

* I

-- I

,•.-~-,-r:-•-'To-
L--

: I!,

..... ..

-----------

'-

t±f17<
* LI

.41

- -n

•V..

. 11

7 7

A

/-i .....-- .

i' · I · i I-
--~~ -- I~ ----C·-·ICI-·~--·~------·1- --..-C---l

' i
___~ -----i------·--

0p, .. - - ~--- ---~'--'~~---"'~ ~--

,2_!_

1
.... i .. ...... .... .

1_

ii::t
--- _~ _~ ---- --

~

i I
--ri 1

---- ;--~--

: j
Aoeid

•.:-.;

04 &L it je

....... .... ..

- ......... -----------

--~--'-

, • , i , ,

:ili:.2:

- .. .- 4,-`--

..... .....

•-.•4---- ..

4;I
.......

c~..--;--

I

i ._ ,

i

TiTtTT

R

-i ýo

I

1

F ...... ,,-TT
7~-i-r-T-T'r .

..

..

..

...

...

...

- . ... . r

_J6I

!--

.......j ...-~..L

_..:... ': .......... ! ............ • ........
,J ................

........ i ............

0000or

m I

·-

...--... +~.~ .~...

-

& -1MM=s2t

.. ..- . .....

+



- 217 -

nation.

VIIC1. Total Power Spectroscopy

The use of a clipping spectrometer makes unnecessary

conventional Dicke switching since, to first order, this

type system is insensitive to time variations in the ampli-

tude of the gain. Amplitude variations will become impor-

tant only if they occur within time periods shorter than

1/v where v is the sampling rate. Changes in the spectrum
S S

of the gain function are still important but these drifts

in the band pass typically take place over longer periods

than most amplitude variations. Since autocorrelators still

require a band pass function or "off" to calculate the

spectrum:

() T On(v) - T off(v) TTs(v) = T (7-3)
s TOff(v) System

complete total power operation is impossible. Total power

offs and ons rather than Dicke switching do allow a number

of economics, for example: lossy ferrite type Dicke switches

may be eliminated, area searches may be done by doing one

off and several ons at different positions, polarization

measurements may be done using the same "off" and, if the

shape of the band pass is stable enough, the "off" may be

used for more than one source or may be taken when the

source is not available. Ball (1969) has shown that, if

the band pass is sufficiently flat, one "off" may be used
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with a number of "ons" taken at slightly different fre-

quencies in such a way that, since the noise in indepen-

dent channels is uncorrelated, the signal to noise may

approach true total power operation. The bulk of the long

integrations done in the work on excited OH and H20 sources

was done with the "Ball Method."

VIIC2. Strong Spectral Lines

The narrow band spectral lines from some 1120 sources

give the brightest antenna temperatures of any objects at

1.35 cm. This fact can be used to partially overcome un-

certain pointing by "peaking" the antenna manually on a

spectral line source. Since the optimum signal to noise

situation is achieved when a filter matches the band width

of the signal, the most effective strategy is to narrow

the bandwidth of the autocorrelator filter unit to as

close to the line width as possible and to peak the an-

tenna position on the detected output of the converter.

When the system temperature is much greater than the

line temperature the signal to noise is:

T Av
Av < AFt S ~ Line ASignal

Signal Filter N TSystem /Ayl
Filter

Av > Av S Line SAv (7-5)
Signal Filter 'f N t Filter

Thus it is always better to slightly resolve the line than

overresolve it. For a 1000 OK system and 100 kHIz line width,
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a 15 OK line source could be neaked unon using a chart

recorder with a 1 sec time constant. Since the radio-

meter is working as a continuum system, Dicke or frequency

switching off the line may be necessary in the face of

severe gain variations.

In addition to manually peaking on line sources, con-

tinuum pointing programs such as the DSS routine at Hay-

stack may also be employed on strong line sources to derive

positions (Allen, 1966). A number of the positions of

H120 sources were obtained with this routine before inter-

ferometric measurements were made. The map of sources in

Orion A reported in Meeks et al. (1969) was made in this

way.
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