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Summary

At the end of the sixties and In the beginning of the seventies

anomalous emission was discovered from such molecules as OH, ^ 0 , and SlO.

Further investigations revealed that one was dealing with masers, a natural

equivalent to the well known terrestial lasers, Masers are operating at

much longer wavelengths (in the radio regime) in very large, coherent

complexes of gas and dust, that act as the cavity of a laser, where one

gets large pathlengths, and hence large amplification of radiation, by

multiple reflections between two mirrors. The necessary population

inversion in the levels where the maser transitions occur, is sustained by

radiation from a luminous central star. These conditions, a huge amount of

circulstellar dust and gas, and the presence of a luminous star, imply that

we observe masers in two categories of objects mainly: (1) extremely young

stars, still embedded In the cloud from which they were formed, and (li)

very old, evolved stars, that return a considerable fraction of their mass

to the Interstellar medium at the end of their lives. The study of masers

may thus give valuable insight in these two important phases in stellar

evolution.

In this work masers in evolved stars are studied, in particular the

emission from the OH radical. This is nainly because OH masers can be seen

throughout our Galaxy, whereas the S10 and H«0 masers are observable only

within relatively small distances from the Sun, and furthermore, because

the OH emission frooi evolved stars has several, easily recognized,

characteristics which distinguish it from that of other types of objects.

In large survey programs several hundred of these evolved, so-called 'OH/IR

stars' have been found, from which we have chosen a small sample for nor e

detailed study. Our aims were knowledge of the underlying stars, and a

determination of the properties of the circumstellar envelopes, that veil

the stars from view totally. Three different kinds of observations form the

basis of this thesis.

In the first place, the time variability of the OH masers was measured

over a period of five years with the Dwingeloo Radio Telescope. These

single-dish observations proved that most of the underlying stars are very

long period variables (VLPV), apparently a kind of extension of the well

known long period Mira variables. Shapes and amplitudes of the radio light

curves for the OH/IR stars appeared to be completely compatible with those
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measured for the Mira's, but the periods are much longer. Further, we

obtained with the Dwingeloo program the mean OH fluxes, epochs, a

confirmation of the radiative coupling between the maser and the star (by

comparison with Infrared data provided by other observers), the degree of

saturation, and, most important of all, a determination of the linear

dimensions of the clrcurastellar shells. This determination was possible,

because In the variations of different parts in the shell small time

differences show up.

In the second place, multi element Interferometer observations were

made in order to study the spatial structure of OH masers. They contained

information primarily on tha shape and the density of the clrcumstellar

shells, and its three dimensional structure. By combining the phase lag

measurements and the spatial extent distances to individual stars could bs

determined with a high, unprecedented accuracy.

In the third place infrared broad band photometry was done in Cha

wavelength region fror» 3 Hm to 20 (Am, where mast of the energy of these

objects Is radiated. This provided us with the bolometric luminosities of

the stars, and with an estimate of the amount of material in the

circuraste.\lar envelopes.

The theoretical part of this thesis (chapter V) is concerned" with the

picture emerging from a synthesis of all observations, from ourselves but

also from others. The space density and galactic distribution of OH/IR

stars are discussed and compared with the appearance of OH masers in the

solar neighbourhood. Briefly, the occurance of other type masars in evolved

stars is contemplated. Intrinsic properties of the stars, such as age,

luminosity, temperature, radius, mass, and mass loss rate are derived, as

well as the masses, the extents, the dynamics, and the time scales of the

outflowing clrcumstellar shells.

OH/IR stars appear to be very luminous (~ 10 L ), intermediate mass

(Initially ~ 4 M^) stars with very high mass loss rates (~ 10~5 \ yr"*1).

They are cool (~ 2700 K) giants on the asymptotic giant branch, seen at a

moment that they have lost already a considerable fraction (£ 50%) of their

original main-sequence mass. They are in the last phase of evolution and

very close (< 10^ yr) to the end of theit stellar lives. A large fraction

of them will eventually show up as a planetary nebula, some will evolve

directly towards the white dwarf stage, and a small percentage of them will
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explode as a supernova. The total number of OH/IF, stars in our Galaxy and

their death rate are completely consistent with the birth rate and the

observed numbers of their end products. Also, their galactic distribution

is in agreement with that of their progenitors and with that of their final

remnants.

13



I. General Introduction

Ï.1 History

Although some variable stars were known in classical times already

(e.g. Algol in the star catalogue Almagest, Ptolemaeus, 138), the eternal

constancy of the heavens was unchallenged. The only recognized changes were

the ununderstood movements of the planets, or the occasional appearance of

a comet or a supernova.

The history of variable stars begins on August 13, 1596 when the

clergyman David Fabricius discovered a red star In the constellation Cetus

(Fabrlclus, 1605), It remained visible for about three months and after its

disappearance it was several years (1609) before it was seen again. But

from the middle of the 17th century (1638) every maximum of this star (now

known as o Ceti) has been observed. Fabricius was rather puzzled by this

object and he called it a ' stella mira'. In later years many similar stars

were discovered and by now 'Mira' stands for the whole class of long period

variables (LPV) with variations in the optical part of the spectrum

typically more than 2m and periods from £00 to 500 days. The stars are red

giants of spectral type M, characterized by the presence of emission lines

In their spectra. Therefore one also calls them Me-variables. Many

observations of these LPV have been made, and are still made, by amateur

astronomers; but the professionals have never shown much interest for these

stars, that vary so boringly slowly and uncouthly irregularly at the eve of

their death.

Death was the leading thought in the middle years of the present

century, providing mankind with one positive acquisition only: technical

skill, which enabled astronomers to look at completely new topics, and at

long buried ones, with new eyes. After the second world war they could for

the first time make accurate observations at wavelengths shortward

(X < 3000 A) and longward of the optical part of the spectrum (infrared:

I \im < K < 1 mm, and radio: \ > 1 mm). And the LPV proved to be among the

more interesting objects, having many molecular absorption bands in the

(near) infrared and more IR radiation than expected, caused by reradiation

from an extended envelope of dust and gas around the star. At the long

radio wavelengths they showed anomalous emission lines from such molecules

as SiO, HoO, and OH.
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True, already In the early twenties Abbot had done 'IR' astronomy

(X < 2.2 Hm), determining the energy distribution of some (20) stars

(Abbot, 1924 and 1929), but spectrograms of resolution sufficient to show

absorption lines were not published until 1947 (Sanford, 1947; Kuiper et

al., 1947), In the following years more sensitive detectors and high

altitude and airborne observatories extended our knowledge to ever longer

wavelengths. Milestones along this road include the 2 micron sky survey

(IRC; Neugebauer and Lelghton, 1969), Che AFGL four colour sky survey

(X < 27.4 nmj Price and Walker, 1976) and IRAS, the InfraRed Astronomical

Satellite (1983), observing as far as 100 Jim,

Just so, the first radlotelescope was built by Karl G. Jansky in 1931,

but it remained until March 25, 1951 before the first major discovery in

radio astronomy, emission from the 2l-cm line of HI (predicted In 1945 by

van de Hulst), was made by Ewen and Furcell. Within a few weeks it was also

detected by Muller and Oort (1951). Three years later (Hagen and McClain,

1954) HI was detected in absorption. In the beginning of the 1960's a very

similar transition was observed at X » 18 cm, from the OH radical.
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Figure 1 Rotation levels of OH

in the ground vibrational state

(not to scale). The ground

state, where the strong maser

transitions occur, is enlarged.

The numbers are the frequencies

in MHz. The satellite lines

(F' * F) are at 1612 and 1720

MHz, the main lines

(F1 » F) at 1665 and 1667

MHz (X - 18 cm).
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Similar because the hyperfine splitting is caused by spin-orbit coupling;

the nuclear spin of the H atom with the (only) unpaired electron, also from

the H atom. At first OH was seen only in absorption (Weinreb et al,, 1963;

See for a review: Burke, 1965), and it seemed to behave similarly to HI,

but soon after it was found also in emission (Gundermann, 1965: Weaver et

alt> 1965) in the direction of the star forming regions W3, W49, and Ori A.

The four lines from the ground state (see figure 1) appeared never to be in

thermodynamic equilibrium; the main lines being far stronger than the

satellite lines and the 1667 MHz line being weaker than the 1665 MHa line.

The lines were strongly polarized. Raimond and Ellasson (1967, 1969)

determined positions with the Caltech Interferometer and found a.o, that

the main line OH source In Orion coincides with the Becklln-Neugebauer

object, a well known point source at 2 um. As a consequence searches were

started for main line emission from IRC sources (i.e. sources from the

2 nm sky survey), without much success. In hindsight, this Is no surprise,

because the bulk of IRC sources consists of evolved stars, while the BN-

object is extremely young.

«oo

5200

NML Cygni
Day 299 1982

20 0 -20
Velocity WRT V,[=-199 km/s WRT LSR)

-to

Figure 2. Single-dish profile of NML Cygni (one of the first known type lib

masers) on Julian Day 2445269. The frequency is 1612 MHz, the resolution

0.54 km 8~ . Velocities on the horizontal axis are give a with respect to

the central velocity of the profile, which is assumed to be the stellar

velocity.
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Figure 3 Classification scheme for OH sources (partly as Turner's, 1970)

++ + - stands for strong to no emission; (abs) for absorption.

But in 1968, Wilson and Barrett discovered satellite MHz line-emission at

1612 from four very red objects (NML Cyg, NML Tau, CIT3 and CIT7), with

characteristics totally different from the (young) sources known until

then. These stars were strongest In the 1612 MHz satellite line and showed

no polarization. Where the young ones had unordered spectra, with many

narrow components In a small velocity range, the Wilson and Barrett objects

had two broad emission features, well separated in velocity with steep

outer edges and a more shallow decline on the Inside (see figure 2). In

common between the young and old objects was only the absence of thermo-

dynaraie equilibrium. VLBI experiments revealed brightness temperatures of

up to 10 K (Moran et al.t 1968), while the line widths indicated an

excitation temperature of ~ 100 K. This all pointed to a maser*-type of

action, first postulated by Perkins et al. (1963). Wilson and Barrett

searched in more than 400 1R stars for 1612 MHz maser emission and in 19/2

published the first catalogues, containing 27 socalled type lib OH masers

(see figure 3). After identification the optical counterparts of all

appeared to be Mlra variables or occasionally M-type supergiants, both

oxygen rich, evolved stars. In later years many more of these LPV were

searched for OH maser emission, and about a hundred were found; some with

microwave amplification by stimulated ̂ mission of _radiation
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the strongest emission at 1612 MHz, most at 1667 MHz (see figure 3). Other

molecules were also found to show maser emission. ^ 0 , like OH, was

detected in the direction of star forming regions and In the evolved LPV

(Cheung et al,, 1969), but SiO masers in late-type stars only, except for

the Orion nebula (Snyder and Buhl, 1974). The H20 (at 22.2 GHz) and SiO (at

43.1 and 86.2 GHz) masers associated with LPV are relatively weak and can

only be seen at small distances (D < 1 kpc), also because receivers at

these high frequencies are still comparatively Insensitive, The type lib OH

masers (see figure 3) can be seen at large distances, because of their high

brightness temperatures, and recognized, because of their characteristic,

double peaked spectra, even in other galaxies (Rieu et at., 1976), Casswell

and Haynes (1975) and Johansson et al, (1977) carried out unbiased surveys

along the galactic plane, later followed by others (Bowers, 1978; Baud et

al,t 1981 and 01 non et at,, 1982), picking up several hundred of these type

lib stars (Engels, 1980). None of them had optical, nor even IR,

counterparts, though tentatively they were named OH/IR stars. In recent

years much effort was given to the identification (Schultz et aim, 1976;

Evans and Beckwith, 1977; Glass, 1978; Epchtein and Rieu, 1982, and Jones

et at., 1982) and by now more than half of the OH sources are identified

with IR point sources (though many detections are still unpublished),

confirming the name OH/IR stars. The IR observations show that they are

stars on the asymptotic giant branch with much thicker circumstellar

envelopes than the optically known Mira's and that they loose mass at

extremely high rates (up to 10 M0/yr). Consequently they must be in a

dramatic, and rather short lived, phase near the end of their evolution,

probably on the verge of becoming a planetary nebula or supernova.

And as Fabricius was almost 40G years ago, we are puzzled by these

OH/IR stars; or should we call them 'stellae rairae' and consider that name

an omen?

1.2 Present state of knowledge

Maser emission, originating from various molecules, is associated with

the first and the last stages of stellar life. In both cases the very

luminous central object is surrounded by a thick envelope of dust and gas.

The study of these sources, that often can be seen to large distances from
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the sun, can give us answers to many, divergent astronomical problems. In

this work we shall concentrate on the raasers In late type stars only, but

most of the leading questions are more general (for a review of masers in

young objects see Habing and Israel» 1979). Below, a number of subjects are

listed in various fields of research for which the study of masers is of

importance. Between brackets a reference is given to literature where the

men; toned topic has been, directly or Indirectly, discussed,

A. Molecular

B. Dust

i.How are the molecules formed and sustained? (20)

ii.What are their abundances? (31)

111.Which molecules 'maser' and how is the (12)

population in the relevant levels inverted? (42)

1.Where and how is the dust formed? (11)

ii.What is its size and composition? (28)

C. Stellar l.What kind of stars are we dealing with? (30)

What are their intrinsic properties (mass, (14)

luminosity, radius, effective temperature,

spectral type,magnetic field and internal

structure)?

ii.Are they variable? (24)

ill.In what stage of stellar evolution are (27)

they and what will become of them?

iv.What is.their mass loss and what are the ( 3)

dynamics and time scales of the outflowing

material?

v.What fraction are the raaser-stars of the

total population with the same stellar

properties?

vi.What is the maser luminosity function?

D. Galactic i.What are the distances to OH/XR stars, what ( 6)

are their galactic distribution and 'kinematics?

ii.What is the relation with the gas component and

the contents of the interstellar medium?

Hi.What is, or was, the starformatlon rate in
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different parts of the galaxy?

iv.What are the density and velocity distributions

at the centre of our galaxy? (37)

E. Extragalactic i.What different evolutionary processes have

different galaxies experienced?

Some of these questions have been answered satisfactorily, for some

answers good guesses exist and a number of problems have not been

contemplated yet. The main concern of this work will be the properties of

the OH/IR stars and their envelopes (C), and the closely related problem of

their distances (D,i),

1.3 Means

The weaker, nearby OH emitters are all identified with Mira variables,

or M-type supergiants. Because the unidentified OH/IR stars, that are much

stronger masers, have very similarly shaped radio spectra and have

kinematic properties resembling those of the longer period Mira's and

supergiants, they too seem to be a kind of long period variables. Because

they are extremely reddened, they are thought to have thick circumstellar

dust shells. The obvious way to find out if they are LFV is to follow them

in time. Harvey et at. (1974) determined light curves, simultaneously in

the IR and the radio, for a number of (identified) OH Mira's. They found

that the variations were in phase and that the flux ratio between IR and

radio was constant over the period. And so, mutatis mtandi, observations

in one wavelength regime alone should be sufficient. That this is indeed

correct, was proven by an independent IR program that has a number of stars

in common with our study (Engels, 1982).

In 1976, Baud during his survey program (Baud et al.t 1979), observed

some (unidentified) OH/IR stars a few times and found indeed small, but

meaningful variations. So in 1978 a modest monitor program was started

using the Dwingeloo Radio Telescope. It included a number of OH Mira's and

OH/IR stars. Later, in 1980 this source watch wa3 extended to a total of 60

objects, including a homogeneous sample of OH/IR stars. The results of this

program can be found in chapter II.

For a small set of stars VLA maps were made, enabling us to study the
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structure of the clrcumstellar shell. These observations and their direct

consequences will be discussed in chapter III.

Finally, a single run of IR observations was made with UKIRT , giving

spectra from 2-20nm, primarily to determine bolometric magnitudes. They

will be presented In chapter IV.

In chapter V we shall discuss the observational results and see what

we can say about the nature of the OH/IR stars and the properties of their

circumstellar envelopes.

Large Array (New Mexico)
united Kingdom InfraRed Telescope (Hawaii)
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II. Dwlngeloo Monitor

II.I Introduction

In 1978 we started a monitor program with the 25-m Dwlngeloo Radio

Telescope (BRT). The Intent was to compare the variability of well known

Mlra's with that of unidentified OH/IR stars. In 1980 we extended the

program and Included all OH/IR stars (10* < A < 180°) with a harmonic maan

flux, {ST.SaP > 4 Jy from Baud's catalogue (Baud
0* a^ ., 1981). Also added

L H

were three supergtants (VY CMa, PZ Cas, and NML Cyg) and three sources at

the galactic centre with large (negative) radial velocities. Thus a total

of 60 stars was followed regularly during 3-5 years. Because the telescope

was also used for other programs, our coverage has gaps of months to

fortnights, but one stretch of over 200 days was covered continuously.

About 4000 usable spectra were measured, reduced, calibrated, and plotted

with standard programs. For each star we measured the integrated flux and

the various peak flux densities. This resulted in 5-20 radio light curves

per star.

11.2 Observations

The observations were made with the DRT at a wavelength X = 18 cm

(VQ = 1612.231 MHz). The half power beam width is 31' at this frequency,

the aperture efficiency is 64%, and S/TA = 8.772 (Jy/K) (Slottje, 1982).

The DRT used a closed-cycle helium cooled parametric amplifier and a single

linearly polarized feed, replaced in 1982 by a FET amplifier and two

linearly polarized feeds. A 256-channel autocorrelation spectrometer was

used In the total power mode over a bandwidth of 625 kHz (116 km ö~*),

yielding a resolution (uniform weighting) of 2.93 kHz, or 0.54 km s"1. The

signal was clipped in the one-bit mode. The system temperature typically

was 35 K at the beginning of a run, slowly increasing to ~ 40 K after

several weeks of observing.

11.3 Calibration

The system was calibrated continuously against a noise tube of known
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constant temperature. This calibration was checked dally (in principle) by

measuring a continuum point source with a known flux. We used Virgo A

(189.45 Jy at 1612 MHz) or occasionally Cygnus A (1369.3 Jy; Baars e* 0.1 .,

1977). The calibration factor varied less than 1% over one day in general

(see figure 1), although some larger deviations occurred, especially during

times when the continuum measurements were of poor quality (Murphy's law;

see Bloch, 1979). Because a good calibration Is important for the

determination of the relative phase for the different light curves of one

star, we also used an internal calibration, as described in section II.6b.

Variation ot the Calibration Factor
30r
N

20

10

-4

Figure 1.

Variation of the

noisestep, NS, on

subsequent days i and

(i+D
Y 5 NSUT

II.4 Reduction

All spectra were split up into 2-8 subscans, allowing part of the

integration to be deleted if interference occurred. Once a day we measured

a reference spectrum in the direction of the galactic north pole in order

tc allow correction for gain variations across the band. A third order

polynomial was fitted to the emission-free parts at both ends of the band.

Usually the spectra were not smoothed, but sometimes interference or

malfunctioning of the correlator led us to use Hanning smoothing. In such

cases the measured peak flux densities were multiplied by a factor 1.235,

and the velocity range of emission was decreased by 0.685 (km s"1)» in

order to match the fluxes and velocities of the unsmoothed measurements

(see figure 2).
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The coverage and integration time for each star depended on the

(suspected) period, on its flux density, and on the amount of time

available. DurJ ig the 5 years of the program the time coverage and the

integration time were adjusted repeatedly. Because the DRT is a rather
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small telescope, some of the weakest sources should have been observed for

days in order to get sufficient sensitivity. But in general» even for the

weaker features in the spectrum, the signal-to-noisa ratio is better than

10. In addition the weaker sources appear to have the shorter periods, so

that in these cases we can combine 3-5 cycles.

The off-line reduction was performed with available standard programs,

yielding spectra calibrated in antenna temperature, The theoretical noise

in the spectra is given by (see Ball, 1976)

AT sys
RMS P t) (1)

where 1 < o < 2 for optimum total power, Y is 1.47 for the 1-bit mode, P Is

the channel spacing in Hz, and t is the integration time in seconds. We

used integration times ranging from 120 to 7200 s, leading to AT^-g -

0.1S>0.019 K. This is in reasonable agreement with the noise measured in

the emission-free parts of the band, except at smaller galactic longitudes

where confusion and background radiation can enhance the noise by a factor

2 (see figure 3). In our analysis we always used the measured values.

0 50 100 I _

Figure 3. Ratio of the noise measured in the spectra to the noise expected

from equation (1) as function of galactic longitude.

II.5 Confusion

Because of the large beam (31') of the DRT, and the crowding of OH/IR

stars around I = lO°-35° (Baud et al., 1981), we were troubled by confusion

In several cases. Table 1 lists these program stars and describes the

influence of the confusion.
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Table I

Programstar

OH

11.5+0.1

12.3-0.1

17.4-0.3

ia.3+0.4

20,2-0.1

20.7+0.1

21.5+0.5

25.1-0.3

27.3+0.2

30.1-0.7

30.1-0.2

30.7*0.4

31.0-0.2

31.0+0.0

32.0-0.5

35.6-0.3

Confusion

by OH

11.3+0.0

12.3+0.1

17.0-0.1

18.3+0.1

20.4-0.3

20,6+0.3

21.9+0.4

24.7-0.t

27.2+0.2

27.2+0.2

30.1-0.2

30.1-0.7

30.9+0,2

31.0+0.0

30.9+0.2

3I.Q+Q.Q

31.2-0.2

31.5-0,1

30.7+0,4

30.9+0.2

31.0-0.2

31.5-0.1

31.7-0.8

35.3-0.7

Distance

(°)
0.27

0.30

0.45

0.30

0.28

0.22

0,41

0.45

0.10

0.10

0.50

0,50

0.28

0.50

0.51

0.20

0.20

0.51

0,50

0.37

0.20

0.50

0.42

0.50

Position in spectrum

In high velocity peak.

In middle of spectrum

In high velocity part

All spectrum

In middle of spectrum

Just outside spectrum (LV)

In low velocity part

In low velocity part

Sane source?

Just outside spectrum (HV)

Weak

Outside apectrgm (LV)

In middle of spectrun

Outside spectrum (LV;

Outside spectrum

Outside spectrum

1

Outside spectrum

Outside spectrum (KV)

Outside ipictruo (LV)

Outside spectrum (HV)

Outside spectrum (LV)

In middle of spectrum

Weak

Influence

Weak

Peaks can be removed

HV peak has large scatter

Very strong

Peaks can be removed

Baseline poor

Weak

Large scatter

Nona?

Baseline mildly afflicted

Baseline uncertain

Baseline bad

Peaks can 1» removed

Baseline very bad

Baseline very bad

Baseline vary bad

Peak can be removed

Hone

References

(see table 2)

30

23

58

IS

19,40

35

35

8,19,40

1,41

23,35

8,13,20,28,47

8,12,13,20,26

24

1.46

24

1,46

19,40

18,19,24,40

24

8,19,24,40

19,40

18,19,40

Confusion mostly affected the Integrated flux densities, due to the

uncertainties In the baselines. The peak fluxes are only mildly afflicted,

except for the wo*st cases (see figure 4) * The time behaviour enabled us to

select the features belonging to the program stars.

0H3Q7+Q4

Figure 4. Single-dish profile of

the star OH 30.7+0.4. In the

middle of the spectrum two peaks

of OH 30.9+0.2 can be seen, at

the right (LV) side another star

OH 31.0+0.0. At the high

velocity side strong and broad

absorption is always present and

sometimes also two peaks of an

unknown, variable 0H-source.

This is one of the worst

examplas of confusion.
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IX.6 Data analysis

The analysis of the measured spectra and the resulting radio light

curves Is done in a number of steps. In a first approach (section 6,a) such

quantities as the mean velocity of the stars, the total velocity range of

OH emission» and the width of individual features in the spectra are

determined. Also, adopting a simple sinewave function to descibe the light

curves, the periods, mean fluxes, and amplitudes are derived. In the second

step (section 6.b) the calibration is checked by looking for systematic

deviations from the sinewave fit for groups of stars thai: have been

observed within one calibration Interval. The recalibrated data are used to

find slightly adjusted values for the quantities mentioned (step 3, section

6.c). Whereas periods, mean fluids, and amplitudes are rather intensive to

the precise form of the light curves, the times of maximum, and the phase

differences between various features in the spectrum of one star, are.

Therefore, in the fourth step of the analysis asymmetries of the curves are

taken into account (section 6.e). The new fits are then used to determine

phase differences between the light curves for various features of one star

(step 5, section 6.f). After constructing normal points, an autocorrelation

method is applied to find these (often small) phase lags, making an optimal

use of all available data points. In the last step (section 6.h) the phase

lags are interpreted in terms of the linear dimensions of the circumstellar

shells.

a. First approach

OH/IR stars characteristically have spectra dominated by two peaks

with a separation of 20-40 km s , steep outer edges, and a more gradual

decline between these peaks (figure 5). This shape of the spectrum can be

explained If the maser emission cones from a rather thin, uniformly

expanding shell (Reid et al.t 1977). In this picture thr strongest maser

emission originates from the front and from the back sides of the shell,

where the gain pathlength along the line of sight is longest (see figure 13

fcr a graphical display). The separation between the outer peakn is twice

the expansion velocity of the shell; the stellar velocity lies halfway

between the peaks. There is a lot of evidence in support of this model

which will be summarized in chapter V (section V.2).
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On a number of Julian Days, JD(i) (where 30 < iTotai < 150), we

measured for each star the total range of emission, 6v(i); the stellar

velocity, vft(i); and the velocity, peak flux density and full width at half

maximum for a total of k̂ , recognized peaks (each indicated by the subscript

k), vk(i), Sk(i) and fw^Ci) (where 2 < kj, < 20). We integrated the flux

density over two equal halves of the spectrum yielding the low- and high-

velooiEy integrated flux density, SLy(i) and {^(i). Finally the noise was

determined from an emission-free part in the band, AT (i).

80

r
20

QH 30.1-0.7
Day 295 1982
JD(i)=2A«265

20
Velocity WRT

-20 vk|i)
«99.26 km/sWRT LSR)

Figure 5. Single-dish profile of OH 30.1-0.7. The quantities that are

measured in the monitor program are indicated.

We fit a sinewave function by least squares to the observed flux

densities, weighted with the measured RMS noise. For each star this

resulted in kT + 2 light curves, each having four degrees of freedom (the

mean flux density ak, the amplitude t̂ , the time of maximum JDko, and the

period Pk)

Sk ( i ) c o s (2)

It 1P known (Harvey et at., 1974) that (optically identified) OH

masers vary nearly in phase with their optical or infrared counterparts
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with a fixed amplitude ratio between the wavelength regimes. This indicates

that the masers ate radiatively pumped by the central star and saturated.

If this situation is also true for the unidentified OH/IR stars, we would

expect the period (P^) and the relative amplitude (B^ = \/ak^ t 0 b e t n e

same for all peaks in the spectrum of one star. Our results show that this

is indeed the case (figure 6a and 6b). Furthermore, for some OH/IR stars

Engels (1982) determined light curves in the IR, yielding the same periods

and phases as the radio light curves. Measurements by Feast (private

communication) also confirm the coupling between IR and radio (see Appendix

B), This result supports a further step: we demand the period and relative

amplitude to be constant for a given source.
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Figure 6a. Distribution

of the periods for

various peaks (k),

normalized to the mean

value P of a given

source, for all

variable OH/IR stars.

Note the second maximum

at -0.20, caused by

some weak peaks with

less phase coverage

than the others,

through which the

sinewave fits with half

the main period.

Figure 6b. Distribution

of the amplitudes for

various peaks,

normalized as in figure

6a. Bfc = bfc/ak, and B

is the mean (relative)

amplitude for a given

star.
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These parameters were calculated by taking the mean over all curves,

weighted by the quality of the sinewave fit and the strength of the

feature. Thus

and B = S - (3)

where the summation is over lCp peaks and over the low- and high-velocity

Integrated flux. Again we fit a sinewave to the flux densities, but this

time one with only two degrees of freedom (the mean flux a^ and the time of

maximum JDfco)

Sk(i) - cos (A)

b. Internal calibration

We have seen (II.3) that in general the calibration is good to within

1-2%. On some days, however, no calibration measurement was made at all, or

the measurement was ruined by interference or by other causes. In those

cases we scaled the spectra with the' calibration factor from another day.

Clearly this enhances the uncertainties, but with an 'internal' calibration

procedure we can check our Interpolations, and possibly correct for them.

It can also help us to find out whether the calibration factor, being

nearly constant from day to day, has larger deviations on shorter

timescales. In each calibration interval some 10-20 sources were observed.

For all these we can determine the (relative) residuals with respect to the

sinewave as calculated in section II.6a (equation 4). So for each star

measured at JD(i), within a certain calibration interval, we have

{k+2} residuals

OJ

- . DO

!

Resk

oT~

(i) = tsk(i) -

•

°V . _ 07

• Compel)}

at-0015 , * .

•

1 1 '
ÏU5269O

• (5)

Figure 7. Mean residuals with

respect to the sinewave fit for 19

sources observed around a

calibration measurement at JD = 244

5269.8.
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where Comp» (1) is the calculated value (figure 7). And although an

Individual star may show systematic deviations from a sinewave, for a

sample it is a perfect representation and the sum of the residuals should

be zero in each calibration interval. Now let N be the number of sources in

a particular interval. Then the weighted sum of the residuals, a, is

log<! - Resk<i))}]
(6)

where E {«.,}/£w. is a weighted mean of the residuals for the individual

peaks and E, [...]/Ew(i) over the sources in the calibration interval. The

statistical weights include Che number of peaks per star and the S/N per

peak. Clearly a»0 only if the calibration was correct. The distribution of

a-values is shown in figure 8. The total number of a-values in this

histogram is lower than the total number of observing days, because in most

cases where the calibration measurement was disturbed, several monitor

sources were also observed poorly. And when N < 10 we could not derive a

reliable correction factor. Figure 8 shows that the overall calibration is

good, but some larger deviations occur, mostly (as expected) when no

calibration measurement was made at all. the few days with a deviation >15%

include the three runs (on 11 stars only) in 1976 and 1977 during Baud's

survey. This may be explained by a number of (minor) changes in the

receiver system and in the noise tube temperature that were introduced

after the survey.

30 20 ID i i O - i - S -10 CorrectionIW

Figure 8. Histogram of a-values
for calibration intervals with N >
10. Days where no calibration
measurement was done are shaded*
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A H flux densities were adjusted with the correction factor l(f in the

appropriate interval. There is no systematic variation with time within any

calibration interval.

c. Results

Tables 2a and 2b give the results for all program stars. For the

identified stars (see table 2a) the variable star name, the IRC number and

the AFGL number are given. The period (Pr) and the amplitude (Amr = 2.5

log {s /S . }) as determined from the radio light curves, compared withv max ntln

the optical period (PQ) and amplitude (Am ), the stellar velocity (v* with

respect to the Local Standard of Rest) and the total range of emission

(6v) are tabulated with their uncertainties. Columns 12 and 11 give the

number of observations and the time interval in which they were made. Most

observations were made from April, 1980 till October 1982; 20 sources have

been followed regularly from 1978 onward, and for 11 stars three runs,

carried out in 1976 and in 1977, were also added. In the last two columns

references can be found, containing information about the star and an

indication if IR and/or VLA measurements are known to us.

Ia.

1

2

3

4

5

6

7

8

9

10

II

12

Ni

R

RR

Sï

Vï

PZ

NML

use

Aql

Aql

At|l

CMa

Cas

Cyg
-0H80 .8 -1 .9

Z

U

WX

wx

IK

-KHL
RS

Cyg

Ori

Fac

Set

Tau
Tau
Vir

IRC

tfCL

+10406

2324

+00458

2479

+I04S0

-30087

nu
•60417

«40448

2650

+50314

+20127

+10011

157
«2O2BI

+10050

529
«00243

PR

Po

(days)

279.6
285.6
403.8
394.33
349.3
355.74
988.8:

707.3:
900;

1109.6:
1280!
270.3
263.85
406.3
372.45
632.0
660(IR)
443.0
425.1
455.6
460
363.8
352.80

tfip

2.3

2.2

7.9

34.3

52.3

35.?

2.1

10.1

17.6

7.9

5.7

9.2

(mag)

0.87
6.3
0.71
6.7
0.62
7.1

0.18

0 .9

0.29

2.9
0.31

0.70
7.1

(0.94:
7.3
1.16

0.58
4.

1.33
4.6
0.48
7.4

Table 2a

V, (ISR) ±

(km a'1)

+ 47.17 0.03

• 27.77 0.04

- 47.96 0.04

+ 23.67 0.04

- 37.42 0.05

- 1.97 0.01

-148.25 0.04

- 44.22 0.04

+ 8.96 0.03

+ 5.95 0.04

+ 33.66 0.04

- 14.91 0.03

Range ±

(km a"1)

16.18 0.06

15.02 Ö.ll

11.30 0.12

74.35 0.04

60.33 0.19

53.70 0.04

6.79 0.08

S.65 0.11

38.37 0.05

17.72 0.09

36.01 0.05

11.12 0.05

Julian Daya

(+244 0000)

3029-5265

3689-5271

3702-5266

4317-5267

4317-5267

4074-5269

369O-5&68

3594-5269

3029-5268

3688-5266

3694-5268

36BB-5266

-

84

77

110

146

62

177

117

91

71

110

85

132

IR

VLA

A.C

a
A
a

A
a,b,c

A
a

A
a
A

a,b,c

G

a

G

Referencea

1.3.10,11.17.23
33,36.43,53,58
1,3,5,17,22,27
33,34,36,54,58
2,4,27,36,46,
58
3,14,17,22.38,39
48,49,52,55
2,7,14,29,54,
58
3,11,14,17,22,26
34,37,49,51,S3
2,4,27,36,46,
58
6,10,14,15.27,36
43,44,45,54,58
1,2,13,16,17,22

33,49,51,53,55
1,2,3,14,17,26,27
43,45,48,51.53,59
1,3,5,13,16,17,42

49,SI,53,58

4,9,27,36,44,46,
58
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For the OH/IR stars (see table 2b) the same quantities are l is ted, IE they
are known; if a second period i s quoted i t i s an IR period from tunnels
(1982). The OH/IR stars marked by a + sign form a homogeneous sample from
Baud's catalogue (Baud eb al.t 1981), with a harmonic mean flux > 4 Jy.

Table 2b

Na

13

14

IS

« 16

• 17

+ 18

+ 19

+ 20

• 21

+ 22

+ 23

+ 24

+ 25

+ 26

• 27

+ 28

• 29

+ 30

+ 31

+ 32

+ 33

• 34

• 35

+ 36

• 37

• 3B

• 39

• 40

• 41

• 42

• 43

Na»

OH

359.4-1.3
0.3-0.2

1.5-0.0

II.5+0.1
U.3-0.2
12.8-1.9
12.8+0.9
13.1+5.0

15.7+0.8
16.1-0.3
17.4-0.3
17.7-2.0

18.3+0.4
18.5+1.4
18.8+0.3
20.2-0.1

20.7+0.1

21.5+0.5

25.1-0.3

26.2-0.6

26.4-1.9

26.5+0.6
MQU 2205

27.3+0.2
28.5-0.0

28.7-0.6

30.1-0.7

30.1-0.2

30.7+0.4

31.0-0.2

31.0+0.0
W43A

32.C-O.5

h

(tfaya)

(930)
(243)

(141)

691:

544

812

1488
707

(453)
1012
1219
890:

845:
1125:

923

857

680

1130

1975:

226:

1181
1330
652

540

1566
1630
939

S59

627

640

2060:
1730
B53

970

1039
1140

(1126)

400:

1540

* »

US
15

8

40

15
56

81

40
42

50

40

61

56

86

20

44

40

40

60

II

13

50

26

20

16

100

35
16

17

10

130

200

21

40

27

30

100

8

83

aBR

(«I)

0.13
0.16

0.21

0.23
0.56
0.56
Q.34
0.53
0.13
0.55
0.59
0.16

0.27
0.19

0.26

0.67

0.99

1.09

0.21
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d. Remarks on individual stars

i) Table 2a.

All the Mira variables (numbers 1-3 and 7-12) seem to have periods

more or less variable in length. A systematic behaviour of the period with

time is known only for R Aql. We can write, partly after Schneller (1963),

for the times of maximum, t , and the period, P , as function of the cycle,

tn(raax) =* 242 2301.8 + 312.35 n - 0,2330 n
2 + 0,00045 n3

(Julian Days)

dt
Pn - ̂ p « 312.35 - 0.4660 n + 0.00136 n2 (days)

(7a)

(7b)

based on observations of the visual maxima during 126 years. The tabulated

optical period is for cycle n=»73, which corresponds to the middle of our

radio observations. Omission of the uncertain second order term in equation

(7b) brings the period down to 278.3 days, In good agreement with the radio

period and the recently determined IR period of 280 days (Rudnitskij,

private communication; see also Engels, 1982). For all Mira variables the

amplitudes also can change from cycle to cycle, but for most of them these

changes are small. In general, observations from different cycles could be

combined easily, except for R Aql and U Ori. The latter one flared in 1974

in the 1612 MHz line and its flux has since declined more or less

exponentially (figure 9).

U Otkms.l612MHl OH Mo«r

FWofcitKOHal
• Cowman 119791
o J«w«ll«t al 1196QI
• TIM Wbrk

Figure 9. Total flux of

U Ori at 1612 MHz.

Before 1974 it could

only be seen in the main

lines.
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We can write for the total integrated flux density of U Ori, S
T Q T

sHV>

ST0T = 0.749 + 0.251 cos[{jD(i) - J D J / P ]

o
exp[3.700 - 0,318 {jü(i) - JD }/P] (8)

where S is in IQ"22 WnT2, the period P = 406.3 days and JDQ = 244 2152

corresponding to the year 1974.288, Note that the period changed also. From

1981 on only the two strongest peaks (at v = -2.92 and 2.63 km " ; table 3)

could still be seen the two weaker peaks outside have disappeared

completely (see also Jewell et at,, 1980). R Aql has two weak features, at

-6.16 and -3.72 km s~*, the first is usually the stronger of the two. In

cycle 75-76 (J.D.244 4700-5100) the relative strength situation was

reversed.

M-type supergiants can show drastic changes in behaviour; years of

quiescence are followed by periods of (semi) reeular variation. VY CMa

hardly shows any long term variation in the OH emission, but PZ Cas and NML

Cyg do, although the amplitudes are 'small (see also Harvey et at., 1974).

However, all three supergiants have large changes in OH flux (PZ Cas >3a;

VY CMa and NML Cyg > 5a) on timescales of days (see figure 10). This is

probably caused by the fact that for some spectral features a large

180 .

Julian da, I.2U0000I " ° ° " 2 0

Figure 10. Short term variation of the strongest feature in the spectrum of

VY CMa. This star was observed almost daily over a stretch of 200 days. A

Fourrier analysis reveils a main period of ~ 1000 days, an intermediate

time scale of ~ 180 days, and short term variations of < 2 days.
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fraction (> 50%) of the power comes from extremely small (< 0.18) raaser

hotspots (Benson and Mutel, 1979), that are not completely saturated. In

Mira variables this fraction usually is « 10X (Reid et at., 1977), as it

is for OH/IR stars (Bowers et at., 1980). If Individual spectral features

can be identified with these hotspots then observations of the supergiants

with high time-resolution can give good estimates of the distances for

these objects, when combined with VLBI experiments, A rough estimate for VY

GMa gives a light travel time across the hotspot associated with the

strongest peak in the spectrum (v^ = -30.17 km s~*; table 3) of < 2 days.

When combined with the angular size of < 0"18, a distance of ~ 1.9 kpc is

found, reasonably close to the literature value of 1,5 kpc (Herbig, 1969).

The dimension of the hot spot (2 days corresponds to 5 10* cm) indicates

that the maser is only partially saturated («ƒ, Goldreich and Keeley,

1972). Note that NML Cyg belongs to the homogenous sample of OH stars, as

it was found in Baud's survey.

ii) Table 2b.

The first thing to note in table 2b (see also figure 11) is Cat the

entries can be separated into two groups: variable and non-variable stars.

1~~1 Mif Q VQHobks

t%5l Suptr Gtaflts

F7S1 Qaiactic CcnlerSlars

—i 1—

C10HJIR stars It]

E 3 U I I » or No «motor

Figure 11. Amplitude distribution of all

60 stars included in the monitor program.

The supergiants have extreme Av's, the

non-variable OH/IR stars normal ones.

From our homogeneous sample six objects show virtually no variations larger

than the 3a level: OH 15.7+0.8 (Amr = 0.13), OH 31.0-0.2 (Amr = 0713), OH

37.1-0.8 (Amr = 0713), OH 51.8-0.2 (Amr « 0™16), OH 53.6-0.2 (Amr = 0712),

and OH 77.9+0.2 (Amf = 07*19). Except for OH 31.0-0.2, none of these sources
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is disturbed by confusion. Six others have small amplitude variation, that

might be periodic. But in these cases our sensitivity is too low, mostly

due to confusion, to give a definite answer. These six are: OH H,5+0.1

(Am = 0.23), for which we see no variation In the (very weak) low velocity

part of the spectrum, but clear variations in the (much stronger) high

velocity peaks. We are unable to decide whether this behaviour is intrinsic

to OH 11,5+0.1, or whether it comes from the underlying spectrum of OH

11.3+0.0; OH 17.7-2.0 (Am - oTl6), a strong OH-emltter with some long term

variation} OH 18.3+0,4 (Am * 0?27), whose spectrum Is completely confused

with that of OH 18.3+0,1; OH 18.5+1.4 (Am = Um19), that has one or two

weak peaks outside the mean velocity range present in about 50% of the

spectraj OH 25.1-0.3 (Am = 0°21), which is seriously disturbed by

confusion of OH 24,7-0.1 in the weaker features and the integrated flux

density, but which shows reasonable variation In the two strongest peaks;

and OH 31,0+0.0 (Amr - 0™13),that Is associated with W43 in position, but

not in velocity and so may be a pre-mainsequence object, showing irregular

and (relatively) short term variations. OH 31.0+0.0 also has the smallest

Av (19.3 tan s"1, <•ƒ. <Av> = 30 km s"1.) of all 0H/IR stars in our sample and

has all of its flux confined to the VLBI hotspots (Reid &b al.t 1977). We

can conclude for our sample of 44 0H/IR stars (OH 31,0+0.0 omitted) that

14% do not vary at all, 11% have such a email amplitude variation that it

is hardly recognised with, our beam and sensitivity, and that the remaining

75% vary with amplitudes comparable to those of the nearby, and vtedk, OH

Mira stars. The periods of the OH/IR stars are, however, much longer than

the periods of the Mlra variables (figure 12).

Figure 12. Period distribution for
the variable OH/IR stars and for the
OH-Mira's (shaded). The arrow marks
the mean period for Mira variables
(Wood and Cahn, 1977).

2A0 2.50 2.80 3.00 320 3.40
Log P —

Note that for the optically identified masers small amplitudes correspond
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to large Av, I.e. to the supergiants, but that for the OH/IR stars the
1 non'-variables are distributed over all Av! Finally we note that the

three galactic centre sources are constant within their 23 uncertainties.

For a number of stars our time base is too short, or our phase

coverage incomplete. For OH 21.5+0.5, OH 30.1-0.7, OH 127.9+0.0, and OH

138.0+7.2 we might not have observed the maximum yet; for OH 75.3-1.8 and

OH 104,9+2.4, we might not have observed the minimum light. In these cases

the true periods may deviate substantially from the tabulated values.

e. Asymmetry of the radio light curves

In general the visual light curves of Mira variables are asymmetric

(see e.g. Campbell, 1955), but the asymmetry (usually expressed as f 5 (m-

M)/P, the fraction of the period between minimum and Maximum) becomes less

pronounced at longer wavelengths (Lockwood and Wing, 1971)* It is known

that the Mira variables with the smaller f-values, I.e. a steep rise to

maximum and a more gradual decline to minimum, are more likely to show

maser emission (Bowers and Kerr, 1977). Although the radio light curves

reflect the variation at long IR wavelengths (35 (im; Elitzur, 1981),

inspection of our curves for the OH/IR stars revealed clearly systematic

deviations from a sinewave function. We may describe the asymmetry

quantitatively as follows. Let

mfc(i) B log S*(i) (9)

where S. i s the flux density, recalibrated as described in section II.6b,
of the low- and high-velocity part of the spectrum and for a l l the peaks
(so that k= l , 2 . . . , (kj+2) for a star with kT peaks). Also let

4>k(D - {JD(D - JDko}/P (10)

where we use the period (P) and the time of maximum for curve k (JDko) as
found from the sinewave f i t t ing in section II .6c. We may then fit an
asymmetric lightcurve to the datapolnts using

mkCl) = m0k + S i k
 c o s{2* *k(*-)/2 f j

for <t>k(i) > 1 - ffc (ascending branch), (Ha)
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and

cos{2it $

for <J>. (i) < 1 - f. (descending branch) (lib)

Again we take two steps: in the first we solve for four unknowns (n»Qk' mik'

l k
• , and f k), although the mean flux m ^ = log a^ and the amplitude n»lk
log {(1+B)/(1-B)} can differ only slightly from the values found in section

II,6c» In the second step we demand m^ and f to be the same for all (k.j+2)

light curves of a given star. As before we use the mean value over the

(kT+2) curves, weighted with the strength of the feature and the quality of

the fit. The numerical results can be found in table 3; the radio light

curves in appendix B (figures 1-59).

f. Phase lag

Figure 13. Schematic representation of

the uniformly expanding OH shell, the

resulting single-dish spectrum, and the

variation of different parts in the

spectrum.

directly

write

Because the posers are saturated

and pumped by (re)radiation from the

central star (see section II.6a), one

expects a phase lag (the light travel

time) between the times of maximum for

the different parts of the spectrum

•—• °5 " (figure 13: see also Schultz et al,t
1978). The phase lags are related

to the radius of the circumstellar shell (Appendix A). We may
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v • -v cos <l> (12)

where v Is the expansion velocity of the shell, vr the radial velocity In

the rest frame of the star, and <|> the angle between the direction of

expansion and the line of sight. Note that v (i|>) is negative with respect

to the velocity of the star for - — < <|i < —, We may also write

v
R-x - R cos +; x - R{I - cos *} = R{l + ~\ (13)

The quantity — is the time difference between the variation of the 'front'

peak (In phase with the star) and the peak k at v .

Clearly the time difference is greatest: between the front (vrf • -v ) and
2Rthe back ( v ^ - + vg) with the value — . If we do not use the ' front' peak

as the phase reference, but the peak j Instead, we find

or

(16)

Because we can measure i t , , v , F .and v . , we can determine R, the radius

of the OH shell. We can also use the phase lag between the curves for the

integrated flux densities

v 2v
AKHV-LV) - ̂ L _ {ve - 6 + ve ln(^|)} {l + ln(-^ - I)}"

1 (17a)

where 6 * v g - vp is the difference in velocity between the strongest peak

and the expansion velocity: it tel ls us to what velocity the model

spectrum, Sy * {l - (^-) }~ , applies (see appendix A>. Because for the 0H-Sy

masers 6 » 0.01-0.1 kmes"1 (see figure 14) we can write

AKHV-LV) - 0.8 - | | - (17b)
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Figure 14. Ratio of the integrated flux

density (10~22 Wm~2) and the peak flux

density (Jy) as function of the

expansion velocity. This ratio is

nearly constant with an equivalent

width of 104 Hz (1.86 km s"1). Here

6 5 ve " V
10 20

E<eemoi Vikxity—Ikms'l

Thus, the determination of the phase lags yields the linear dimensions of

the envelopes. But the determination of A<|>, and hence of R, is less

straightforward than that of the other parameters describing the light

curves. We found already (see sections II.6c and 6d) the times of maximum

for each star with an accuracy of typically 5% of the period (see also

table 3). But the phase lags between the different curves of a given star

appear to be of the same order of magnitude « 0.1 P). In other words,

phase lags determinated in this way .are only a zero order approximation.

Therefore, a better procedure is to take one curve (say number j) of a

given star as reference and to look at the flux difference for each

individual measurement on curve j with that on curve k (k * j) of the same

star. If there is a phase difference between the two curves this flux

difference is not constant, but varies over a period (equations 21a and

21b). The amplitude of this variation is related directly to the phase

lag, A<t>, provided one has a good knowledge of the light curve (see for an

application of this procedure Jewell et at», 1980). When one adopts a

simple sinewave to describe the light curves, this method is accurate to

the second order inA4>. It still has two severe drawbacks: in the first

place our coverage of the curves is not uniform and thus we have different

phase coverage for different curves (e.g. in figure 13 there is for curve 1

a dense series of points just at and for curve 5 just before the maximum)

and in the second place this methode does not use extra features in the

light curves (e.g. plateaus, humps, or secondary maxima) that deviate

systematically from the adopted sinewave function, affect the sinewave fit,

and yet offer a good opportunity to improve on the phase shift

determination. This leads us to use a kind of autocorrelation method.
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Equation (21) is rewrited, but now the variation is described by an

arbitrary 'perfect' fit. Again the flux differences between individual

measurements on curve k and a chosen reference curve j are analysed, The

differences vary over a period, and the amplitude is an infinitely accurate

function of A$ (equation 23) , By shifting the two curves with respect to

each other in phase, A4> can be found, because the amplitude of this

variation in flux differences becomes zero, when the curves are shifted

exactly over an amount A$, the phase lag. This method is Independent of

the exact shape of the curves; it only assumes that all curves for a given

star are the same (apart from a scale factor). The only remaining problem

is that interpolation is required in order to calculate flux values at

slightly shifted moments. For the interpolation we use stretches of the

sinewave (equation 11), and so construct normal points on each curve at

regularly spaced phases.

We choose the time of maximum for curve j as the phase reference and

define for each measurement 1 the phase

j jo (18)

and the phase of points on curve k with respect to the phase reference

if »kj(i) > 1 - f (19a)

' f ) i f *kj ( i ) < ! " f

where A* a « ^ - •., is the phase difference between k and j (as in

equation 16), and <frQk and * . denote the phase zero points. Then, (using

equations 18, 19, and 11)

or

mok + ml c o s

- mok = mj cos *kj(i)

We may write in first order approximation
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- cos

sin[ir (2 la)

slnfn - f)] (21b)

where the uncertainty Is of the order A 2$; 0(A2(|>). As we know nij, f, and

$ k we might solve equations 21a and 21b for A<t>.,. But this procedure still

Is susceptible to the two objections made before, Because the phase lag Is

not always small (A$ < 0,1) the errors may in addition be large. A solution

to this problem Involves writing

(22)

where n fc is the mean flux from the sinewave fit, m, « m,, but is further

unimportant as long as nij < •, and g is an arbitrary periodic function that

describes the light curve to the n t h degree. Both m, and g are the same for

all curves (all k) of one star and g is continuous, as are its derivatives.

Then, as before

...} (23)

Sa

o

oo

t-j «

1

0

4 5 7

! °°

, i—m.llcOOSI
•T, t.lltl.3

,0 1 ,125 ,250—1

Figure 15. Example of the

determination of a normal

point mk(l.e+nk.e) and the

determination of the

corresponding point

m.(l.e) on the reference

curve.

0 'fpcl
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We now calculate the fluxes at normal points A.e, where we choose c = 0.002

and A • 0, 1, 2, .... 500, for all curves, rn^A.e), of one star. To find

the flux m,(A.e) at phase A,e we take the mean of a number of observed

points Qes.g. m^ (i1 • i-3, ,.., i+4)), weighted by the measured signal-to-

noise ratio -s-C1') a^d fey the phase distance jA.e -<t»k(i')|. after

displacing there to the normal point A.E along the sinewava as found in

II.6e (equation H a and lib; see figure 15). Only measurements for which

I I
•k(i*) - A.e I < 0.05 were used to determine m ^ A . e ) , Clearly not all the

normal points are 'filled', because our light curves have phase gaps of 0.1

- 0.3. So let t.(A.e) be the number of observations used to calculate

m (A.e) and define

k k ok ' j oj

where a e H. Summing over all normal points we find

500
2 It (A.n.)

500

U l ...} (25)

Clearly J ^ k - j ^ » ^ * 0 if n^.e + Â p̂  « Consequently by varying i^ we may

find A$ as that value of nfc.e for which £ ^.(A.n.) reaches its minimum.

In practice we varied n..e from -80.E + +80.e around the phase lag Aifr. . as

found from the sinewave fit. We minimized the quantity

500
uH(n..c) s E [R^(A.

k ' * 500
S [t (A.e) + t .(A.e)] (26)

to find A4>k1 (figure 16). We followed this procedure for all sources,

shifting the curves (by choosing i^) with respect to a chosen reference

curve. Each curve (including those for the integrated fluxes) served in
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turn as the reference. This method is redundant, because in theory

A<b * — A<fc and Ad>, . — Aij i , = A<|>. . , , — A^i , i JJ_ » » e t c » Due t o t h e
kj jk KJ K-l.J ktJTl K-l,3+I

different phase coverage of tb» various curves of a given star the equal

sign does not hold in practice. Consequently, the redundancy gives us an

impression of the accuracy of the procedure.

-<—i—i—i—i—i—'i—i—i—i—<—i—•—i—i—r~
CIHS5.0S
1̂  L_VMt9T*aFlu! /'

Figure 16, <Tj.j(\«e) a s function of the

phase shift n..e for two curves of OH

26.5+0.6. The minimum lies at

0.022, or a At. . - 34.5 days.
\ ,e

g. Results

We list the following quantities in table 3 the name of the star; its

period, with below the period the time of maximum for the low velocity

Integrated flux density (JDQ - 244 0000); the f-value (= risetlme/period);

the amplitude of the sinewave function (nt. = 0.2 Am , from equation lla and

Hb)j the logarithm of the mean low- and high-velocity integrated flux

density (log ST„ and log S„„ ); the mean error (la) for an individual
LV nv

measurement (me); the phase lag Aij»(HV - LV) and its uncertainty; the

velocities of all peaks (vfe measured with respect to the stellar velocity

v*); the full width at half maximum (fw^), if measurable; the logarithm of

the mean flux density (log S ) ; the mean error for an individual

measurement (me. ); the phase lags (A<1>. measured with respect to the given

phase zeropoint JDQ) and their errors. The uncertainties in the velocities

are not tabulated, but they are usually small (~ 0.03 km s ; see table 2a

and 2b). Sources for which m^ < (2-3) mefe (depending on the number of

observations) are classified as non-variable. Their 'periods' are given

between brackets and no phase lags are tabulated. The periods and the phase

zeropoints are given to 0.1 day accuracy, although the actual errors are

larger, because the phaselags hava accuracies of ~ 10 P. The radio light

curves can be found in appendix B (figures 1-59).
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Table 3

I

2

J

4

5

6

7

8

9

10

Naat

R

KR

vx

FZ

NHL

Z

U

we

wx

A < | 1

Aql

A j

CM»

C M

Cyg

Ori

Pic

Ser

PR

JDQ

(D.,s)

279.6
5177.8

401.8
4986.0

349.3
5181.9

998.9:
5078.9

707.3
5019.0

1109.6
4904.2

270.3
S194.I

406.3
4959.8

632.0
4955.7

443.0
5212.3

£R

0.53

0.42

0.45

0.42

0.34

0.38

0.43

0.39

0.31

0.42

"l

0.174

0.142

0.123

0.036

0.059

0.062

0.140

0.188

0.232

0.116

Log SLy

Log Sm

(Log 10"*

0.828
1.652

0.695
0.818

0.187
0.233

2.880
2.862

0.836
0.664

3.030
2.494

0.365
-0.127

0.130
0.401

1.353
1.292

0.441
0.275

m.e.

(la)

2 f c-2,

.035

.005

.041

.031

.065

.058

.003

.003

.051

.048

.002

.006

.044

.0??

.090

.0(8

.017

.019

.050

.073

4* (KV-LV) t

(10"*)

123

47

- 269

- 185

275

- 243

47

506

311

- 217

69

28

200

55

168

49

9C

114

5

76

Vv*

(lais"1)

- 6.16
- 3.72
• 6.88

- 6,59
- 4.92
+ 4.93
• 6.37

- 4,87
- 3.78
- 2.54
• 1.85
+ 3,20
+ 4.09
• 5.06

-36.00
-34.28
-31.58
-30.17
-28,16
-26,97
-25.25
-13.75
•11.84
+13.58
+14.78
«17.14
+18.75
•20.61
•22.16
•23.75

+26.07
•28.48
•29.68
•31.03

-28.94
-27.09
-25.85
-24.62
• 9.56
+24.72
+25.93
+28.32

-23.05
-21.70
-19.16
-18.38
-16.50
-15.13
•10.62
+12.17
+18.74
•22.33
•23.80

- 2.11
• 1.78
• 2.91

- 4.37
- 2.92
+ 2.63
+ 3.78

-18.28
+18.21

- 8.19
- 6.93

f »k

(kas"1)

1.88
0.96
0.95

0.71
1.35
1.13
1.05

0.85
0,80
0,98
0.74
1.60
1.40
0.61

0.87
1.57

0.75
1.61
0.91

1.22

1.59
1.35
1.59

0.90
0.96
0.65

l . l l
0.84

0.96
0.96

1.85

Lpg Sfc

(Log Jy

0.601
0.605
1.8S3

0.047
0,696
0.881
Q.427

-0.127
-0.054
0.139

-0.168
0.092
0,032

-0.179

1.713
2.336
2.264
2.364
2.111
2.000
1.567
1.161
1.474
1.659
1.707
1.744
1.788
1.787
1.871
1.974

1.956
2.041
1.997
1.813

-0.005
0.651
0,392
0.172

-0.096
0.480
0.464
0.073

2.542
2.695
2.166
2.155
2.335
1.809
I.4B8
1.473
1.432
1.959
2.139

0.609
-0.002
-0.287

-0.172
0.306
0.669

-0.151

1.556
1.486

-0.230
0.338

n.e,k

(la)

>

.052

.052

.003

.175

.037

.025

.070

.147
.123
.078
.163
.087
.100
.167

.015

.004

.005

.004

.006

.008

.022

.055

.027

.017

.016

.014

.013

.013

.Oil

.009

.009

.007

.008

.012

.168
,036
.065
.109
.213
.053
.055
.138

.003

.002

.006

.006

.004

.014

.029

.030

.033

.010

.007

.034

.145

.314

.237

.073

.031

.'.24

.006

.007

.212

.054

(10"*)

130
- 383

404

- 262
19
41
41

- 4Q9
58

- Ï18
2373

- 326
- 79

372

907
964
317
488
485

3
32

909
298

- 38
-1363
- 85
-1391
4980

- 582
- 157

210
354
385
315

3051
- 94

195
482
161

- 68
439
177

75
82
75
48
63

- 216
34

- 14
- 170

62
77

- 91
- 91

864

-3309
131
553

1398

20
351

1234
II

-

68
43
74

60
20
26
28

224
139
181
129
236
165
354

33
107
66
83
81
56
62

113
86
75
74
71

109
165
85
52

66
49
53
69

423
106
216
195
212
106
105
134

38
39
39
28
37
54
29
II
46
38
39

34
54

152

82
43

110
244

5
7

112
57

52
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(O»,»)

tal 3LV ••«•

L0| Sgy (10)

(Uit 10* M *i"

«(HV-IV) ± vk-v t

U0"4> O»

Lo»

(*• »"')

do)

I I IK Tw 455.6
5Q78.5

0.48 0.267 Q.595 ,Q63 54 24
0.658 .034

12 RS V i t 363,8 Q.M a.095 0.489 ,034 155 78
5098.7 0.616 .026

11 159,4-1.3 (933) (0.17) 0,027 1.018 .034
(4907.6) 0.918 .043

14 0.3-0.2 (243) (Q.4I) 0.033 0.911 .069
(5)16.0) 0.966 .061

IS 1.5-0.0 (141) (0.36) 0.042 0.573 .082
(5107.9) 0.720 .058

- 6,18 1,64
- 5.5J
• 5,04 0,96
+ 6.54 0.70
+ 7.71 0.88

16 11.5*0.1 691.4: 0.34 0.046 1.285 .031 1522 318
5016.0 2.059 .003

-17.57
-16,25
-14.57
-13.42
+11.33
+14.53
•15,39
«17.03

•> 4.80
- 3,52
- 2.62
- 1.57
- 0,38
+ 4.66

-16.88
-15.16
-11,73
«16.62

-15.24
-13.56
-12.49
+11,40
+14.23
+15.41
+16.31

-13.63
-11.63
+13.44

-28.33
-25.88
-22.78
-21.24

0,57
0.99
0.96
0.83
0.86
1,41
0.94
0,97

0.74

0.87
O.M
0.98

1.66
0.86
1.16

1.17
1.38
1.03
1.65
1.31
1.17

0.95
0.81
0.84

1.16

1.50

0.319
0.219

-0.235
0.087
0.396

-0.004
0.627

-0.134
-0.187
0,323
9.074
0.075
0,513

-0.289
0.240
0,276
0.216

-0.172
0.817

0.319
0.775
0.575
0,915

0.713
0.484
0,380
0.582
0.619
0.593
0.426

0.677
0.050
0.898

0.342
0.473
0.575
0.761

.056 246

.071 - SI

.215 4217

.096 - 135

.047 - 342

.153

.035

.214

.248

.070

.122

.121

.045

.239

.065

.060

.069

.175

.017

.103

.036

.057

.026

.067

.115

.148

.091

.083
*i39
.132

.043

.191

.026

.125

.092

.072

.047

121
136
31
10
92
B9
90
174

719
• 144
366

• 232
• 77

70

93
42
87
40
98

24
16
27
67
26
17
54
24

142
51
56
47
123
50

-1920 289
- 9 211

100 75
40 40

18

12.3-0.2

12.8-1.9

541.8
5133.4

812.3
4912.8

0.50

0.43

0.113

0.112

O.8BI
0.876

.040

.040

1.413
1.240

.012

.018

- 331

136

19 12.8+0.9 1487.8
4247.3

0.35 0.067 0.942
0.985

.025

.O'.i
- 602

20 13.1+5.0

15.7*0.8

707.5
4872.6

(453)
(4896.8)

0.45 0.106

(0.38) 0.027

1.134
0.757

1.626
1.464

.017

.040

.010

.014

926

+14.64
+17.86
+22.38
+25.70
+28.01

88 -13.28
-11.48
+13.68

38 -23.13
-22.19
-20.31
-18.45
-17.25
+15.58
+16.58
+18.16
+20.39
+21.49

250 -11.27
- 9.29
- 7.54
- 6.61
- 5.50
+ 6.39
+ 8.04
+ 9.46
+10.94

55 -14.65
+13.61
+15.20

-14.56
-13.39
- 8.68
- 7.51
+11.28
+14.20

3.78

1.48
1.04
1.03

0.68
1.30

1.52

3.07

0.84
1.77

0.99

1.44

1.74

0.99

2.10
2.06
1.24
1.62

0.906
0.986
1.495
1.121
1.252

0.734
0.232
0.861

0.431
0.809
0.468
0.955
1.152
0.377
0.396
0.502
0.789
0.830

0.689
0.614
0.240
0.232
0.069
0.049
0.530
0.486
0.657

1.135
0.391
0.746

1.646
1.228
0.485
0.491
0.707
1.341

.034

.028

.009

.021

.015

.060

.025

.055

.018

.012

.069

.066

.051

.027

.024

.032

.038

.089

.091

.135

.142

.046

.050

.034

.010

.057

.025

.009

.015

.085

.U83

.050

.012

- 127
- 81

24
104
56

.036 - 570

.118 -1082

.027 - 821

57
- 125
869
592

- 133
822
511
738
995
167

2756
I7C7
273

-ItlO
156
305
390
127

- 40

145
864
971

70
58

295
278
49

44
167
121

39
33
29
35
32
39
64
54
57
35

214
364
317
428
220
410
223
202
256

47
64
42
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(10)

(DaysJ

22 16.1-0.1 1011.7
5055.2

(log

0.46 0 .UI 1.579 .013
1.579 .01}

23 17,4-0.3 1219.2
4449.8

24 17.7-2.0 890.1:
5093.1

25 18.3+0.4 845.1:
5010.2

26 18,5+1.4 1124.9:
5124.6

0.48 0 . U 8 Q.944 ,031
0,677 .058

0.43 0.032 2.031 .005
2.140 ,004

0.44 0.053 0,980 .037
1.066 .030

0,4? 0.039 1.017 .021
1.047 .020

27 18.8*0.4 923.3
5041.3

28 20.2-0.1 856.6
5182.2

29 20.7*0.1 1129.5
5028.3

30 21.5*0,5 1975.2
3950.S

31 25.1-0.3 226.3:
5074.8

32 26.2-0.6 1180.6
4S56.S

33 26.4-1.9 652.2
4659.2

0.36 0.052 1.536 .011
1.331 .018

0.44 0.133 0.901 .<"3?
0.920 .035

0.42 0.199 1.140 .022
1.023 .029

0.43 0.218 1.500 ,013
1.399 .017

0.53 0.043 0.854 .041
0.771 .050

0.31 0.210 1.389 .035
1.210 .053

0.42 0.088 0.937 .027
1.170 .016

IO~4)

156

350

3Q0

1900

95

66

132

212

76

98

10

• 64

53

239

133

315

161

38

59

24

17

184

7

147

(km »~')

-22 .37
-20,39
-18.31
-16.26
-11,52
+ 9.41
•11.25 --
+13.92
+17,09
+20.3)
+22.02

-16 .63
-15,05
+14.56
+17.36

-U.19
-10,75
-8.S4
• 7.20
• 8.16
+ 9.83
+11.57
+13,20

-15.23
- 9.34
+ 9.99
•12.22
+14.03
+15.55

-10.10
- 7.40
- 6.38
+ 6.42
+ 7.59
+ 8.88
+ 9.90
+11.02

-14.65
-12.01
• 9.37
+14.74

•15.99
-14.32
-12.63
+13.48
+14.87
+16.58

-18.40
-16.19
-15.37
+14.19
+14.76
+16.17
•18.02
+19.13

-18.88
-17.86
-16.32
-12.40
+15.31
+16,34
•18.65

-12.46
-11.19
+10.45
•12.35

-22.04
-20.80
-19,71
•21.00
•22.16

-11.82
-10.09
• 9.46
+10.48
•12.55

l \

(tai »"')

1,03

1.04

1.18

1,51
0,93

1.82

1,80

1,35
1.51
1.38

1.11

1.74
1.02
0.79
1.00

1.65

1.26
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1.15

0.81

1.52

0.97
1.28
1.43

1.66

1.99
1.07
1.01
1,10

0.89

1.09
1,00

0.94
1.09

1.07

0.74
0.80
1.35

(Log Jy

1.102
0,988
0.997
0.703
0.465
0,409 ""
0,479
0.617
0.8)0
0,964
1.337

0.873
0,350
0.0)2
0,741

1.915
1.606
0.705
0,665
0,848
1,040
2.00?
1.873

0.893
0»i45

•0.000
0,434
0.508
0.927

0.935
0.241
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0.261
0.3A2
0.620
0.741
0.740

1.541
0.538
0.349
1.375

0.851
0.313

-0,034
0.113
0.350
0.793

1.147
0.400
0.371
0.357
0.151
0.587
0.729
0.376

1.224
1.243
0.816
0.514
0.441
0.516
1.393

0.916
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0.077
0.806

1.246
1.116
0.823
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0.885

1.049
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1.232

».e . k

do)
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.020

.026
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.050
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.039
,028
.0(2
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.029

.004
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.069
.045
.029
.003
.004
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.Oil
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.026

.018

.091

.138

.087

.072

.038

.029
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.007

.07U
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.025

.086
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.138
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.028

.012
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.074
.077
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.045
.032
.073

.014
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.035

.071
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.025
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.032
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.034
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.050
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.094
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181
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- 515 .
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- 55
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2
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4587

-1872
3048
5452
2670
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-1716
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619
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29S6
1709

- 920
755

- 626
- 197

124
566
292
93

221
438

- 105
- 18

205
289
857

1021
559

651
(4941)

5S7
994

43
43

)50
45
49

- 100
2851
2721

87
17

±

11
35
33
39
38
45

64
64
31
21

229
340
246
m
74

190
141
101
158
180
136
88

350
445
520
208
205
36?

249
78

209
179
414
125
180
172

156
87

300
33

102
70

239
55

141
98

80
16
23
32
23

100
26
32

43
16
34
78
56
75
42

318
445
489
173

40
42
64
40
41

141
136
189
247
156
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R

" o

(Days)

34 26.5*0.6 1566.0
4824.8

Log SLV a .e . «(HV-LV) i

Log SHÏ (10)

(Log IO~22 Mbf2) (10"*)

Log

0.40 0.227 2.365
2.611

.004

.002
188

35 27,3+0.2 939.3
4837.8

36 28,5-0.0 559.2
4968.9

37 28.7-0.6 627.2

38 30.1-0.7 2064.4
533O.S

0.42

0.46

0.44

0.34

0.118

0.IS3

0.166

0.081

1.456
1.198

1.094
1.141

I . I l l
0.974

1.962
2.028

.012

.022

.034

.030

.019

.026

.014

.012

- 27

120

- 13

122

39 30.1-0.2 852.5
5334.6

40 30.7+0.4 1038.6
4987.4

0.38 0.163

0.115

1.257
1.306

1.105
1.013

.028

.025

.055

.068
2088

41 31.0-0.2 (1126.)
(4855.2)

42 31.0+0.0 399.8:
4988.9

43 32.0-0.5 1540.2
5027.2

(0.41) 0.026 0.996 .043
1.096 .034

(la)

0.50

0.45

0.041

0.175

1.004
1.574

1.314
1.079

.028

.00B

.018

.030

1280

302

44 32.8-0.3 1536.3
4542.3

0.37 0.248 1.841 .006
1.509 .012

665

24

84

51

42

27

26

135

62

34

8

(km •"')

-14.70
-13.70
-12.41
-10.87
- 9.13
+ 7.25
+ 8.41
• 9.79
+10.86
+11.80
+12.83
+14.44

-12.32
- 9.31
+ 8.48
+11.58
+12.79

-13.34
-11.61
- 8.62
+ 9.56
+11.41
+13.40

-17.16
-12.07
+16.69
+17.79

-20.61
-17.28
-15.96
-14.14
+ 6.37
+ 8.28
+ 9.78
+11.86
+15.16
+17.20
+20.03

-17.42
-16.18
-14.47
-13.06
+15.08
+17.55

-17.55
-16.34
-15.08
-13.61
-12.81
-11.95
-11.05
- 9.78
+13.42
+16.33
+17.52

-14.35
-13.22
-11.32
-10.23
+11.96
+13.04
+14.52

- 8.23
- 7.40
+ 3.51
+ 5.40
+ 7.51

-20.56
-19.33
-18.23
-16.87
-13.23
+ 8.54
+15.97
+18.15
+20.07

-16.43
-15.04

(1« •"')

1.18

1.15

1.36

1.04

1.07

1.47

1.36
1.82

1.26

1.76

1.89

1.49

1.91

0.88

0.85
1.17

1.11

1.35

1.20

1.33

1.00
0.98

1.02

1.62

(Log Jy

1.914
2.266
1.814
1.403
1.349
1.048
1.336
1.526
1.664
1.758
1,893
2.613

1.484
0.455
0.363
0.761
0.987

1.038
0.765
0.204
0.222
0.619
1.017

1.092
-0.039
0,690
0.906

1.791
1.076
1.160
0.996
0.576
0.613
0.806
0.832
0.962
1.059
1.805

1.090
0.843
0.382
0.389
0.663
1.064

0.973
0.593
0.389
0.200
0.084
0.118
0.230
0.551
0.072
0.496
0.724

0.727
0.590
0.420
0.455
0.662
0.733
0.895

0.923
1.162
0.639
1.707
0.702

1.014
0.845
0.762
0.588
0.279
0.216
0.184
0.404
0.775

1.319
1.469

)

.006
,003
.008
.020
.022
.045
.023
.015
.011
.009
.007
.001

.008

.083

.103

.041

.024

.026

.048

.183

.175

.067

.027

.012

.164

.02»

.0>B

.011

.057

.047

.066

.189

.105

.107

.100

.074

.059

.011

.024

.042

.124

.122

.064

.025

.022

.053

.085

.134

.179

.164

.125

.058

.185

.066

.039

.050

.069

.104

.095

.059

.050

.034

.028

.016

.054

.005

.047

.019

.028

.034

.051

.105

.122

.132

.078

.033

.011

.008

(10"*)

36
- 65
- 93
- 38
- 107
625

- 86
100
140
113
266
99

540
1097
923
98
570

- 144
- 167

25
. 686
- 138
- 141

- 122
357
92
46

- 334
- 301
- 386
- 104
- 375
- 129
- 95
- 324

13
- 397
- 202

- 46
56
326

- 187
- 26

84

125
321
143

- 101
-2058
-1398
5035
-1786
328
812
897

589
1246
301
1806
1044

- 82
- 380
- 344
- 14
- 88
-1847
895
146
295

- 71
- 62

II
14
19
21
16
31
26
17
27
24
41
31

159
168
163
187
141

54
57
104
116
24
17

12
74
45
41

30
34
33
29
34
46
35
29
35
45
30

19
29
46
44
21
26

33
101
65
155
140
77
112
118
98
104
89

452
67
355
327
75

27
44
63
50
61
53
72
26
23

6
6
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M"e \ fR • , Lo« S w a.e. A*(IW-LV) ± » k -» t £wk log Sk « . e . k A$k ±

Jt»0 l " l ^ (1») (la)

(D»y«) (Log 10"2ï HB"J) C10"4) (km «"') (lun s~') (Log Jy ) (10"S

-13,13 1.166 .015 - 110 5
-10.95 0.811 .034 19 8
-10.01 0.802 .035 - 324 18
- 9.08 0.855 .031 - 198 4
- 7.54 0.651 .049 - 348 13
+10.29 0.556 .061 786 16
+11.43 0,689 .045 432 7
+13.54 1.024 .021 459 6
+15.31 1.220 .013 408 5

45 35.6-0.3 839,8 0.44 0.156 1.391 .016 282 245 -13.66 1.42 1.317 .013 - 44 156
5178,9 1.217 .024 -!2.49 0.963 .028 1131 282

- 9.78 1.76 0.564 .071 199 88
+ 9.68 0.409 .103 274 331
+11.21 0,558 .072 422 76
+13,60 1.07 1.211 .016 503 173

46 36.9+1.3 409.0 0-38 0.113 0.462 .066 47 30 - 7.62 0.94 0.642 .038 - 20 21
5050.6 0.453 .068 - 6.39 -0.008 .175 - II? 83

+ 6.67 0.125 .126 -1371 106
+ 7.90 0.82 0.643 .037 - 40 25

47 37.1-0.8 (737) (0.45) 0,027 1.266 .017 -13.30 0.955 .022
(4988.9) 1.291 .016 -11.62 1.12 1.095 .016

- 8.89 1.68 0.362 .088
- 7.67 0.91 0.235 .119
+ 9.70 1.66 0.388 .083
+10.39 0,389 .083
+13.49 1.23 1.243 .012

48 39.7+1.5 1423.9 0.48 0.164 1.805 .011 73 29 -16.56 1.35 1.723 .008 - 60 32
4860.8 2.015 .007 -14.97 1.246 .023 - 259 52

-13.88 0.926 .047 116 27
-12.70 0.830 .059 - 216 62
-11.09 0.659 .088 73 27
+10.99 0.481 .135 7 21
+14.58 1.637 .009 - 66 30
+16.07 1.871 .006 28 16

49 39.9-0.0 823.1 0.37 0.159 0.946 .025 139 33 -14.66 2.60 0.687 .028 130 38
5159.1 1.023 .021 -13.66 O.S57 .038 1547 71

-11.83 0.359 .060 83 74
+10.34 1.28 0.107 .109 728 86
+12.03 0.226 .082 1122 139

+13.20 0.438 .050 9 96
+14.69 1.17 0.965 .015 141 49

50 42.3-0.1 1944.6 0.48 0.072 1.234 .020 - 630 149 -16.15 1.02 0.840 .030 - 466 185
5080.2 1.511 .012 -15.03 0.592 .053 - 710 195

-14.21 0.525 .062 - 652 165
-11.65 0.376 .088 - 557 184
-10.63 0.389 .086 -1250 313
- 9.31 2.76 0.534 .061 - 572 194
+11.45 l.GI 0.582 .055 -2834 190
+13.21 0.597 .053 - 564 196
+16.67 1.38 1.448 .008 - 539 186

51 44.8-2.3 551.7 0.34 0.155 0.945 .027 129 48 -16.1} 1.36 0.984 .015 - 598 29
5064.1 1.172 .016 -13.44 1.04 0.194 .095 - 394 75

+ 16.00 1.02 1.353 .007 164 53

52 45.5+0.1 760.5 0.31 0.185 0.875 .037 198 17 -17.12 1.52 0.884 .021 I 7
4946.6 0.834 .040 +17.61 0.88 0.975 .017 277 15

53 51.8-0.2 (1162) (0.41) 0.033 0.970 .023 -19.39 1.61 0.855 .017
(4998.2) 0.851 .030 -17.44 0.456 .041

-15.96 C.I94 .076
-13.62 1.27 -0.069 .142
+16.65 0.160 .082
+S8.34 2.02 0.644 .027
+19.59 0.370 .050

54 53.6-0.2 (838) (0.44) 0.023 0.980 .030 -13.16 2.04 0,917 .023
(4816.4) 1.346 .013 + 9.98 0.351 .084

+11.85 0.730 .035
+13.86 0.89 1.442 .007

55 75.3-1.8 1602.7: 0.39 0.215 0.939 .020 546 53 -12.54 0.861 .017 - 222 29
4481.2 0.892 .022 -11.69 1.71 0.903 ,015 - 390 42

-10.50 0.297 .061 - 153 45
- 9.55 0.79 0.183 .080 -1517 80
+ 9.39 0.286 .063 622 79
+ 10.41 0.524 .036 526 61
+11.43 0.95 0.866 .017 393 39

56 77.9+0.2 (1339) (0.41) 0.039 0.944 .022 -11.41 0.81 0.828 .021
(4939.4) 0.867 .026 -10.31 0.92 1.024 .013

+ 8.65 0.86 -0.007 .145
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" o
(Days)

57 83.4-0.3 1153,0 0.50 0.255
4996,8

SB 104.9*2.4 1215.0; 0,50 0.133
4830,9

59 127,9-0.0 1994.1: 0.49 0.294
S76S.4

60 138.0+7.2 1352.1: 0.35 0.161
S376.3

Log S I V

LogSgV

n.e.

(10)

(Log 10"22 H."2)

0.994
0.508

1.854
1.741

1.904
1.640

1.108
0.938

.022

.066

.004

.005

.003

.005

.014

.021

ty(HV-LV) *

do'4)

- 185

216

379

188

9

26

18

57

V.

(Im «"')

+ 9.57
+11.51

-17.99
-13.81
+16.46
•17.44
+18.15

-14.81
-13.79
-12.78
-11.23
- 8.09
- 6.44
+ 7.14
+ 9.72
+10.88
+13.48
+15.27

-10.78
- 9.65
- 8.63
+10.19
+11,21

- 9.26
- 7.37
+ 8.33
+ 9.63

(km •*

1.55

1.21
2.40

2.17
2.13

1.91

1.53

0.86

0.83

2.52

Log Sfc

') (Log Jy

0.310
O.87I

1.071
-0.003
0.145
0.245
0.344

1.646
1.494
1.248
1,157
0.488
0.415
0.235
0.525
0.690
1.206
1.622

2.050
1.279
1,002
1.284
1.383

1.267
0.512
0.448
1.150

m.e.k

(10)

)

.068

.019

.010

.125

.088

.069
,055

.004

.005
,009
.011
.052
.062
.094
.048
.033
.010
.004

.002

.008

.016

.008

.007

.008

.043

.050

.010

4*k

(10"*)

233
- 229
- 81
- 390
298

- 191
- 17

S3
- 30
- 259
- 9S
886
187

- 26
237
151

- 123
116
668
452
582

177
- 232
465
258

14
14
7
24
16

23
27
24
17
45
29
41
29
23
28
31

IS
40
24
27
25

76
47
66
57

h. Radii

In section II.6f we saw (equations 16 and 17b) that we can determine

the radius of the OH shell if it obeys a simple geometric model (see

appendix A) and provided that we know the phase lag and the velocity of

each peak as well as the expansion velocity of the shell. Usually the

expansion velocity (ve) has been taken as half the separation between the

two strongest peaks in the llneprofile (i Av), but we adopt a somewhat

different method. We measured in each of the spectra the total range (6v;

see table 2a,b) of emission and compared that with the velocity separation

of the two outermost (not necessarily the strongest) peaks in the spectrum

(Av') (see figures 17a and 17b). We find, defining v = $Av', with our

velocity resolution of 0,54 km s"1

vg - i {5v - 2.55} (km s"1) (27)

This expression is valid for all 1612 MHz OH emitters.

That equation (27) holds from the smallest Av's (the OH-Mira's) to the

largest (the supergiants) tells us that the physical conditions in the
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raasipg regions are for a l l sources more or less the same. Because we see

outside ±ve only emission due to thermal motions of the molecules, we can

derive from equation (27) the gas temperature in the masing region.

Borj«l2—tkmt'l

Figure 17a. Comparison between the total range of OH emission (6v) and the

velocity separation of the outermost peaks (Av1).

Figure 17b. Comparison of 6v/2 and v , the velocity of the outermost peak.

Assuming that the masers are saturated, so that no line narrowing occurs,

and assuming further that the line profile is Gaussian outside ±v , we find

a Doppler width (deconvolved for our velocity resolution of 0.54 km s"1) of

vd - 0.58 ± 0.05 (km s"
1) and using (Elitzur, 1982)

25 •ï "OH (K) (28)

we find a temperature T = 140 ± 25 (K) for the masing gas in all our OH

masers. This is in good agreement with the theoretical values for the gas

kinetic temperature of ~ 100 K at R

1976).
1016 cm (Goldreich and Scoville,

We now determine the radii of the OH shells, using the found expansion

velocities (ve), the peak velocities (vk), and the phase lags A* k (see

table 3) by fitting a least squares solution to equation (16)
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-1 (16')

The resulting radii (Rp) and their formal errors (AR ) can be found in

tables 4 and the least squares fits in appendix G (figures 1-51), We also

used the phase lag between the curves for the high- and low-velocity

integrated flux density, £<fr(HV-LV), in order to find a radius, but only if

there was no confusion in the spectrum

R = c P A<KHV-LV) f1 c
(17a')

where

c

2v
L-l (29)

(see appendix A). Here 6 was taken to be the mean of the 'theoretical'

value from the ratio of So and S* t (see figure 14) and the value measured

in the spectra (v - v ) .

Q01-««i<m*tL

•Mra varioMw
*M Supergnnls
-OH/IR Stars

RabiuilFttjm 4»|HV - LVII -UCf tml

Figure 19. Distribution of the

radii (RQ) for a l l variable stars

in the program. The number of

negative results for each group

i s given in brackets.,

Figure 18. Comparison of the radii

determined from the phase lags

between the curves of the integrated

flux densities and of the peak flux

dens i t ies . The drawn l ines are the

expected relation for the model

case.

"Cl
Q3OcAmiQ6O

n
D

• p - | PH-M«tfs

0062!
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1

Finally, denying the uncertainties In the found radii as AR andAR

reap., we calculate RQ and AR , the best values for each star, as follows

<30a)

and

<30b)

R It* and Ro are tabulated with their uncertainties in tables 4a-4d

together with the name of the star, the radio amplitude (Am ), the

expansion velocity (ve), the mean phase distance between the measured flux

points (&•), and the correction factor (fc)» that matches the 'integrated'

and 'peak' radii.

1

2
3
7
8

9

10

11

12

4

6

Hue

RAql

RR Aql

SÏ M l

ZCyg

U Cri

WXPic

WX s«r

IKT«u

RS Vir

W CHa

PZ Cut

SHLCjg

*"*

<••»>

0.87
0.71
0.62
0.70
0.94:
1.16
0.58
1.33
0.48

0.18
0.29
0.31

v .

Qm »"')

6.815
6.235
4.375
2.120
3.050

17.910
7.585

16.730
4.285

35.900
28.890
25.575

«•

.012

.013

.009

.009

.011

.014

.009

.012

.008

.007

.016

.006

Mil*

«e

.777

.837

.694

.708

.753

.810

.784

.788

.722

.755

.772

.765

Ublt 4*

vasiitilat «nd It-type «upergiwt*

\

uo"
2.37
0.28
2.88
0.42
3.33:
2.55

-1.02
-0.14

0.47

-8.83
1.04

-0.63

• %

cm.)

0.99
0.23
1.84
0.76
1.86
0.08
1.19
0.13
0.73

1.16
1.06
0.24

R!

(10«6

0.57
0.29

-1.75
0.23
3. f 4:
3.14

-1.59
0.40
1.01

-3.17
3.27

-4.57

to!
cm.)

0.32
0.18
1.84

0.49
O.BO

0.05
0.56
0.18
0.51

0.94
1.99
0.92

Cio'4 ,

0.74
0.29
0.S7

0.29
3.51:
2.97

<O.I7
0.13
0.46

-5.41
1.53

-0.88

&K

»•

0.
0.
2.

0 .

1.

0.

0.
0.

, .

1,

0.

0

)

41
20

32

58
06
06

17

86

,33

,45

.33

Rawrlu

Paar btnlinu

Flux decruiing
IRC+10011

Except for WX Ser, all Mira variables show positive correlation between vk

and A$fc, implying that the simple shell model gives a good description of

the geometry, although the uncertainties and the deviations for the

Individual features are large. We find for the 0H-Mira's a mean value
<R

0> i < A R
O > • 0.78 ± 0.66 (10

16 cm), corresponding to a typical phase lag

of 6 days. In other words, a sampling rate of at least once per 0.014

(phase) is needed (p a 400 days), preferably over one cycle. Comparing this

with the tabulated ö^'s, and remembering that our coverage was not uniform

and that we combined several cycles, we see that we are unable to decide
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whether the deviations from the expanding shell model are intrinsic, or are

caused by the uncertainties.

The superglants VY CMa and NML Cyg have small amplitude long term

variations, but show large, random variations on time scales of days. There

Is some correlation between vk and A4>k, but just reversed with respect to

the Mira variables and OH/1R stars. This means either that the geometry of

the superglante Is different, or that they have large random velocities. We

should bear iu mind, however, that our method of determining the phase lags

Is based on the assumption that the variation of the different features are

correlated (i.e. complet saturation and radiative pumping). This

assumption might be in error for these stars.

28
29

30

32
34

36

37

31

43

44

45

48

49

SI

52

55

57

SB

59

60

Max

OH-

20.2-0.1

20.7*0.1

21.5*0.5

26.2-0.6

26.5*0.6

28.5-0.0

2B.7-0.6

30.1-0.2

32.0-0.5

32.8-0.3

35.6-0.3

39.7*1.5

39.9-0.0

44.8-2.3

45.5*0.1

75.3-1.B

83.4-0.9

104.9+2.4

127.9-0.0

138.0*7.2

to,

(Mg)

0.67

0.99

1.09

1.05

1.13

0.77

0.83

0.81

0.88

1.24

0.78

0.82

0.80

0.77

0.92

1.08

1.28

0.66

1.47

0.81

v .

(*» *" ' )

16.445

IS.210

18.760

22.115

14.070

13.120

17.380

17.600

20.575

16.385

I3.S20

16.580

14.710

IS.855

17.125

12.025

18.110

14.915

10.975

9.365

OH/IR

«•

.029.

.017

.017

.019

.014

.038

.029

.032

.028

.013

.020

.019

.026

.036

.032

.028

.008

.012

.012

.013

• t i n with

f c

.801

.806

.BOO

.803

.792

.793

.801

.812

.814

.764

.808

.813

.822

.809

.828

.891

.822

.799

.791

.795

ih

l«|i uplitud»

*P
(1016

2.27

10.26

16:33

- 0.11

3.10

0.02

1.48

0.90

7.47

11.52

4.S6

1.73

- 2.0*

5.34

2.68

16.00

0.97

4.42

17.06

3.13

« p

cm)

2.9B

0.92

0.87

0.24

0.22

0.19

0.29

0.33

2.08

0.50

1.16

0.38

1.57

O.!8

0.11

1.63

0.22

0.36

1.75

1.98

(Aa > 0.1

*L
(1016

0.19

4.82

1.10

- 0.13

7.41

17.33

3.80

1.66

1.80

1.14

2.36

12.73

4.26

12.38

4.14

SO)

* * ;

0.13

0.62

0.47

0.43

0.83

0.21

3.30

0.66

0.43

0.42

0.20

1.24

0.51

0.59

1.26

\

( I0 1 6

2.27

10.26

16.33

0.12

3,29

0.17

0.98

0.90

7.42

16.46

4.48

1.71

I.S3

4.69

2.61

13.93

0.97

4.37

12.36

3.85

cm)

2.98

0.92

0.87

0.14

0.26

1.51

1.81

0.33

1.09

0.33

1.68

0.47

0.53

0.70

0.14

1.38

0.22

0.42

0.72

1.64

Ruirks

Confusion

Confusion

Confusion

Confusion

FOOT outlines

All OH/IR stars with large amplitudes (Am > 0.60) obey the expanding

shell model with rather small deviations (~ 20%). We find a mean value

<RO> ± <AR Q> = 5.46 ± 0.91 (10
16 ca) considerably larger than for the 0H-

Mlra's. This gives an intrinsic OH-luminosity (see appendix A) ~ 300 times

larger than the Mira's, if the conditions are the same. That is in good

agreement with the observations (see Baud and Habing, 1983).

61



48

Tiblt 4c

OH/IK stars with intermediate amplitudes (0.30 < Am < 0.60)

6
17

18

19

20

22
23
33
35

38

40

46
50

H

0H-

80,

12.

12.

12.

13.

16.

17,

26.

27.

30,

30.

36,

42.

aw

,

8-1.9

3-0.2
a,i,9

8*0.9

1+5.0

1-0,3

4-0.3

4-1.9

3+0.2

11-0,7

,7+0.4

,9+1.3

,3-0.1

r

Ovg)

0.31

0.56
0.56
0.34
0.53
0.55
0,59

0.44

0.59

Q.40

0.57

0,56

0.36

v

(ka

25.

13.

22.
II.
15.

22.

16.

12,

12.

20,

17,

7,
16

t

i"')

575

830

615

QBO
670
075
.830
,085

,830

,510
,240

.325

.370

«•

.006

.034

.037

.031

.037

.030

.032

.030

.043

.018

.019

.012

.019

«e

.765

.793

.761

.785

.787

.809

.801

.792

.801

.805

.795

.777

.795

(101*

-0.63
-1.63

3.72

7.82

1.50

0.31

0.12

-1.25

3.4Q

9,18

-0.33

-2.37

«s
ca)

0.24

1.12

1.17

0,23

0.34
3.65

2.88

1.40

0.52

3.39

0.74
4.50

Ri
U O 1 6

- 4.57

1.88

10.79

2.53

<0.89

4.05

0.32

AR

ca)

0.

0.

0.
0,

1.

0.

0.

i

92

53

64
86

57

90

20

Ro

(I016

•0.88
-1.63

2.19

8.16
1.64
0.31
<0.7l

<O.I5
3.56
9.18

0.28

<2.I3

0

CB)

0.33

1.12

0.63

0.28

0.40
3.65

0.62

3.39

0.23

Remark»

tWLCyg

Confusion

Absorption in ipeci

Confusion

Confusion

Confusion;
Peaks 5-8 dubious
Weak; SJ^J, < 4 Jy
Confusion?
Bad faaseliiKi

Table 4d

OH/IR stars with small amplitudes (Am < 0.30)

R! AR- Remarks

16
24
25
26

27

31

42

0H-

II.

17.
IB.

r,.
18.

25.

31.

5+0.1

7-2.0

3+0.4

5+1.4

8+0.3

1-0.3

0+0.0

(mag)

0.23
0.16
0.27

0.19

0.26

0.21

0.21

(km

29.

12.

15.
to.
14.

12.

7.

a")

390

890

OSS

850

660

140

640

.029

.021

.032

.010

.029

.029

.009

.75b

.767

.794

.757

.828

.796

.764

(10

0.
- 3.

12.

< 0.
< 0.

Q.

1.

•»

60

38

72
49
39

95

70

cm)

0.

0.

6.

2.

I.

0.

1.

60

95

25

24

34

26

11

do'*

-4.51

1.83

-0.95

0.36

en)

2.00

3.10

0.55

0.68

do'*
0.60

- 3.59

12.72

< 0.95

< 0.39

0.87

1.70

cm)

0.

1.

6.

0.

1.

60

14

25

63

II

Confusion

Confusion

Confusion

W43A; Confusion

For the OH/IR stars with smaller amplitudes we find an Increasing

number of sources with a negative correlation between v^ and A$. . For

0Ï30 < Amr< 0?60 these are 5 out of 12, and for Am < 0?30 3 out of 6

objects. In all cases a positive value for RQ is within the uncertainties.

The mean value for the small amplitude stars (Am < 0?60) is <RQ> ± <AR0> =

3.75 ± 1.62 (10 cm). For all OH/IR stars that are variable we find

<RO> ± <ARO> = 4.85 ± 1.16 (10
16 cm) (see figures 17 and 18). With a mean

period of ~1000 (days) this demands a coverage of at least once per 0.036

(phase), a condition that is satisfied by almost all sources (see o*, table

4). Furthermore, we did not have to combine more cycles for the OH/IR

stars, so avoiding larger uncertainties due to irregular variation.

We conclude that we obtained reasonable and consistent results for
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Table 4e

OH/IR scars without [«cognizable variation

Name

13 359.4^1.3

14 Q.3-0.2

15 1.5-0.0

15.7+0.8

31,0-0.2

37.1-0.3

5WS-U.2

SJ.f.vO.2

21

47

53

54

56

(nag)

0.13

0.16

0.21

0.13

0.13

0.13

0.16

0.12

0.19

16.605

15.540

13.085

14.705

14.270

13.585

19.335

13.340

11.045

6*

.033

.032

.033

.033

.030

.027

.U32

.036

.029

Remarks

low S/N

low S/N

ConEuiian

the OK-MJra's, determining

radii for 8 of them (out of 9)

to ~ 50% accuracy. For our

homogeneous sample of 44 OH/IR

stars we found radii for 29 to

~ 15% accuracy. For 9 stars

(Including NML Cyg), all with

small amplitude variations, our

accuracy «as too low to allow

the determination of a phase

lag. 6 OH/IR stars did not vary

at all (see table 4e).

XX.7 Conclusion

It is possible to study the time behaviour of strong 1612 MHz 0H-

masers (SR > 4 Jy) with a relatively small telescope, although confusion is

a serious problem in those regions where the OH/IR stars are close to one

another in space and in velocity. To obtain reliable periods it is

necessary to follow these sources for several years. The length of our

program (3-5 years) proved to be too short for the longest periods

(P ~ 2000 days). Furthermore, for most OH/IR stars we covered only one

cycle, so that we are unable to say whether or not Vhistoive ae vep'ete,

although comparison with older observations (e.g. Wilson and Barrett, 1972;

or Harvey et at., 1974) Indicates that on the longest timescales now

available (over 10 years) the radio light variations do repeat, with the

same enigmatic changes in the length of the period and and in the strength

of the maxima as displayed by the normal Mlra variables. We found

amplitudes that are comparable with those of the 0K-Mira's, but we also

found a number of OH/IR stars with small amplitude and irregular variation

characteristic of superglants. Their expansion velocities, however, are

much smaller than expected for superglants.

The phase differences between the various curves of one star gave us a

good determination of the shell radius for the OH/IR stars, provided that

we had good coverage of either the maximum or the minimum in the light

curve. The OH-Mlra's, having much smaller sizes, require a sampling rate of
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at least once per 6 days. Because they are weak QH-eraitters and because the

Dwlngeloo telescope Is rather small, In practice this means even more

frequent observing. The combination of several cycles does not seem to

Increase the accuracy of the phase lags by the expected amount, due to the

poor ceproduclblllty of the phase and the amplitude of the variation.
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VLAa* Line Observations

III.l Introduction

In the past decade one has tried to study the spatial structure of OH

shells around late-type stars by using VLBI ' techniques (e.g. Reid et al.,

1977; Benson and Mutel, 1979: Bowers et at., 1980), Extremely small emission

spots were found with very high brightness temperatures (TB > 10 K), that

confirmed the presence of natural masers. But in the VLBI measurements only a

small fraction of the total flux could be detected and the results neither

contradicted, nor confirmed the suggested expanding shell geometry. Not until

observations with intermediate baselines became available (Booth et al», 1981;

using MERLIN0'), such a geometry was found indeed. By making maps at different

velocities, i.e. at different depths along the line of sight (see Baud, 1981,

using the VIA), one may study the 3-dlmensional structure of the envelope. We

can verify the expanding shell geometry, find the radii of the OH shells, and,

by combining these with the 'phase lag' radii as found In the Dwingeloo

monitor program, determine distances to the individual objects with high

accuracy.

III.2 Observations and reduction

We used the VLA in the A-configuration (see for a general description of

the VLA: Thompson et al., 1980) on February 28 and March 1, 1982 to observe 11

OH/IR stars. Ten of these sources have large radial velocities, selected

because (a) they were thought to be at their tangential points, thus not

having the kinematic distance ambiguity; (b) we had good positions for them;

and (c) they were in the Dwingeloo monitor program. As a check on our

procedures we included OH 26.54-0.6, which had been observed before (Baud,

1981). Six of our objects have small expansion velocities (ve < 15 km s"
1) and

five have large ones (ve > 15 km s"
1). All sources were observed in A sb"i.t

cuts of 10-15 minutes each, separated over l\ hours, except for OH 26.5n').6,

which was observed only once (tint • 5 minutes). Calibrations were done every

1* Proposed and obtained in collaboration with B. Baud, H.J. Habing, and
A. Winnberg

a^ Very Large Array
? Very Long Baseline Interferometry

c' Multi Element Radio Linked Interferometer Network
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20 minutes on the continuum source 1741-038 (1.972±Q.O12 Jy on 28-2-82, based

on 13,830 Jy for 3C286 at 1612 MHs).

On the first day we observed the small Av sources. We could use 13

telescopes, a bandwidth of 197 kHz, and 64 frequency (= velocity) channels,

after Banning smooting yielding a resolution of 6.2 kHz (1.2 km s"' ) and a

noise N - 0.03 Jy per channel (tinC ~ 50 minutes). The largest spacing was

36.6 km, giving a resolution of 1V0 at 18 cm; the shortest, 2.4 km,

corresponding to a largest structure of 15V5 still visible, On the second day,

when observing the sources with large Av, only 9 telescopes could be used, the

shortest baseline being 3.8 km (-9V8). Our bandwidth on Chat day was 396 kHz,

split into 128 channels, giving the same resolution, but N a 0.04 Jy per

Hannlng smoothed channel.

We used standard reduction programs to produce small maps (32" x 32";

cleaned 16" x 16") for each channel. For the weak emission part in the middle

of the spectrum we usually had to add a number of channel maps to get a

sufficient signal-to-noise ratio. This procedure provided us with 20-60 maps

for each star. A selection of representative channel maps can be seen in

figures 1-11.

Shortly after the VLA run all sources were observed with the Dwingeloo

Radio Telescope. In table 1 the phases of the VLA and of the Dwingeloo single-

dish observations can be found (columns 2 and 5), together with the integrated

flux densities for the low- and the high-velocity parts of the spectrum.

Columns 3 and 4 are the VLA values, columns 6 and 7 the Dwingeloo

measurements. Column 8 gives the percentage of the total flux detected at the

VLA.

T*bla I

N u t

OH

(0

18.5+1.4

20.7*0.1

21.5*0.5
25.1-0.3

26.5*0.6
2B.5-0.0
30.1-0.7
31.0-0.2
32.0-0.5
32.8-0.3
37.1-0.8

•
VLA

(2)

0.915:
0.001
0.546

0.795:
0.130
0.107
0.854

10.154)
0.001
0.317

(0.054)

SLV
(10""
(3)

11.49
16.39
15.06
S.55

272.0
15.53
96.02
C.26

26.39

58.84
13.21

SHV
*>-*)

(4)

12.52
10.89
11.77
4.33

466.3
14.67
96.26

8.8B

11.84

28.73
13.47

•
Dying.

(5)

0.920:
0.007
0.550
0.823S
0.138
0.112
0.860

(0.160)
0.006
0.320

(0.062)

SLV
do-"
(6)

11.91
16.26
24.89
6.22

362.2
13.40

111.4
9.89

31.91
73.79
IB.B8

SHV

(7)

12.47
15.74
17.70
6.29

616.6
13.27

122.2
12.97
16.48
38.81
19.91

X

(8)

9B

85

63

79
75

113

82
66
79

78
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Generally, % 80% of

the total flux was seen in

the VLA maps. Fluctuations

on time scales of days to

weeks may account for 5-10%

differences (see e.g. OH

28.5-0.0), as may the

different methods of

calibrating. In fact, no
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special attention was paid to the flux calibration in the VLA measurements. We

applied no bandpass correction, and assumed that the flux of 1741-038 was

constant. We therefore conclude that (with a possible exception for OH

21.5+0.5, OH 31.0-0.2, and OH 37.1-0.8) no significant part of the flux was

missed, or in other words all flux is confined to structures^ 8".

III.3 Data analysis

a. Positions and synthesized beamsizes

For an uniformly expanding shell the strongest maser emission peaks come

from the front and from the back sides (see appendix A). We thus expect the

peaks to coincide spatially and to be unresolved. In table 2 the positions of

the low velocity (front) and high velocity (back) peak are listed. They all

coincide within one cell (our cellsize Is 0V25) except for OH 26.5+0.6, which

has an offset of 0'.'25 in a and 6, and for OH 32.8-0.3 where the high velocity

peak shows two components, both displaced by ~ 078 with respect to the

position of the low velocity peak.

Table 2

Nome

OH

18.5+1.

20.740.

21.5*0.

25.1-0.

26.5+0.

28.5-0.

30.1-0.

31.0-0.

32.0-0.

32.8-0.

37.1-0.

4

1

5

3

6

0

7

2

5

3

8

«(1950.

h

18

18

18

18

18

IB

18

18

18

18

18

m s

16 47.

25 44.

25 45.

35 33.

34 52.

40 47.

46 04

46 07,

48 51,

49 48

59 36

0)

.370

.320

,490

.360

.470

.486

.450

.877

.150

.210

.167

.150

.220

Act

s

.01

.01

.01

.01

.01

.01

.01

.01

.01

.01

.02

.01

.01

6(1950.0)

0

-12

-10

-10

-07

-05

-03

-02

-01

-01

-00

«03

i tt

09 27.30

52 50.85

00 12.40

12 34.65

26 37.15

36.90

58 57.60

53 54.60

51 56.50

07 29.30

17 52.S

53.2

15 53.3

AS

ii

.13

.13

.13

.13

.13

.13

.13

.13

.13

.13

.75

.13

.13

Remarks

float

back

front

back; «hows itructure

The tabulated positions are in excellent agreement with previously

determined values <?f. Bowers e* a^* , 1981; Baud, 1981). We shall use the

listed coordinates for the stellar positions, taking the mean of 'front' and

•back' for OH 26.5+0.6 and the 'front' position for OH 32.8-0.3 (indicated by

a cross in figures 1-11).

The two strongest peaks of every star have a Gaussian brightness

distribution (the high velocity peak of OH 32.8-0.3 excluded) that is exactly
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58

Contour values In figures 1-11 are 5, 10,,.,, 95% of the strongest peak in

each map.
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Rure I . OK 18.5+1,4 v l S R - H 7 6 , 1 7 to a"1 v e - 1 0 . 8 5 to B~1 Total 30 maps

raap

a

b

c

d

v e l o c i t y (km s"1)

10,73
6.72

-«.19
-9.93

strongest peak (Jy)
4.1
1.2
0.3
6.0

Figure 2. OH 20.7+0.1 v^-t-136.55 to 8~l vfi-18.21 to B"1 Total 20 naps

map velocity (to s~l)

a 18.31

b 16.02

c* 5.«O

d* -6.08

e -14.98

t -18.43
*c and d are the mean over 10.9 tas"1

J"

Strongest peak (Jy)
4.2
2,4
0.06
0.5
0.9
9.2

Figure 3. OH 21.5+O.S vLSR-+U5.77 ka s"
1 v^-18.76 km iTl Total 21 maps

map velocity (km a"1)
a 18.60

b 16.88
c* 7.69
d* -4.94

e* -13.55
f -18.71

*c Is the mean over 14.9 ka s~*
d Is the mean over 9.2 to s"1

e is the mean over 2.3 to s'1

strongest peak. (Jy)
8.2
0.9
0.07
0.06
0.47
7.1

OH 25.1-0,3

I
0

- Q - -d

' • i • f
4 0 - 4't,

Figure 4. OH 23.1-0.3 v t g I l-+l42.88 km s"1 v - 1 2 . 1 4 km s"1 Total 16 maps

velocity (to s~')

12.23
7.63

-9.30
-12.45

strongest peak (Jy)
4.4

0.21
0.40

5.2

b la the mean over 2.3 ka s
c Is the mean over 1.7 to

"1

I").
-4
-Aa

73



O H 26.5 «ae
-- tj

-4

.. f • - 9 .. h
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H 1 h
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-4 4 O -4
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/(F? „

O
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i
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Figure 6. OR 28.5-0.0 vLSR-+107.64 km s"
1 ve-13.12 km s"

1 Total 26 mapa

0 -4

ap

•

b
*
c

d

e

velocity (Va B" 1)

13.09

9.64

1.03

-8.73

-12.74

strongest peak. (Jy)

11.1

2.1

0.10

1.9

7.2
c la the mean over 11.S km e',-1
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, Figure 5. OH 26,5+0,6 vWR-*-26.86 km s~
l ve"14.07 km s~

l Total 58 naps

a

b

c

d
*
e

£*

g

h

1

i

velocity (to s~l)

14.52

12.23

9.93

7.63

3,33

-2.41

-7,29

-9.59

-U.88

-14.18

Strongest peak (Jy)

263

15.4

14.3

2.9
1.37

1.01

6.2

5.6
13.4

104
*e and f are the mean over 5,2 km a"1 (only for display

purposes)

OH 3A1-Q7

1
-4

4

. -b - • c 4- d

• • t - - 9 - • h

0 -4

n—A«

Figure 7. OH 30.1-0.7 vLSR-f99.26 km s~l ve-20.51 km t"1 Total 46 maps

map
a

b
c

d

e
f

S
h
1

velocity (km a"1)

20.38

16.93

13.49

10.05

0.57

-10.62

-13.49

-16.93

-20.95

•trongett peak (Jy)

41.5

3.8

1.3

2.3

0.20

1.1

1.8

4.3

40.7

e Is the mean over 12.1 km t ' 1
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Figure 9. OH 32.0-0.5 vLSR"«-76.04 ten s"
1 ve-20.58 km s~

l Total 28 ups

nmp v e l o c i t y (km a"1)

a 20.09

b 18.37

c* 7.46

4* - 5 , 4 5

e -15.50

t -20.66

*c i s the mean over 16.1 km s~'

d la the mean ovet 8.6 km a"l

strongest peak (Jy)

6.8

2.8

0.12

0.12

1.8

9.6

Figure 10. OB 32.8-0.3 vLSR-+60.75 to s"1 ve-16.38 km a"1 Total 32 maps

ap

a
b

e

d

e
f

s
h

1

velocity (tan s"1)

15.15

14.01

12.86

11.71

0.80

-9.53

-11.82

-13.55

-15.27

strongest peak (Jy)

5.7
4.7

1.8

1.5
0.22

2.1
2.3

3.9
14.0

e Is the mean over 17.2 km

OH 310-a2

- - b

LI
0

- 4 -

• - c - - d

-4 -4 -4 -4
-Aa

Figure 8. OH 31.0-0.2 vL S R-H25.98 km s"1 v,-14.27 las r 1 Total 22 asps

a

b

c

d

velocity (km s"1)

14.35

11.48

-11.48

-14.35

strongest peak (Jy)

5.9

2.8

1.2
4.1
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OH 371-QB

4- .. c

("I-
-4

,-1 -IFigure 11. QH 37.1-0.8 vLSR-+88,48 km s'
1 vg-13.59 km s"

1 Total 22 maps

map

a

b
A
C

d

velocity (km 8~l)

13.26

9.24

-8.27

-12.00

strongest peak (Jy)

13.6

l.S
1.3

10.2

c Is the mean over 1.1. km

the theoretical synthesized beam profile (from the U-7 coverage) but broadened

by ~ 10%, There are several reasons to assume that th;ls broadening is not due

to resolution of the peaks. In the first place we noted an increasing

broadening with increasing galactic longitude, i.e. an increasing distance to

our calibrator 1741-038 (the only calibrator usable in this region of the

sky). This effect disappeared for the other peak when we used a self

calibration procedure, forcing the phase of one strong feature to zero. For

our final maps we employed self calibration only for sources with X. > 30*. In

the second place we were troubled by some phase instabilities at dawn. We

rejected a number of measurements around that time, but the remaining, lesser

phase jumps might well explain the slight broadening with respect to the

theoretical beam still present. In our further analysis we shall assume that
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the emission from the 'front' and 'back' sides of each star, having almost

exactly the same width, are unresolved and use these as a measure of the

synthesized beam for deconvolution,

b. Shell sizes

Por an estimate of the overall dimension of the envelopes only, It Is

sufficient Co measure the extent at v = 0, the stellar velocity (see figure

12). We will, however, also analyse maps at other velocities to obtain a more

accurate determination of the geometry of the shells.

Figure 12. Model for the geometry

of a thin OH shell. The small

circle represents the locus of a

channel map at a velocity between

the expansion velocity (vg) and

the stellar velocity (v*, v»0).

VELOCITY f// CHANNELS

For example, thiB allows us to find the deviations from spherical symmetry:

such deviations are important to know because we want to determine distances

by combining the phase lag radii (depth information) and the diameters in the

plane of the sky, thus needing some knowledge about the degree of symmetry.

Finally, we shall be able to discuss usefully the thickness of and the

densities in the OH shells.

Assuming a simple geometry (figure 12) we may write
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a -¥ COS
e

(1)

where v(<l>) Is th« velocity with respect to the stellar velocity, (note

that vOl>) < 0 f ox - | < * < | ) , and vft is the expansion velocity (see chapter
II , tables 2 and 4). Denoting the extent of the shell perpendicular to the
line of sight by a(v,9) for the different channels (=*v) and position angles

(-6) we find (figures 12 and 13)

a(v,6)-R (2)

with Ro(9) the radius of the shell (in arcsec), which is independent of
s

8 in the case of spherical symmetry.

Stt'lur Vtloctl»

Figure 13, Schematic representation for a thin

shell of the location and the morphology for

channel maps at various velocities, or depths,

along the line of sight.

We measured a(v,8) (in arcsec) by
determining the position of maximum emission
with respect to the stellar position

(a ,6 : see table 1) for crosscuts in theo o
direction 6-n+ 8 through each of our channel
maps (figure 13). We did so for 6 - ± k 20*

" (k « 0 ,1 , . . ,8 ) . For v(<p) = Owe see a ring
structure, decreasing to a point as

v(<|i) + ± vft (figure 14). For velocities close to the expansion velocity the
two maxima in the crosscut are blended due to beam smearing (e.g. OH 26.5+0.6
for ve - 2.5 ten s"1 < v(<|>) < v e - 14.1 km s""1} I .e . figure 5 between a and b,
and between i and j , or in figure 14 between 1 and 2). At these velocities we
used for a(v,6) half of the full width at half maximum, deconvolved with the
measured synthesized beam. If a(v, |6|) < 0.125 we assumed a(v,0) » a(v,8-n),
and otherwise we deleted a(v,6-n). Putting in v(4»),v#, and v , that are known
from the single-dish line profiles (chapter II) , we solved equation (2)
for Rg(9) using the method of least squares (figure 15). We could do this for
the 6 sources in our sample that are resolved (figure 16). Note that they all
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have a fairly high degree of symmetry.

Figure 14.Example of the measured

crosscuts for an arbitrarily

chosen direction 6. The numbers

refer to the maps shown in figure

13.

50
Channel -

Figure 15.Example of a(v,6) as

function of velocity for one cross

direction 6« The error bars are

the full width at half maximum,

deconvolved with the measured

synthesized beam. They give an

impression of the thickness of the

shell. The dashed lines are curves

of constant radius, R . They have

been drawn at R (8) ± m.e., the

least squares solution to equation

(2) ± the standard deviation.

The five remaining objects (OH 18.5+1.4, OH 25.1-0.3, OH 28.5-0.0,

OH 31.0-0.2, and OH 37.1-0.8) are virtually unresolved, i.e. they have an

angular extent, only slightly broadened with respect to the theoretical beam,

that Is nearly the same at all velocities. However the position of the single

maximum shifts somewhat with respect to a , 6 (the stellar position)

around v(<|>) = 0, where we expect the extent to be greatest (figure 17).

Probably the density distribution In these shells is asymmetric, much more so

than for the resolved sources (where we also see places in the envelopes with

enhanced emission). To have at least an estimate of the shell diameter for
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0H32.B-Q3

3
t H M ' t > t | ' l | l l t f l ) OH320-05

180

ÜH265-06

0H21.5-Q!

360 $— 1°)

Figure 16. Radius of the OH shell

as function of cross direction

9 for the resolved sources. The

drawn lines are the mean radii.

The error bars are the standard

deviations (for individual

measurements) of the measured

a(v,9) with respect

to R (0)[l -(~-)V, They show
ethe applicability of the model and

are a measure for the thickness of
the shells .

these unresolved stars, we measured the distance of maximum to the stellar

position, b(v) (in arcsec), in each channel map. The position angle of the

maximum changes abruptly from channel to channel, suggesting that sometimes we

see one part, chen another part of the shell. We determined a radius by a

least squares fit to

u
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Figure 17. Displacement of the
maximum in the brightness
distribution as function of
velocity (channel) for the
unresolved sources. Drawn lines
indicate that we took the average
over a number of channels.
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We should bear In mind that the radii found In this way are presumably an

underestimate of the true dimensions, because we only see the densest parts of

the envelopes, A more detailed discussion will be given In the next section.

It Is clear, however, that quantities derived invoking equation (3) should be

taken own grano Balis,

c, Asymmetry and thickness of the OH shells

It is clear from inspection of the individual channel maps (figures 1-

11), that the brightness distribution is not uniform and the angular extent

not perfectly symmetric. We define

= log [E S<v,e){l-(^~>2} <-^)] - log S (4)
e d

a parameter that describes the average deviation, at position angle 6, from

the brightness In a sub shell. The measured peak fluxes {s(v,6)j In the

crosscuts are corrected for the projection on the line of sight (appendix A).

The summation is taken over those velocity maps only that contained a well

defined ring structure (e.g. for OH 26.5+0.6 over a velocity range of 25 kms~*

, deleting 2.5 kms on either side). The Doppler width, vd is 0.58 kms for

all sources (chapter II; equation 28), and

18
S

18 v

-^ kE Ev [s(v,k.20') { l-(^-)
2} (~) (5)

e d
By the integration over velocity the irregularities along the line of sight

have been smoothed out. Similar to A£(9) we define another parameter

describing the deviations from the mean radius (R )

R (9)
AR (9) E log [-£--] (6)

Rs

For OH 26.5+0.6, OH 30.1-0.7, and maybe OH 32.8-0.3 we might restore symmetry
by changing the stellar position (figure 16). But for OH 26.5+0.6 this change
should be 0Ï65, very unlikely to be the case in view of the coincidence of the
'frot;t' and 'back' peaks.
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where R is the mean of R (8) (equation 2) over 9 , plotting A S(0) as function
ft 8

of ARg(9) we find (figure 18)
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Figure 18. Deviation of the

flux, corrected for

projection effects, as

function of the deviation in

radius from their mean

values, as measured for each

cross direction 9, Between

parentheses are the number of

channel maps that could be

used for each star.

(7)

This result is based primarily on the measurements of OH 26.5+0.6, because

these show the largest deviations, AS(9) and ARs. Equation (7) implies that

the stronger, or excess emission, lies systematically closer to the star. We

expect (see appendix A, equation 17) that for a given star

Sv(v) ~ f(v) (8)

where tiQH is the OH-d<jnsity, R-^p the net population transfer into the upper

masing level and f(v) a function that describes the velocity dependence of the

maser output. So one way to get brighter than average parts in the shell is

'crowding in velocity space', i.e. a local enhancement of f(v) because of a

better velocity coherence from a larger part of the envelope than expected

from the model with uniform expansion. But from the extremely steep outer

edges in all OH-spectra we can deduce that turbulent, or streaming motions

that can cause such a velocity crowding, are very small (< 0.2 fcrns"1; see

chapter II, equation 28). On the other hand we see coherent structures over

much larger ranges in velocity, e.g. for OH 26.5+0.6 (9 = 45*) from v=12.2 to

7.6 kms" , (figure 5b to 5d). Therefore, velocity crowding as a mechanism to

enhance the brightness locally can be excluded. The pump rate will be roughly
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constant throughout the shell of one star, as It depends on the number of far

infrared photons reemltted by the dust. And the far infrared radiation field

is determined by a much larger volume than the local changes in OH brightness,

the asymmetry in angular extent, not that in brightness distribution, can be

explained also by assuming that the circurastellar shell is rotating slowly

(v_ < I km s~*; see Horris et aim , 1982), But rotation would show up in the

single-dish spectra as a slight broadening of the outer wings, which is not

seen. Furthermore, the angular momentum lost by the star to a clrcumstellar

envelope of ~ 2 Mo (see V, tables 7 and 8) is enormous. This objection is

circumvented by Norris et at. by assuming the presence of a companion, which

is at 10 - 10 cm from the central star and has an orbital period of £ 100

yr. Apart from the fact that most planetary nebulae, the end products of most

OH/IR stars, are single objects (see e.g. Terzian, 1983) a number of problems

arise: 1) the velocity field and the density distribution are disturbed and a

typical recovery time is Rop/V
e > 600 yrj 11) o Ceti, a well known double

star, has no OH maser (Olnon et at, , 1980), generally attributed to the

disturbing presence of the companion, because it does have a high mass loss

rate, a SiO, and 1^0 maser; ill) the observed correlation between brightness

and angular extent is hard to understand. The conclusion is that the

brightness distribution reflects the density distribution of OH (see also

Baud, 1981). Thus we can write equation (7) as

n Q H (R) « R~
2 (9)

which is a i;ot totally unexpected result, because for a constant outflow

velocity the mass density should drop ~ R .

Next we compare the asymmetries as measured along the line of sight (in

velocity) and perpendicular to it (in our VLA maps). Define

6S H = log Sf - i log (Sf.Sb) - i log (Sf/Sb) (10)

where Sf and ^ are the flux densities of the front and back peak and
SH " ^Sf*Sb^ i8 their harmonic mean» This parameter is easily measured In

the single-dish spectra. 6s„ is compared with

m.e(R )
6R - log [1 + 5-] (11)

R0)
which is nothing else than AR s(9). For the resolved sources roughly the same
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effect as In equations (7) and (9) is found (figure 19). For the unresolved

objects, however, the asymmetries In the plane of the sky, 6R , seem much

large? than expected from the ratio, 6S„, of the strongest peaks (see table

3b).

Figure 19. Plot of the parameter 6 R ,

a measure for che asymmetry In the

plane of the sky, against 6s H, that

describes thr. asymmetry of the single-
QZSF , / , , j dish line profile.

But In view of the poor determination of the shell radii for these stars, thiB

conclusion needs to be supported by future observations using longer baselines

(e.g. with MERUN). Another way to probe the asymmetry along the line of sight

is to look at §Ü . the standard deviation with respect to R (6), averaged over

8, In other words we smoothed over the Irregularities in the plane of the sky

(equation 2; figure 15). Tables 3a and 3b show that 6R compares well with

6Rs and $
6SH> although it is systematically larger. This is probably the case

because It is a convolution of the thickness and the deviations from symmetry

of the shell. Finally, the standard deviation, m.e(R^), In the determination

of the "phase lag' radius (tu-, see chapter II, tables 4, and appendix C) also

reflects the asymmetry along the line of sight. Define

m.e(R )
6R H log [i + P ] (12)

P P

which is for the resolved sources in very good agreement wih 6R (table 3a)

Only for OH 30.1-0.7 6 R is substantially larger than all other asymmetry

parameters; This is caused by one or two large phase lag deviations (see

appendix C, figure 41). It is remarkable that the five unresolved sources,

with only a small shift of the maximum in the brightness distribution, also

have poorly defined phase lag radii. Except for OH 28.5-0.0 they have either

(very) small amplitude variations, or they do not vary at all (OH 31.0-0.2 and

OH 37.1-0.8 with Amr < 0?13). And clearly the method of determining radii

directly from light traveltimes stands or falls with (correlated) variations.

When 6Rp could be determined, it is in rough agreement with 6R (table 3b).
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20
21

26
30
32
32

Name

.7*0,

.5*0.

.5*0.

.HO.
,0-0.
.8-0.

5

6
7

5

3

0.

0 .

2.
1.

0.
1.

827
940
245
343
534
369

0»-

IS.
2 i .

28.
31.
37.

— ( R j

V /
0.140
0,067

0.403

0.099

0.084

0.125

Name

,

5*1.4

1-0.3
5-0.0
0-0.2

1-0.8

«R

(a)

.068

.030

.072
.031
.063

.038

« .

( " )

0.255

0.362
0.058
0.259
0.110

Table
The resolved

0.195
0.197
0,343
0.204
0.0""%

0.250

5 R»

.092

,083

.062

.061

.072

.073

Table

la
source»

mini

(">
0.278

0.349

.291
0.224
0,546
0.260

1b

X

34
37
13
17

102

19

The unresolved source*

m.e(R§)

n
0.154
0.187
0.108
0.227
0.144

6k
s

(«>
.205
.181

.457

.273

.364

Rp u.e(Rp)

(1016

0.95
0.87
0.17

cm.)
5.15:
0.89
2.14

(IO1S

10.26
16.33
3.10
3.40
7.47

11.52

{RP
(b)

.807

.306
1.132

me(R >
P

cm.)

1.99
l.bO

0.64

1.35

1.52
1.13

h,gS„

SR Log

(b) (I
.077

.041

.082

.145

.080

.041

SSH
(Log Jy) (b)
0.838
0.861
1.028

can
1.169

.097

.055

.011

.084

.074

lOfi
•"<

o.
i .

2 .

1.

0 .

' •

S H
it

938

3S8

440
798
895

345

n

(b)
.209

.075

.173

.007

.119

.124

(a): parameter describing the «symmetry in the plane of the sky
(b): paraauiter describing the «ynratry along the line of sight

Figure 20. Schematic representation of all

measured quantities, as referred to In the

text.

We can conclude the following: a) the asymmetry along the line of sight

and perpendicular to It Is almost the same, and b) the flux ratio of the

strongest peaks In a slngle-dlsh spectrum ('front' and 'back' peak) Is a good

Indication of the deviations from spherical symmetry In the envelope. These

conclusions Imply that there Is a natural limit to the accuracy In the

determination of the 'phase lag' radii, as long as a simple model Is used.

The full width at half maximum (FWHM), measured for each channel

(-velocity) and in each crosscut («6) (figure 14), gives the thickness of the
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OH shell after deconvolutlon by the (measured) synthesized beam. The values

found (see table 3a: HWHM - I FWHM(v,8)), appear to Increase with decreasing

apparent radius, This effect is probably artificial, and hence the values of

FWHM are only a uncertain indication of the shell thickness. Blending is

causing this effect, although we tried to minimize its influence by measuring

only the half width at the outside of the profiles and by computing the mean

HWHM over the inner part of the velocity range. A second effect is that we

added sometimes a number of channel maps around v - 0, thus slightly

broadening the profiles, because we average over a (small) range in

a(v,9). Further, the values of FWHM are only marginally larger than the

(measured) synthesized beam, so the deconvolutlon can introduce large errors.

It seems that only for stars where we treated each channel separately, and

with R (8) > 1" the influences are minor. Then we find an upper limit for the

thickness of the OH shells of ̂  0.2 R8(9).

d. Distances

By combining the phase lag radius (Ro), measured in cm, with the radius

in the plane of the sky (R8), measured in arcsec, we can detemlne the distance

to each individual star

R (1016cm)
D(kpc) - 0.6695 -^(arcsec) (13)

where R - R (6). As we have seen in the previous section, we can use the

values of RQ and Rg directly, because to within our uncertainties (~ 10%) the

asymmetries along the line of sight and perpendicular to it are equal. The

resulting distances are given in table 4, where some objects have been added

with diameters known from literature (Norris et al.t 1982, and Baud, 1981).

For our 5 unresolved sources the distances are given between parentheses,

because the phase lag radii are very uncertain (two of them haven no

determination at all!) and the angular radius is probably underestimated. In

the columns 2-7 some relevant quantities, as found in the Dwingeloo monitor

program (chapter II; tables 2, 3 and 4), are repeated. SH is the harmonic mean

of the mean flux density from the two strongest, low- and high-velocity,

peaks. For the resolved sources the tabulated shell radius (R8) is the mean

over 6. As a comparison to our calculated distances (D) the near and far

kinematic distances are given (columns 12 and 13), based on the Schmidt mass

model (Burton, 1974) and a distance to the galactic centre of D Q - 9.2 kpc
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(sae next section).

Table 4

Name

OH

18,5+1.4
20,7+0.1
21.5+0.5
25,1-0,3
26.5*0.6

28.5-0.0
30.1-0.7
31.0-0.2
32,0-0.5

32.8-0.3
37.1-0.8

39.7+1.5
104.9+2.4
127.9-0.0

IRC+1Q0I1

a)
From Diam

"MR

(to *"1)

+176.17
+136,55
+115.77
+142.88
+ 26.86
+107.65
+ 99.26
+125.98
+ 76.04
• 60,75
+ 88.48
* 20.00
- 25.62
- 54.97
+ 8.96

and at al.,
bJFrom Norria at al..
cJFrom Baud , 1981

v e

(km a'1)

10.85
18.21
18,76

12.14
14.07
13.12
20.51

14.27
20.53
16.38

16.58
14.91
10.98

17.91

logS H

(tog 4y)

0.838
0.938
1.318
0.861
2.440
1.028
1.798
0.B1I
0.895
1.345
1,169
1.797
1.634
1.717
1.521

in pnparatlan
1982

4

(o

O.

0 .

I .

o.
1

0
0
0
0
i

0
0
0
I

1

Dr

ag>

19
99
09
21

13

77
40
13
as
24

.13

.82

.66

.47
. '4

R

0.
10.
16.
0.
3,
0

3

7

16

1

4

12
2

16

do16

95;
26
33

87

29

17

56

42

46

71
.37
.86
.81

« 1 6

cm )

3.64
0.92
0.87
0.63
0.26

1.51
0.62

1.09
0.33

0.47
0.42

0.72
0.05

\

(")

0.255:

0.827
0.940
0.362:
2.245
0.058;

1.443
0.259:
0.534
1.369
0.110:
2.0 «)
l .44«
1.53»
4. <=>

u; unreiolvad at al l

4R
&

(")

0.029 u
0.034
0.016
0.052 u
0.098
0.024 u
0.024
0.055 u
0.084
0.030
0.032 u
0.5
0.02
0.02
0.5:

valocities

D

(kpc)

( 2.49:

8.31
11.63

( 1.61
0.98

( 1.96
1,77

9.30
8.05

0.57
2.03
5.63
0.47

fiD

(kpc)

9.54)

0.82
0.65
1.19)
0.09
1.35)
0.31

2.00
0.24

0.21
0.20
0.32
0.06

Dkin <k

near

8,7

8.6
6.9
8.3
2.1
g.l
6.9
7.9
5.0
4.0
6.9
1.2
2.3
3.9
0.5d>

Ear

10.

14.

9.

10.
II.
7

12

2

4

a

6
4
8
9

d)From Hyland et al., 1972

e. Distance to the galactic centre

One of the goals of our program «as a direct determination of the

distance to the galactic centre. Therefore we selected sources with large

radial velocities, that are expected to lie at their tangential points. But

due to other restrictions (knowledge of position and time variability) some

sources obey this criterion only marginally, or not at all. The velocity at

the tangential point <vT) is

- sin A [0(R) j* - (14)

where R is the galacto-centric distance, Q(R) the rotation velocity, and D.

the distance to the galactic centre. Denoting the uncertainty ln the

(geomet :1c) distance by AD, we define a weight function

(15)

1, when v̂ gjj > vT; in other words: the greater thewhere we took LSR

distance ambiguity1, the less we believe our sources to follow the galactic
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rotation. The choice of these statistical weights Is rather arbitrary, but

this does not affect the result much, Taking In each case the kinematic

distance that is closest to the value that we derived (taking the far distance

for OH 21.5+Q.5, OH 32.0-0.5, and OH 32.8-0,3), we find

2 Z Cl6)

fcln
 ls rte (weighted) mean residual of the geometric distances, D, with

respect to the kinematic distances, 0jtln (that were calculated assuming D e •

9,2 kpc). And thus Is found

D # - 9.2 ± 1.2 (kpc) (17)

This is certainly not a spectacular improvement over existing results (e.g.

Oort and Plaut, 1975 who find D c « 8.7±0.6 kpc), but It shows that it ls

possible to determine D # in a very direct manner. The only assumption is that

a sample of OH/IR stars in the mean follows the galactic rotation. In view of

the small number of stars no attempt was made to account for effects of the

asymmetric drift. Notice that the uncertainty given in equation (17) is a

real, straightforward error of D„. Oort and plaut (1975) too give an internal

error, but their value of D_ is also depending on many stepping stones on the

way to the absolute mean magnitudes of RR Lyrae variables.

III.4 Conclusions

ii

For the six sources in our sample that were resolved (Rs > 0.5) we could

determine distances with an accuracy to ~ 10%. Except for OH 26.5+0.6, that

lies relatively nearby, they all have large expansion velocities (vg > 15 km

8 ) . Their mean distance from the sun Is 7.8 kpc. The OH shells are fairly

symmetric and the thickness Is less than 20% of the radius. From the

Inhomogenltie8 in the brightness distribution we could deduce that the density

falls off as r~2.

The five unresolved sources all have small expansion velocities (ve < 15

km s"1) and only one, OH 28.5-0.0, shows appreciable time variations. The

angular extents not only are very small, but they seem also to be rather

asymmetric. Hence no reliable distances could be found for these sources.

Acknowledgement:

90



The National Radio Astronomy Observatory Is operated by Associated

Universities, Inc. , under contract with the National Science Foundation,

Literature cited In chapter IH

Baud, B.; 1981, Astroph. J . Lett . 250, L79

Benson, J.M., Mutel, R.L.: 1979, Astroph. J. 233, 119

Booth, R.S., Kus, A.J., Norrls, R.F., Porter, N.D.: 1981, Nature 290 , 382

Bowers, P.F. , Johnston, K.J., Spencer, J.H.: 1981, Nature 252, 382

Bowers, P.F., Reid, M.J., Johnston, K.J., Spencer, J.H., Moran, J.M.: 1980,

Astroph. J. 242, 1088

Burton, W.B.: 1974, in Galactic and Extra Galactic Astronomy, ed. G.L.

Verschuur, K.J. Kellerraan, pp. 82-117

Hyland, A.R., Becklin, E.E., Frogel, J.A., Neugebauer, G.: 1972, Astron.

Astroph. 16, 204

Norris, R.P., Diamond, P.J., Booth, R.S.: 1982, preprint

Olnon, F.M., Winnberg, A., Matthews, H.E., Schultz, G.V.: 1980, Astron.

Astroph. Suppl. 42, 119

Oort, J.H., Plaut, L.: 1975, Astron. Astroph. 41, 71

Reid, M.J., Muhleman, D.O., Moran, J.M., Johnston, K.J., Schwartz, P.R.: 1977,

Astroph. J. 214, 60

Terzian, Y.t 1983, in Planetary Nebulae, Ed. D.R. Flower, Reidel, pp 487-499

Thompson, A.R., Clark, B.G., Wade, CM., Napier, P.J.: 1980, Astrophys. J.

Suppl. 44, 151

91



IV. IR observations1^

IV.1 Introduction

For a large number of OH/IR stars we have an extensive data base of

radio observations that contains Information about the variability o£ the

stars and the sizes of the OH shells (see chapter II). For a smaller set of

stars, we also possess knowledge about the brightness distribution, the

structure, and the density of the OH envelope (see chapter III). By the

combination of 'phase lag' radii (derived from the light travel times

between the front and the back sides of the shell) with the angular extents

(measured in VLA maps) we could determine in a very direct manner distances

to an accuracy of ~ 10%. Measurements of the apparent bolometric magnitudes

thus yield good absolute luminosities for our limited sample of OH/IR

stars.

The spectral energy distribution of OH/IR stars peaks in the near

Infrared, typically at wavelengths between 2 Ura and 10 HE. A considerable

fraction of the energy is radiated at longer wavelengths (*. > 10 Hm).

Therefore, observations out to at least \ - 20 lira are required to obtain

the luminosities of these stars. Unfortunately, longward of 20 (im ground

based observations are (almost) impossible. We used the United Kingdom

Infrared Telescope (UKIRT) to obtain broad band photometry for a number of

OH/IR stars in eight bands from *.=3.8 urn to 20 um. We had good positions

for all objects, mostly from VLA measurements; a considerable advantage as

serious confusion problems can arise, especially in the galactic plane

around the crowded regions at A ~ 30' (see Jones et at,, 1982).

IV.2 Observations and reduction

Data were taken with the 3.8m United Kingdom Infrared Telescope on

Mauna Kea, Hawaii (UKIRT) on June 25-28,1982 to observe some 25 OH/IR

stars. Another program, in which OH/IR stars at the galactic centre were

measured, was interwoven with ours (involving the same observers). We did

broad band photometry at the f/35 focus, using a Ge:Ga bolometer with a 7Y5

'Proposed and obtained in collaboration with I. Gatley, H.J. Hablng,
R. Isaacman, and A. Sargent
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aperture. Sky subtraction was accomplished by chopping 30" in declination.

The central wavelengths and the bandwidehs of the filters are listed In

table I, together with the conversion factors to Jy (1(T26 Wm^Hz"1) for

a 0™0 star (see Beckwith et at.. 1976; <•ƒ, Johnson, 1966, or Wamsteker,

1981).

TabU I.

Bmd

BolooeUt L'

A

H

Q

A
(us)

3.82

4,78

8.7

9,7

10,1

11.6

12.S

20.0

6\
(u.)

0,63

0.60

1,2

1.0

1.25

1.17

1.25

6,0

Fv
Jy

23»
153

50

40
34
28
24

10

The integration times for each star

ranged from 24 to 160 seconds per band.

For calibration standards we used

a Sco, a Boo, p peg, and occasionally

some other bright stars (see appendix E),

IV.3 Results

The energy distributions are displayed in figures 1-10, and the

observed fluxes in each band are given In appendix E. Note the large

difference between the two Mir a variables (WX Ser and RS Vir), where we see

the 9.7 |im feature in emission, and the OH/IR stars that have, sometimes

very deep, absorption at 9.7 |im. The very unusual spectrum of OH 17.7-2.0,

for which we had a very good position, was confirmed recently by a

measurement of Engels at ESO (private communication). Although it is unique

in our sample, preliminary IRAS data show that more similar cases of such

red energy distributions exist (Habing, secret private communication). The

numerical results are given in table 2, where In column 1 the names are

listed. Column 2 contains information about the positions. The VLA

positions (references b-d) are very accurate (Ao ̂  I11), the others less

so (Act < 5"). in columns 3 and 4 the radio periods and the phases (see

chapter II, tabli 3) are given. The distances, their uncertainties, and a

reference to the manner of their determination are listed In columns 5 to

7. The geometric distances (2), derived directly from the comparison of the

'phase lag' radii with the angular extents (see chapter III, table 3), are

very good (10-20%). The distances marked by (3) have been found from a

relation between the absolute OH luminosity and the OH radius (see chapter
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310'

OH 394-00

0H«3-Q!

310"

Figures 1-10 Spectra of 1612 MHz OH masers

observed with UKIRT. If two scales are given,

the scale on the right refers to the upper

spectrum.

25 5 t0 20

V, section 3c). They are less certain (~ 30%, depending on the accuracy of

the phase lag measurement). When the phase lag was poorly determined, we

took the harmonic mean of the near kinematic distance and the distance

derived as just described. In these cases the errors might be considerable,

and no uncertainties are tabulated. For the two Nira variables we took the

mean of the distances from Robertson and Feast &t at. (1981, based on a

period- luminosty relation), from Rieu et al. (1979, based on m^ at

maximum), and from a method of our own (based on an absolute K magnitude

of 2?1; see chapter 7, section 5.al). For RS Vir the three different

methods yield quite similar distances; for WX Ser, however, there Is a

large discrepancy (~ 1 kpc). The luminosities were determined by

integrating the energy distribution from 3.8 Urn to 20 urn, and allowing for

a 2555 correction for the flux emitted at wavelengths longward of

20 um. This correction is in accord with the 20% used by Werner et al.

(1980) for the flux at \ > 25 um. The high confidence sources (geometric

distances) are underlined (columns 8 and 9). T (column 10) is the colour

temperature between X - 3.8 um and \ - 12.5 um. W g # 7 is a measure for the

relative depth (emission for NX Ser and RS Vlr!) of the silicate feature

(column 11). It is defined as

AX)/SIR(obs) (1)

expressed in arbitrary units. Here SIR(obs) is the total flux received at
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the earth, corrected for the missing part at X. > 20 nm. A(f,AX) Is the

total flux absorbed In the 9.7 Hm feature. Simultaneously with the UKIRT

observations the OH fluxes were determined with the Dwlngeloo Radio

Telescope. The absolute integrated flux density at X = 18 cm can be found

In column 12.

Name

(1)

VIX Ser

RS Vir

OH 12.8-1.9

OH 17.7-2.0

OH 20.2-0.1

OH 20.7+0.1

OH 21.5+0,5

OH 26.2-0.6

OH 26.4-1.9

OH 28,5-0.0

OH 28.7-0.6

OH 30.1-0.7

OH 30.1-0.2

OH 30.7+0.4

OH 31.0-0.2

OH 32.0-0.5

OH 31.8-0.3

OH 39.7+1.5

OK 39.9-0.0

OH 42.3-0.1

Positions.

(2)

(a)

la)

(g)
(d)

(e)

(b)

(b)

(e)

(e)

(b)

(e)
(b)

(f)

(e)

(b)

(b)

(b)

(d)

(c)

(a)

p

(days)

(3)

443

364

812
890:

857

1130

1975

!181

6b2

559

627

2060

853

1039

1540

1536

1424

823

1945

t

(4)

0.85

0.16

0.29

0.06:

0.96

0.10

0.61

0.50

0.75

0.32

0.60

0.91

0.78

0.15

0.08

0.39

0.20

0.98

0.03

D

(kpc)

(5)

1.20

0.66

1.69

•«.17

2.63

8.31

11.63

1.48

1.54

2.45

2.40

1.77

1.40

6.31

6.50

9.30

8.05

0.57

3.07

3.47

as
(kpc)

(6)

0.55

0.05

0.5

0.82

0.65

0.31

0.4

2.0

0.24

0.2i

0.8

(a) Kukarkin et at., 1969,
(b) VLA position. See chapter III, table 2.
(c) VLA position. B. Baud, private communication,
(d) VLA position. Bowers et al., 1981.
(ml TR nasition. Jones et a£.. 1982.

Table 2

(7)

(O
(1)

(3)
(4)

(4)

(2)

(2)

(4)
(4)

(4)

(4)

(2)

(3)

(4) .

(4)

(2)

(2)

(2)

(3)

(4)

(8)

0.49

0.19

0.59__

0.26

0.78

0.55

3.42

0,088

0.23

0.033

0.31

0.39

2iiL.

3.16

0.76

3.68.

3.54

0.25_.

9i.iS..
0.3S

Distances.

(1)

(2)
(3)
(4)

AL

(9)

0.32

0.02

-2ii§

0.08

0.27

0.10

..0.05

_iilï
0.15

_0.13

.-0.20

T

(K)

(10)

620

900

580

280

510

380

360

470

540

420
SSO
410

510

500

360

450

440
520

SOU

390

W9.7

(ID

-7.6

-1.2

4.8

3.0

6.5

10.8

13.B

12.5

6.3

>15.7

5.4

17.7

6.6

12.3

20.6

14.6

>17.0

10.3

9.9

17.4

Uint < Q H ) R<"n«ka

(IO-22WnfJkpc!)

(12) (13)

7.45 I Emission

3.29 lac 9.7 urn
86.4

2700 Slightly variable

114

2240

4670

36.1

48.6

159
82.7

551

53.9

679

932 Non variable

4080

5690

61.5

226

710

Combination of Robertson and Feast, 1981, Rieu et al.,
1979 and Kah, (2.2 ira) - 2?1 (at 1 kpc).
Geometric. See chapter III, cable 3.
LQU-R O relation. See chapter V, seccion 4e.
Combination of Che near kinematic distance and

(f) IR position. Engels et al., 1982.
(ft) tfescerbork position. F. Willens, T. de Jong,

private conmunication.

L0H~Ro ™ l a t i o n -

Table o.

Naoe

(1) (2)

(days)

(3) (4)

D

(kpc)

(5) (7)

Lint ( 0 H )

(IO-"WbTJkpc2)

(12)

Remarks

OH
OH
OH

OH
OH

0
1
IS

IS
25

.3-0.2

.5-0.0

.7+0.8

.5+1.4

.1-0.3

(c)
(c)
(d)

(b)
(b)

1125:
226:

0
0
.02:
.31:

9.
9.
0.

4.
4.

2
2
3

5
7

(OC)
(GO
(4)

(4)
(4)

1470
761
6.0

470
123

Non variable. [20 um] - 2?98
Non variable. Confusion by 'blue1 object.
Hon variable. Undetected at [3.8], [8.7],
and (j2.5] vichin 60" around VLA position.

Slightly variable (Am f.0^19). Undetected at
Slightly variable (im^c0T21). Undetected at

[8.7!
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Me were unable to detect four sources, although we had good positions

for all of them. OH 0,3-0,2 (together with OH 1.5-0.0 also part of the

galactic centre program) was detected at \ - 20 \s.m only. The same

quantities as in table 2 (as far as applicable) are listed for these

undetected stars In table 3.

It is remarkable that three of the undetected sources appear not to be

variable at radio wavelengths (Am < 3o; see chapter II, table 3), and that

the other two have very small amplitude variations. Note that two similar

objects in table 2, (non-variable) OH 31,0-0.2, and (slightly variable) OH

17.7-2.0, both have very steep spectra shortward of the silicate feature.

At L'(3.8 pm) and at M(4.8 Hm) they are very weak. Preliminary IRAS survey

results of OH 25.1-0.3 indicate also a very red spectrum (Habing,

lndlscrste information). This suggests that OH/IR stars with small- or

zero-amplitude variations are even redder than those with large amplitude

variations.

IV.4 Mean Luminosities

4a. Variability

He can combine our luminosities with those of Evans and Beckwith

(1977), and with those of Werner et at. (1980), using the periods and

phases as found In the Dwingeloc monitor program (see figure 11). Adding

their observations of OH 26.5+0.6 and OH 45.5+0.1 ('adjusted' to our

distances), we find good agreement between all measurements for OH

21.5+0.5, OH 26.5+0.6, OH 32.8-0.3, and OH 45.5+0.1. The time of maximum

for OH 30.1-0.7 is good, but our (radio) period seems to be somewhat too

long; as we had incomplete coverage of the light curve in the Dwingeloo

program (missing the maximum), and the light curve is asymmetric, this is

probably the case. The luminosities for OH 30.1-0.2 show somewhat larger

scatter (± 50%). This source, however, Is apparently weak, and the three

observers covered only the minimum (<t> « 0.2-0.8).

Defining Qĵ  as the ratio of the variation in luminosity (Â  =

^nax^min^ a n d c h e 'radl0' amplitude (AR «lO
0*^11^) we find QR - 2.05 for

OH 21.5+0.5, QR - 2.07 for OH 26.5+0.6, QR - 1.46: for OH 30.1-0.7, QR -

1.27: for OH 30.1-0.2, 0^ - 1.92 for OH 32.8-0.3, and QR - 1.97 for OH

45.5+0.1. So, quite speculatively, we derive
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2.0

In other words, the radio amplitude (reflecting the amplitude at 35 (Am, see

secion 7) is only half the amplitude of the bolometric magnitude.

9 -

0.2 -

Figure 11. Variation of the luminosity. Open circles are observations of

Evans and Beckwlth (1977), crosses those of Werner et at. (1980). Dots are

our own observations, a: OH 21.5+0.1, b: OH 26.5+0.6, c: OH 30.1-0.7, d: OH

30.1-0.2, e: OH 32.8-0.3, and ft OH 45.5+0.1.

We assume that equation (2) holds for all OH/IR stars. Furthermore, we

assume that the luminosity varies slnusoldally. Although we know that in

general the light curves are asymmetric (see chapter II, section 6e), this

assumption will hardly affect our results. We then may write for the mean

luminosity

D2SIR(obs) 1-1,-1 (3)

where D2SIR(obs) • L I R, the values listed in table 2.

4b. Interstellar extinction

Although the interstellar extinction at infrared wavelengths mostly is
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regarded as quantite' négligable, we will yet correct for i t , because the

OH/IR stars are at low galactic latitudes and at large distances from the

sun. Adopting the model advocated by de Jong (1983) we write for the

extinction coefficient

for R > R
g

1.5 K exp(-f-)
g

m (4)

for R < R
m

where tc - 1.6 mag kpc"1 Is the local extinction coefficient (Greenberg,

1968), R is the galacto centric distance, R • 9.2 kpc, and z • 60 pc is

the scale height of the molecular gas in the galaxy (Solomon et altt 1979).

K- = 3.7 kpc is the inner radius of the molecular gas ring (Gordon and

Burton, 1976). Integration along the line of sight yields the visual

extinctions, Av. Then, by using the wavelength dependence of the

Interstellar extinction in the infrared (Becklin et at., 1978), we can

calculate the corrected Infrared fluxes (see for an example figure 12; of.

figure 9) and the corrected mean luminosities, L^. The results can be found

in table 4, where in column 2 the mean luminosities (from equation 3) are

listed.

310"

Ï

310'

Corrected for inlersiellar-
extmcttan

0X397*15

OH328O3

Figure 12. Example of two spectra corrected

for interstellar extinction (of. figure 9). OH

32.8-0.3 is far away (D-8.05 kpc), OH 39.7+1.5

close by (D-0.57 kpc).

Column 3 gives the visual extinctions, Ay, and

column 4 the resulting corrected mean

luminosities, LJJ. The mean of the integrated

OH flux density is listed in column 5, the

radio amplitudes (Am ) and the expansion

velocities of the OH shell (vg) are tabulated

in columns 6 and 7.
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Table 4.

Name

(1) (2)

\
(mag)

(3)

l£
(10* L8) 1

(4)

Hnt
[10'22*i !kpc

(5)

2) (mag)
(6)

V

e(km , - » )

(7)

Remark!

(81

me
RS
OH
OK
OH
OH
OH
OH
OH
QH
OH
OH
OH
OH
QH
OH
OH
OH
OH
QH
QH
OH

SS
M

Ser
Vic
12.
17.
20.
20.
21.
26,
26.
26.
28.
28.
30.
30,
30,
31.
32.
32.
39,
39,
42,
45,

: 1
: 1

8-1.9
7-2.0
2-0.1
7+0.1
5*0.5
2-0, f
4-1,9
5*0,6
5-0.0
7-0.6
1-0.7
1-0.2

,7+0.4
,0-0,2
0-0.5
,8-0.3
,7+1.5
,9-0.0
,3-0.1
,5*0.1

ivatii
Mrntc

0.37
0.15
0,69
0.19
0.50
0.36
7.32
0,27
0.23
0,94
0,044
0.63
0.32
0.19
1.20
0.76
2.36
7.34
0.21
0,30
0.24
0.85

0.02
0.02
2.02
2.87
5,54

29.47
20.66
2.35
Ï.79
1.53
5.01
3,10
2.74
2.44

13.31
17.30
18.47
20.46
0.80
6,47
7.03
7.34

0,37
0,15
0.73
0.21
0,59
0.92

14,05
0.29
0.25
1.00
0.049
0,69
0.35
0.20
1.82
1.31
4.22

14.02
0.22
0,37
0.30
1.03

and Seckvith. 1977.
at at . . 1980.

6.
3 .

124
2460

117
1680
7670

89.
55.

615
158
129
621

75,
459
946

2920
6590

54,
183
597
191

69
14

2
6

0

,4

0.
0.
0.
0.
0 .
0 .
1.
1,
0,
1,
a,0,
0,
0,
0,

<o,0
i
0
0
0
0

58
,48
56
16

,67
,99
,09
,05
,44
,13
,77
,83
,40
.81
.57
.13
.83
.24
.82
.80
.36
.92

7.
4.

22.
12.
16.
IS.
18.
22.
12,
14,
13,
17,
20,
17,
17,
!4,

59
29
,61
89
45
21
,76
,11
,09
,07
,12
,38
.51
,60
,24
.26

20.58
16,
16
14
16
17

,38
.58
.71
.37
.13

Slightly variable.

l„ baaed alao on observations of EB and H.

L. baaed on EB and H. P - 1560°; D • 0.98 kpc

L,. baaid al ts on ED and H.
t" baaed aUo on EB and W.
n

Non variable.

j

L, baaed on EB and W. P - 761°; D • 3.65 kpc.

Note that there are only six stars in table 4 with mean luminosities

larger than 10 L Q . The others lie in the luminosity range of the normal

Mira variables (<•ƒ. Eggen, 1975). This is in good agreement with the

statistical results of Jones et <xl. (1982). We also find that the sources

with large expansion velocities (vfi > 15 km s "
1 ) , that are thought to be

N

4 -

2 -

Ve > 15 km s'

- V , <15km S

I Hi

i

m

. i

, i . , .
.QA .16 .66 2.56

L C
H — (10*L.)

10.24

Figure 13. Distribution of the mean corrected luminosities (for our

heterogeneous sample), divided Into objects with small expansion velocities

(v e < 15 km s"
1) of the clrcumstellar envelope and objects with large ones

(v e > 15 km s "
1 ) . The two Mira variables are shaded.
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the younger and more massive stars (see Baud et al., 1981), are more

luminous « l£ > - 2.82 104 L0) than the OH/IR stars with small expansion

velocities « LJJ > - 0.53 104 L0, see figure 13), Two of our objects, OH

21.5+0.5 and OH 32.8-0.3» have luminosities in excess of the asymptotic

giant branch limit (~ 5 104 L0; see Iben, 1981). Therefore, they should be

identified with supergiants. Notice, however, their large radio amplitudes,

quite contrary to the small amplitudes of the optically identified

supergiants (see chapter II, tables 2).

IV.5 The 9.7 Hm feature

The absorption or emission feature at 9.7nm seen in oxygen-rich stars

is normally attributed to the stretching and bending vibrations in silicate

materials (see Merrill, 1977). A considerable fraction of this feature Is

formed In the circumstellar dust shell, and certainly not solely by

intervening material somewhere else along the line of sight. Evans ana

Beckwith (1977) give a number of arguments for this, the strongest oues

being the total lack of correlation between the distance and the depth of

the absorption feature (also apparent from table 2), and the positive

correlation they found (for six stars only) between the colour temperature,

To, and the relative depth of the absorption feature, Ag#7 (see figure 14),

where

Figure 14. Depth of the silicate

feature, A? , (corrected for

interstellar extinction), as

function of the colour temperature,

T„. The drawn line is the expected

slope from t . <•

Scoville, 1976).

T" (Kwan and

<Icont/lS.7> (5)

corrected for interstellar extinction. The slope that we find is in

agreement with the suggested correlation of <rsllC'-Ag _) and Tc (Kwan and
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Scovllle, 1976), based on a simple model of radiative transport. Note that

the two Mtra variables, where the silicate feature is seen in emission,

have the highest colour temperatures. Only two OH/IR stars deviate

substantially from the mean relation: the extremely cool shell of OH 17.7-

2,0 hardly shows absorption at 9.7um, suggesting that the temperature

gradient in this (very thick) envelope Is small, and OH 32.8-0.3 which has

a very deep absorption feature (see also table 5). As this star is far away

(its geometric distance is 8,05 kpc), large deviations from the simple,

uniform extinction model may account for this. Also it was found (Forrest

et al.t 1978) that in OH 26.5+0.6 the silicate absorption feature Is deeper

when the star Is fainter; and we observed OH 32.8-0.3 near minimum light

(**0,39),

TahU 5

Hunt

(1)

(mag)

(2)

*S.7
(mag)

(3)

Mama

(1)

A9.7
(mag)

(2)

*5.7
(mag)

(3)

wx
RS

OK

OH

OH

OH

OH

OH

OH

OH

Ser

Vir

12.

17.

20.

20.

21.

26.

26.

28.

8-1.

7-2.

2-0.

7+0,

5+0

2-0.

4-1,

5-0,

9

0

1

.1

.5

,6

.9

,0

-0.

-0.

0.

0.

0.

5.

3.
1.

0.

>l.

,65

10

35

35

68

65

15

30

47

,90

-0.65

-0.10

0.32

0.30

0.30

I.SI

1.75

1.17

0.44

>1.59

OH

OH

OK

OH

OH

OH

OH

OH
OH

OH

28

30

30

30

31

32

32

39

39

42

.7-0.6

.1-0.

.1-0.

.7+0.

.0-0.

.0-0.

.8-0.

.7+1.

.9-0.

.3-0.

7

2

4

2

5

3

5

0

1

0.

2.

0.

1.

2.

2.

>4.

0,

0.

1,

44

02

57

54

38

01

62

,94

,96

,81

0.30

1.81

0.44

0.81

1.33

0.82

>3.3I

0.88

0.63

1.37

ad.(2)ft(3): poaicive valuea indicace absorption ae 9.7

ad. (Ï): corrected for interatellar extinction.

The depth of the silicate

feature, which is primarily a

measure of the amount of cold

material in the envelope, is

correlated with the fraction

of the total luminosity that

is converted, via the far

infrared pump cycle, Into OH

luminosity at 18 cm (see

figure 15). As A g 7 increases

(i.e. the colour temperature

decreases) more pump photons

are produced, and the (relative) OH strength increases.

Figure 15. Fraction of the total

luminosity that is converted into

OH luminosity at 1612 MHz as

function of colour temperature, or

depth of the silicate feature.
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This confirms that the OH raasers are pumped by far infrared photons

(Elitzur e£ aj.» 1976; see also section 7). Furthermore, because we know

that the OH luminosity also depends on the velocity field, and on the

fraction of ULO molecules that are photodissociated into OH (see appendix

A), the relatively small scatter in figure 15 tells us that for this sample

(apart from the Mira variables, a selection of only strong °H emitters)

these quantities are roughly the same.

IV,6 The colour temperatures

We saw in the previous section that the colour temperature, Tc

(between \»3«8um and \-12.5Hm) is proportional to the inverse of the depth

-0.1 -

0.1 -

-0.1

drO-2
o

0.0

-0.4

2.50 . _ 2.70
log Tc »-

x=0.097

x = 0.054

xsQ.069

260 »ogTc

Figure 16. Variation of the colour temperature, Tc. Open circles are

observations of Evans and Beckwith (1977), crosses those of Werner g£ a£.

(1980). Dots are our own observations, a: OH 21.5+0.5, b: OH 26.5+0.6, c:

OH 30.1-0.7, d: OH 30.1-0.2, e: OH 32.8-0.3, and f: OH 45.5+0.1.
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In the silicate feature (figure 14), in agreement with theoretical

predictions (Kwan and Scoville, 1976). The same authors suggest that

T "* LX, where x=0«25-0.20 for an emisslvity law of the dust ~X and ~\
c

respectively, The combination of our observations with those of Evans and

Beckwtth (1977), and with those of Werner et al , (1980) gives us a time

base for these slowly varying stars which is long enough to enable an

analysis of the changes In Tc (see figure 16), Based on the six stars for

which more than one observation is known (see section 4) we find

<x>-Q.l03±Q.015, significantly less than the theoretical prediction. Two

remarks should be made; in the first place the analysis of Kwan and

Scoville was for (two) pre main-sequence objects, where the density

distribution of the dust seems to be proportional to r , whereas we found

(see chapter XII, section 3c) a density fall off of r (or even steeper)

for the evolved starsj In the second place the variation In the temperature

of dust, and hence the variation in Tc, might lag the changes in

luminosity. Due to the sparse phase coverage we cannot account for such an

effect. Although the uncertainties still are very large, it seems that the

value of x Is definitely smaller than the theoretical value of 0.2 (see

also Elitzur et at. , 1976). This could be explained by a steeper decline of
-2

the dust emiasivity with wavelength (~ \ , apart from the features at

lOum and 20um).

IV,7 Maser pump

The OH massrs are pumped radiatively by infrared photons (see. Harvey

et al,t 1974). At first a pumping scheme was proposed involving excitation

of the OH molecules to the first vlbrational level at 2.8um (Litvak, 1969).

In view of the very low fluxes of OH/IR stars at \-2.8um this scheme might

only work for the Mira variables (see figure 17; see also Evans and

Beckwith, 1977). Later (Elitzur at al., 1976; Bujarrabal et al., 1980) a

pumping scheme was developed involving rotational excitation at 35(im (and

to a lesser extent at 53um) with a predicted efficiency of ~ 25%. Werner et

at. (1980) have shown that for the OH/IR stars the observations are In

agreement with this prediction. The efficiency is defined simply as the

fraction of 35|im photons that are converted Into OH photons. And Evans and

Beckwith (1977) have shown that,, to first approximation, we may write for

the efficiency
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-1 O

€ 5
- Sv ( 0 H ) UOH)

S ,(35Hm) " L(35nra)

Figure 17, OH power density (Jy kpe2) at

1612 MHz as function of the power density

(Jy kpc2) at 2.8nm (same phase). Open

circles represent the Mlra variables, filled

circles the OH/IR stars. The area to the

left of the drawn line Is 'forbidden' if

the 2.8nm pumping scheme is to work.

(6)

where SV(QH) and S (35|ia) are the simultaneously measured fluxes (In Jy).

We used L(QH) - D {^.S^*, the harmonic mean of the two strongest (low-

and high-velocity) peaks in the OH line profile. We determined the flux

at 35nm from an extrapolation of the spectra (corrected for interstellar

extinction) between X-12.5nm and X-20Hm, a very uncertain method (errors of

a factor 3!). But we Included also the much more accurate measurements of

Forrest at at. (1979), and those of Werner et at. (1980), combined with the

OH fluxes at the appropriate phase (see figure 18). Despite the

uncertainties only one object (OH 28.5-0.0) falls In the 'forbidden' region

with e > l, and the OH/IR stars lie reasonably close to the predicted

value e • 0.25. Note that the pump efficiency Is roughly constant for

measurements at different phases, as expected In saturated masers. We find

for the OH/IR stars a mean pump efficiency <e> - 0.30±0.06, meaning that

three to four 35»im photons are needed to produce one maser photon. The

standard deviation Is me«.Q.31 (factor 2). For the (two) supergiants we find

<e> - 0.030±0.O04, and for the (three) Mira variables <e> - 0.03O±0.004,

an order of magnitude less than for the OH/IR stars. Rleu e* at. (1979; see

also Bujarrabal e* at., 1980) worked out a more detailed model In which

they account for velocity gradients In the envelopes and far Infrared line

overlap. That does not make much difference for the OH/IR stars with their

very thick dust shells, but for the OH Mira's they deduce an upper limit

for the 35Um pump efficiency of e < 0.1. The same might be true for the

supergiants, that also have rather thin envelopes. It is interesting that

VLBI measurements of some supergiants (Benson and Mutel, 1979) were not

compatible with the simple geometry of an expanding shell, suggesting that

In these objects larger velocity gradients might be present.
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Figure 18, OH power density (Jy kpc2) at 1.612 Mite as function of the power

density (Jy kpc^) at 35um (same phase). Open symbols represent optically

identified masers (triangle and squares are IR observations by Forrest et

at., 1979), filled symbols the OH/IR stars (crosses: Werner et at*, 1980;

triangle: Forrest et at., 1979). Measurements of the same object at

different epochs are connected by dotted lines. The dashed line is the

predicted pump efficiency, e - 0.25 (Elitzur et at., 1976).

IV.8 Conclusions

The IR photometry with UKIRT provided us with good absolute

luminosities, and a fair estimate of the mean luminosities for a number of

OH/IR stars. Only a small fraction of them have large luminosities, in

excess of 10 Le; most are only somewhat more luminous than the classical

Mira variables. The (near infrared) colour temperatures, the depths of the

silicate feature, and the fraction of the luminosity that is converted into

OH luminosity, are correlated. Detailed confirmation of the far infrared
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pumping scheme for 1612 MHz OH masers awaits direct measurements of the

3Sum flux»

We were unable to detect some sources although we had very good

(radio) positions for them. Together with two stars that were only

marginally detectable at the shorter infrared wavelengths» these objects

seem to be of a different mold than the other OH/IR stars; either they do

not vary at all, or If they do, they have very small amplitudes. It is

interesting that these stars appear to have small angular sizes; they were

unresolved when observed with the VLA (see chapter III). Hence they are

either very far away (B ,> 8 kpc), or much closer by (D < 2 kpc) and

consequently low mass stars with extraordinary large mass loss rates (see

also chapter V, section 7).
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V. Properties of OH/IR stars

V.I Introduction

In this chapter a synthesis will be given of all observations

presented In this thesis and their implications for the intrinsic

properties of OH masers, as well as of the central stars, as of the

extended duet shells surrounding them. We will treat all 1612 MHz OH masers

as one family of evolved stars, ranging from the OH Mir a variables, with

optically thin envelopes and weak masers, via the IRC Mlra's to the strong

masers in OH/IR stars, that often are shrouded in a dust shell with as much

as 1Q0111 of visual extinction. After presenting ample evidence in favour of

a simple shell model of a saturated maser (described in appendix A), a

method for the determination of distances, based on the apparent OH

luminosity and the phase lag radius, is developed.

Then at first the masers in the solar neighbourhood are considered;

the probability that a star shows maser emission, their space distribution,

and the luminosity function. Although the emphasis lies with the 1612 MHz

OH masers (type lib, satellite line), other masers that occur in late-type

stars (main line OH, H20 and SiO) are discussed also. The results are

compared with and extended to the OH/IR stars as a galactic population in

the next section. Finally, we will derive a complete set of stellar and

envelope parameters in section 7.

V.2 Shell geometry

The observed OH line profiles are easily explained if the emission

originates in an expanding circumstellar shell (see e.g. Olnon, 1977; Reid

et at., 1977). Throughout this thesis the geometry of a spherically

symmetric envelope, that expands with an uniform and constant velocity, has

been used and now we will summarize briefly the observational support for

this picture.

In the first place we found (see chapter II, section 6f) definite

phase lags between emission peaks at various velocities in the line

profile, in the right eenae. From the model we expect (see appendix A) that

~) (1)
e
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where v is the velocity of a peak with respect to the stellar velocity, ve

Is the expansion velocity of the shell, and A$v the corresponding phase

lag. Such a correlation was found Indeed (see appendix C), except for those

stars that showed no variation, or had very small amplitudes, In the second

place the radius, a(v), of the angular brightness distribution In maps at

various velocities Is predicted to be (see chapter III, section 3b)

,W-l(l^]V (2)

with R- the radius of the shell. This relation proved to be a very good

description for the sources that we resolved with the VLA. The deviations

from these relations for the phase lags and for the angular radii were

found to be quite small (,$ 20%) for most stars, implying a rather high

degree of spherical symmetry. In the third place the two strongest peaks In

the line profile, the low velocity (front) and the high velocity (back)

paaks, are on V.he average equally strong (see figure 1).

10 60 60

30

20

_n

-IS

I I 1 I 1
O Miro \fariables 137)

Supergiants (51

n
D OH/IR Stars (187)

R3 Homogeneous (45)
sample ~"

n.
10 1.5

Figure 1. Distribution of the

ratio, SL/SH, of the 'front'

and 'back' peak flux density

for a) Mira variables and M-

type supergiants and b) for

the OH/lR stars in Baud's

catalogue (Baud et at,,

1979). Our homogeneous sample

is indicated. The flux ratio

is a measure of the

deviations from spherical

symmetry in the shell. A

rough scale is given along

the topmost axis.
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The ratio of the 'front' and 'back' peak fluxes gives, as we found In

chapter III (section 3c), the degree of asymmetry In the shells. For the

type lib OH/IR stars we then deduce a median value for the deviations from

spherical symmetry of ~ 25%, where for the 1612 MHz OH Mira variables this

median value is ~ 40%. Note that this is In good agreement with the

deviations from the theoretical relations for phase lag and angular extent,

and also with the upper limit (< 0,2 Rg) found for the thickness of the OH

shells (chapter III, section 3c). In the fourth place the central velocity

of the OH line profile (halfway between the outer peaks) should be the

velocity of the star. This Is moat strongly confirmed by observations of

thermal S10 Unes in the ground vibrational state (see Buhl et at. , 1975;

Reid and Dickinson, 1976). In the past (Wallerstein, 1975) the velocity of

the optical absorption lines. A, was though to be correlated with the high

velocity OH peak, and the emission line velocities, E, with the low

velocity OH peak. Figure 2 shows there is no such correlation.

Figure 2. Velocity of the optical

emission (E) and aborption (A) lines

with respect to the stellar velocity

(i.e. the central velocity of the OH

line profile) plotted as function

of Av, that is twice the expansion

velocity of the shell. If E, or A were

correlated woth the low-, or high-

velocity OH peak, the points should lie

on the dashed lines marked vL and vR.

Furthermore, the stellar velocity does not coincide with the velocities of

the optical absorption lines. If only optical data are available, the best

value for the stellar velocity is
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V.3 Saturation and radiative pumping

All type lib OH masers are saturated (see chapter II, section 6a; see

also Harvey et at., 1974) with a possible exception for some features in
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the line profiles of the superglants. The infrared and radio fluxes vary in
close harmony, as we found In chapter IV (section 4), where we combined our
observations with those of Evans and Beckwith (1977), and with those of
Werner et aim (1980), The same is also apparent when we compare our radio
light curves with the IR light curves as measured by Engels (1982), or by
Feast (private cummunication, see appendix B). The far infrared
flux (at 3Slim) of all these sources Is sufficient to pump the OH masers,
but only the forthcoming observations of the IRAS will give a definite
answer whether or not other IR transitions (e.g. 53 nm, see Elitzur et al, ,
1976; and Bujarrabal et al., 1980) may play a role In the pumping schemes.
The efficiency of the 35 pm pump was found to be ~ 0.3 for the OH/IR stars
(I .e . 3 to 4 IR photons are needed to produce 1 maser photon), and ~ 0.03
for the Mira variables and the supergiants (see chapter IV, section 7). As
expected for saturated masers the efficiencies do not vary in time.
Finally, It should be noted that the line profiles of the OH masers now
known over the longest period of time (~ 11 yr) generally remained exactly
the same all those years (cf. Wilson and Barrett, 1972).

V.4 Distance determinations

Table I

Mane D AD |*| Log L j n t Log L!n(. A LogL Log R Q A Log RQ Weight

(k»e) (pc)

mean Mira 0

IRC + 10011

OH 25.1-0.3

OH 39.7*1.5

OK 21.5-0.0
OH 18.^+1.4

0H104.9*2.4

OH £6.5*0.6

08 30.1-0.7

OH 31.0-0.2

OH 20.7+0.1

OH 37.1-0.8

OH 32.0-0.5

OH127.9-0.0

OK 32.S-0.3

OH 21.5*0.5

0.S4

0.47

1.6.

0.5.'

l.9o

2.49

2.03

0.98

1.77,

7.9

8.31

6.9°
9.30

5.63

8.05

11.63

0.06

0.21

0.20

0.09

0.31

0.82

2.00

0.32

0.24

0.65

200

361

10

IS

1

61

86

10

21

29

II

101

75

1

44

101

0.400

0.969

1.530

1.735

2.004

2.125

2.717

2.788

2.793

3.145

3.225

3.258

3.450

3.594

3.819

3.884

-0.462

0.019

0.624

0.831

1.109

1.26*

1.827

1.885

1.890

2.270

2.319

2.368

2.562

2.710

2.949

2.975

0.120

0.104

0.481

0.272

0.4SS

1.368

0.082

0.076

0.140

0.602

0.082

0.602

0.169

0.048

0.026

0.047

-0.

0.

-0.

0.

-0.

-0,

0.

0,

0,

0,

1,

0,

0,

1,

1,

1,

471

473

060

233

,770

,022

640

.517

.551

.542:

.0.1

.054:

.870

.109

.216

.213

0.060

0.008

0.237

0.105

0.995

0.684

0.040

0.033

0.070

0.301

0.037

0.301

0.060

0.024

0.009

0.023

0.

0.

0.

0.

0.

0.

1.

1.

0.

0,

1,

0,

0,

1,

2.

1,

5

5

2

4

2

,1

0

,0

,7

,2

.0

,2

.5

,0

,0

.0

I)

M««i of tin valuee for R Aql, RR Aql. SY Aql, Z Cyg, IK Tau, and RS Vir.
Dietancaa were taken to be the H U of thou fron Robertson (nil Feast (1981),
and froa Riau «t al. (1979), and f to» an owl Mthod based on K . (2.2 |im)-2?l
(at . kpc). " "

l)
Kintaatic distance.

' ' s *rfiua baaad on kinaaatic distance + angular extent.
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For a limited number of stars we could derive accurate (~ 10%)

distances In a very direct manner (see chapter III, section 3d). For most

objects, however, we do know their phase lag radii but not the angular

extents. For those we will derive distances through a relation found for

the stars with known distances (see table 1).

4.a OH luminosity as function of the radius of the OH shell

We know that (see appendix A)

Sv(v,Ro)D
2 - f(v) R* nOR(Ro) R p u m p (4)

where Sy 1» the time averaged OH flux density (Jy), D the distance, Ro the

radius of the OH shell (1016 cm), t>QH(Ro) the OH number density (cm"3) at

Ro, and R p u m p the net population transfer Into the upper tnasing level (s~

f(v) - l d eJ, for v < v < v (5)

l-(v/vj2 p e

with v<j the Doppler width (a 0.58 kms"1 for all OH masers. See chapter II,

section 6h). For the strongest (front and back) peaks in the line

profile f(v ) a 2v ./6, where 6 = v -v . For the OH/IR stars 6 typically
P a . P 6 _j

has values of 0.01-0.1 tans (see chapter II, figure 13), and so 6 can

differ by an order of magnitude from star to star. Therefore we integrate

equation (4) over the total velocity range of emission (-v > +v ) to find

Smt(V2 1 A h

which depends only lightly on the (difficult to determine) value of 6. Now

let us define

2 ! t )rl

2
where L^nt and L l n t = SlnfcD are the time averaged values over the radio

light curve (see table 1). Then we find from a least squares fit to the

observations (see figure 3)
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Log (1.84±0,12) log Ro + (0.68*0.12) (8)

with a (weighted) standard deviation me-0.31.

3

r
o*

1

0 -

i

murnum

al

/

A

1 1

v •

RC «10011

• geometrie
x kinematic

i

Figure 3. Lj,nt (see text) as

function of RQ, the radius of the OH

shell. ra.M. stands for mean Mira.

The drawn line is the least squares

fit (equation 8),

log Rfl——

2
This implies a constant surface brightness for OH masers (L~ R ), whereas

3equation (3) seems to predict a constant volume emissivity (L~ R ) . But

for a saturated OH maser a minimum column density (NQtI ,> 10
17 cm"2;

Elitzur et a£., 1976) is needed
cm see

N0H = n 0H ( R o ) R o (9)

w i l l be roughly constant from star to star, because the interstel lar UV

radiation permeatates in the envelopes to about the same optical

depth T ~ N , . Further, the 1612 MHz inversion i s quenched by co l l i s ions

for number densities HQH(R) ~ NQH/RO much higher than the mean value (about

20 N™ ) . Note that this leaves open at most a very weak dependence of the

net pump rate on RQ, as argued already in chapter III (section 3c), and as

seen in chapter IV (section 7) , where we found the pump efficiency for

OH/IR stars to be constant, as well in time, as from source to source.

4.b Influence of the Interstellar UV field on the s ize of the OH she l l s

Equation (8) seems obeyed sat isfactori ly by a l l OH/IR stars, but the
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OH Ml ra WX Psc (IRC+10011) is more than a magnitude off, although its

radius and distance are quite well determined. Also the 'mean Mira' has a

flux that Is too small as compared to its radius, A major difference

between the Mira variables and the OH/IF, stars is the distance to the

galactic plane (z). Whereas the OH/IR stars have |z| < 100 pc, IRC+10011 is

at | z | « 361 pc and the mean Mira at | z | - 200 pc. The residuals in

equation (8) seem to be correlated with |z| (see figure 4),

Figure 4, Residuals of Log

with respect to the least squares

fit (equation 8) as function of

the distance to the galactic

plane, z.

The distance to the galactic plane is physically significant, if OH

molecules are produced in the envelope by the interstellar UV radiation

field through photodissociation of H20 (A. < 1650 A photons; see Goldreich

and Scoville, 1976). Assume

exp [-Z (10)

and we find

L ° 8 Lint " <1-84±0.07)Log R - (13.0±8.0)B2 + (0.68±0.07) (11)

where z is in kpc. The (weighted) standard deviation decreases to me-0.19.

We find a scaleheight B - (180±90)pc, in reasonable agreement with the

scaleheight P-120 pc, as found by Habing (1968). Although the result is

satisfying, caution is needed because we compare stars in the solar

neighbourhood (D < 1 kpc) with OH/IR stars at large (D$12 kpc) distances,

and the new result is based effectively, on three points only.
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Nevertheless, the use of equation (11) also leads to reasonable distances
for the Individual OH Mlra's, whereas equation (8) which ignores the z-
dependence yields far too large distances (see section 4c). Observations of
a larger sample of OH/IR stars, especially of those that l ie relatively
nearby and have the larger distances to the plane, should confirm this
relation.

4«c Resulting distances

Rewrite, with D in kpc, equation (11) as follows

g(D) - Log D2 + 13 D2ain2b

and on the other hand, with Ro in 1016 cm, and S l n t in 10~22 Wm"2

(12)

2v
g(D) - 1.84 LogRQ + 0.68 - Log S l n t + ^ -l)} (13)

which is completely known for all stars with a determined phase lag radius.

Thus we can solve equation (13) to find the distance. The uncertainties

are £ 25% (based on the standard deviation in equation 11), without taking

into account the errors in the phase lag determinations. For the Mira

variables and M-type aupergiants the computed distances, Dc, can be found

in table 2a.

Table 2a

Mira variablea and H tupergianCs

(kpc) (kpc)
larka

RAql
IR Aql

SY M l

U Ori
MX Pic
UX Sar
IKTau
RS Vlr

VI CMa
7t Caa
ML CM

O.7O
0.44
0.6S
0.77
1.25:
0-45
0.27:
0.28

0.35

0.50
5.30
0.55

0.29
0.60
1.10
0.86
0.27
0.47
1.20
0.24
0.66

1.50
2.70
0.50

Miaae lag radius dubious.

0.01
0.09
0.12
0.02
0.02
0.06 IROI001I. D gaowtric.
0.55 RUM lag radius dubious.
0.03 MO. Tau.

0.0S

? Distance froa\ Harbig (1969). Hyland's D • 0.40 kpc.1)
1 Distance f ton Bngeli (1979).

0.05 OH 80.6-1.9, table 2c.

Hylud *t at., 1972.
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They may be compared with values taken from the literature. We find for the

Mira's <D > = 0.57 kpc, In good agreement with <D> = 0.63 kpc, Due to the

uncertain determination of the (small) phase lag radii the errors in

individual cases can be considerable.

In table 2b the results are given for the OH/IR stars with large radio

amplitudes (Am > 0m6Q). In this group the phase lag radius, and hence the

computed distance» is determined *ery well, except for OH 20,2-0.1 and OH

26.2-0.6 (see chapter II, table 4b). The computed distances are compared to

the geometric distances (from the combination of the angular sizes and the

phase lag radii), and the near kinematic distances (adopting RQ - 9,2 kpc,

see chapter III, section 3e). In the last column the adopted distances,

Da<j, are listed. They are the geometric distances, whin these are known, or

else a weighted mean of Dc and Dj^t where the weight depends on the

uncertainty in RQ. Because most stars in table 2b hare a well defined phase

lag, D-d is almost completely determined by Dc. We find <DC> - 3.74 kpc,

compared to <Djĉ n> • 4.43 kpc.

OH

20.2-0.

20.7+0.

21.

26.

26.

28.

28.

?0.

32.

32.

35,

39,

39,

44,

45

75

83

104

127

U8

5+0.

2-0.

!

1

5

6

5+0.6

,5rO.

,7-0.

,1-0.

,0-0.

,8-0.

.6-0.

.7+1.

.9-0.

.8-2.

.5*0,

.3-1,

.4-0,

.9+2,

.9-0

.0+7

0

6

2

5

,3

.3

5

,0

.3

,1

,8

.9

.4

.0

.2

P- Wat*

C
'c

(kpc)

3.

10.

9.

0.

0.

0.

1.

0,

6.

7,

3,

0

2

4

4

7

1

2

5

'

35

,75

,75

,14

.73

,23

.35

.90

,40

.55

.80

.75

.05

.00

.10

.70

.70

.00

.70

.92

OH/IR atari

Dg

(kpc)

8.31

11.63

0.98

1.96

9.30

8.05

0.57

2.01

5.63

coMunicat ion.

«ich

Dkin
(kpc)

2.

a.
10.

4.
2.

8.

3.

3.

5

4,

5.
I.

6,

2.

2,

5,

4,

2

3

2

4

6

2f

8

1

0

2

,7

0

,0

,2

,3

.9

.8

.3
,|

.0

.3

.9

.8

Table 2b

larg*

D,d
(kpc)

2.

8.

II.

1.

0.

2.

2.

1.

9.

8.

4.

0,

3.

3.

3,

7,
2

2

5

2

68

31

63

48

98

,45

,40

,40

,30

.05

.22

.57

.07

.72

.65

.0»

.11

.03

.63

.18

anplicudet (Aor>

Remarka

0?60>

Tangiittial point iourc*

Dkin ( M " > * 6

Dkin « " > " l0

Dkin (far) " "

Angular ridiui

Angular radiui

Angular radiui

.9 kpc

1.6 kpc

.4 kpc

frm Diinond')

fro»»ir,.U et al. (I9C2)

fro» Horrii at al. (1982)

The OH/IR stars with intermediate radio amplitudes (0?30 < Am

< 0.6o) are listed in table 2c. A few stars have no phase lag
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determination. In those cases ve used the mean radius of this group. Now D c

and DJ^JJ have about the sane weight In the determination of the adopted

distances» D a d, Here we find <DC> * 2.55 kpc, and <Dfeln> " 3.19 kpc.

Table 2c

QH/IR scars with incerosdUte amplitudes (Q?30 < tar < Q?60)

Dc 0g Dk.n D a d Re-arks

12.3-0.I

12.8-1.9
12.8*0.9
lï.t+5.0
16.1-0.3
17.4-0.3
26.4-1.9
27.3+0.2
30.1-0.7
30.7*0,4
36.9*1.3
42.3-0.3

80,8-1.9

(kpc) (kpc)

5,30:
1.80

4.2S:
3.15
1.10
0.60

<Q.92
<0.16

1.42 1.77
9.05
0.80
2.90:
0.55; O.67

(kpc)

4.2

I.S

3.2
-

2.3
2. a
2.0
3.5
6.9

4.4

-

3.8

O.S

(kpc)

4.S4
1.69
3,52
3. IS
1.41
1.30
1.54
1.25
1.77
6.31
0.80
3.47
0.52

RQ • 3.75 I016 em adopttd

Ro • 1,75 i o u cm adopted

Harmonic Man flux leas Chan 4 4y
Ro •> 3.75 10" ca adopted
Angular radius (t l'.'S) from VLSI napt
(a.g. Sanson ana Huttl, 1979)

The results for the stars with only slight variation in the radio
(Am < 0.30) and for the non variable OR/IR stars are given in tables 2d

and 2e* The adopted distances are determined primarily by the kinematic
distance, because the phase lag radii are very uncertain, or not known at
all* For the non-variables we adopted a radius RQ - 3.75 10 cm. Taking
the stars from tables 2d and 2e together, but omitting the galactic centre
sources that are no part of our homogeneous sample, we find <DC> • 3.2 kpc,
and <Djcin> "4 .8 kpc.

Table 2d

OH/IR e t a » with m U amplitude! (4m_ < 0?30)

OH ~ — D D D. . D • Remarks

(kpC«) (kp'e) (kpc) (kpc)

I I .

17.

18.
18.
IB.
25.

31.

5+0.

7-2.

3+0.
J+l .

8+0.
1-0.
0*0.

1

0

4
4

3

3

0

0.32
1.27:

12.20
1.20
0.3S
1.50
1.45

2.

2.

1.

01

49

61

4. 8
5.0

13.

B.

1.

8.
2.

4(
7

1

3

3

1.

3 .

12.

4.
0.

4 .

1.

95

17

79
50

75

69

97

Angular radiut

Phase lag and

Angular radiut

from Diamond1)

agular radius poorly
determined

poorly determined

private coeawnication
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Table 2e

QH/IR scars wlthouc recognizable variation

OH —•

359, 4-1.

O.3-O.

1.5-0.

15.7+0.

31.0-0.

37.1-0.

51.8-0.

53.6-0.

77.9+0.

3

2

0

8

2

a
2

2

,2

Dc
(kpc)

4.

5.

7.

2.

4.

3.

5.

3.

15:

00:

00:

40:

40:

30;

05:

70:

10:

D
g

(kpc)

<9,69

<22.8

"kin
(kpe)

9.2

9.2

9.2

0.1

7.9

6.9

0.2

0.8

3.5

D
i
id

(kpc)

7

7

8

0

6

5

0

1

3

.06

.51

.40

.29

.50

.40

.59

.33

.97

KeoarKs

Galactic

Galactic

Galactic

Angular

Angular

centre source

centre source

centre source

radius poorly determined

radius poorly determined

<D > is systematically smaller than ^ j ^ * 'Ihi8 ls caused by the

selection of strong sources from Baud's catalogue (Baud et alt, 1981) only,

thus limiting ourselves to relatively nearby objects.

V.5 Hasers in the solar neighbourhood

We define the solar neighbourhood as r < 1 kpc, |z| < 1 kpc, where r-

Dcosb the distance projected onto the galactic plane. There are only a few

OH/IR stars in the solar neighbourhood (in our sample 8: see table 2). Two

of them, OH 26.5+0.6 (AFGL 2205) and OH 39.7+1.5 (AFGL 2290), have well

established (geometric) distances. Table 3 shows, however, that in all

these stars the usually weak main line aaser (at 1667 MHz) could be

detected, which is otherwise rarely the case.

Table 3

Has* D

(kpc)
•LSR

1

Log Log S Lag S Remark»
LSR H R

(km."1) 1612 MHz 1667 MHt 22.2 GHz 43.1 GUI

OH

OH

OH

OH

OH

OH

OH

IS.

18.

26.

36.

39.

SI.
80.

7+0

8+0

5+0

9+1

7+1

8-0

8-1

.8
,1

.6

.3

.5

.2

.9

0.29

0.75

0.98

0.80

0.57

0.59

0.50

- 0.62

•12.75

+26.86

-12.22

+20.00

+ 2.01

- 1.97

1.

1.

2,

.494

.458

.440

0.642

1,

0

2,

.797

.750

.417

0.

0.

0.

-0.

0.

1.

239

278

841

222
000

176

n.d

1.903

n.d

2.000

1.398

OH 1821-12

AFGL 2205. Caooatric

Not obtervid at other

AFGL 2290.

AFGL 26S0.

(86.2 GHz)

Ccoaatric

UCetOMS.

diitanca

frequencies

diitance

NHL Cyg.

Furthermore, the velocities of these eight stars with respect to the

local standard of rest are small. Of the OH/IR stars in Bauds* at. (1979),

that were not included in our monitor program, only 11 also have low
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velocities; assuming that their luminosity has the mean value of the OH

Mtra's (an underestimate), not mote than two of them will have distances

(just) below 1 kpc.

All other masers, S1O at 43.1 «Hz and 86.2 GHz, H20 at 22.2 GHz, and

OH at 1612 MHz, at 1667 MHz» and occasionally at 1665 MHz, are associated

with Mira variables and IKC sources. We will first look in some more detail

at these objects.

5.al Distances

For the Mira variables we can find the distance (1) from a period-

luminosity relation (see e.g. Robertson and Feast, 1981; Glass and Lloyd

Evans» 1981), or (11) from the visual magnitude at maximum (see Kieu et

at*t 1979). Also the K (2.2nm) magnitude is (111) a reasonable distance

indicator (see figure 5; see also Dyck et at*, 1974). Becau&e 2.2 mm is

about midway between Che maximum of the stellar energy distribution and

that of the dust shell (see Forrest et at., 1979), the flux there is more

or less the same for all stars. For the IRC Mira's we used the last method,

and for the classical Mira variables the mean of the three methods;

generally they yield quite similar distances.

ao

0.1
o Mira Variables
• OH Mira's
*QH Supenjants

i i_

-4

Figure 5. Distance as function of the

apparent K magnitude. K ^ g (1 kpc) =

2?1 may serve as a reasonable distance

Indicator for those sources where other

distance determinations are impossible or

controversial.

-2 0 2 4
(magW-K(22nm1

5.a2 Probability of maser emission In classical Mira's

To find the percentage of classical Mira variables that has maser

emission we will use the sample of Feast (1963), which has the same

distribution over the periods as the complete sample of Mira's (see Wood
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and Cahn, 1977). and is homogeneous tn distance to ~ 1 kpc (see figure 6),

300 -

100

10

Feast's Sample
— Observed
• Theoretical

02 06 1.0 1.4
r—- (kpc)

Figure 6. Number distribution of Mira
variables in Feast'6 (1963) sample within
projected distance, r. The dots are the
expected values for a cylindrical space
distribution.

Feast's sample was searched for various kinds of maser emission by numerous
observers, always incompletely and each with a different sensitivity and/or
velocity resolution. Therefore we used the integrated flux densities and
Included a positive detection only If i t «as stronger than the highest
lower limit (e.g. 0.4 10~22 Wm~2 for the OH masers). The distribution of
the observed objects (Including the negative detections) over the periods

"1 1 1 1 1 1 1—
S«J » 2 OKI N. .19

Sio U l GHi No .12

H,0 22.2 OHi Ng ilOO .

OH 1667 MH! N,<109

OH 1S12MHI N. .105

Figure 7. Percentage of Mira variables that

were detected (above a certain completeness

limit, Lc) at various uaser transitions

within projected distance, r.
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and over the distances was checked «gainst Feast's sample to guard against

•election effects. The percentage of positive detections (see Engels, 1979

and references cited there) for the classical Mira's is displayed as a

function of the (projected) distance in figure 7. Clearly, the poor

sensitivity at the higher frequencies puts the 'completeness' horizon for

the SiO and H20 oasers close to the sun (r < 200 pc), whereas the OH masers

have a fairly constant detection percentage out to 1.2 kpc. Probably all M-

type Mlra's exhibit SIO maser emission, both at 43.1 GHz and at 86,2 GHz,

and a high percentage (> 30%) has an H20 maser. 1667 MHz OH masering is

seen in 34% of the stars (<?ƒ. *leu et al,, 1979) and 1612 MHz OH in 12.5%

of the cases. All 1612 MHz emitters also have (in a few cases stronger)

emission at 1667 MHz. As «as noted before (see Bowers and Kerr, 1974;

Olnon, 1977) the probability on OH maser emission increases with Increasing

periods, corresponding to stars with a steeper rise to maximum (i.e.

smaller f-values) and higher colour indices (i.e, redder, and so thicker

dust shells). Therefore, a higher success rate is expected for the IRC

Mira's, and indeed Wilson and Barett (1972) detected 5 out of 35 (14.3%)

1612 MHz masers in the solar neighbourhood (IRC sources with K< 2.1).

S.bl Z-distribution for OH aasers

For the determination of the s-distrlbutlon of 1612 MHz OH masers in
the solar neighbourhood (Mira's, IRC- and OH/IR stars) we used all sources

—22 -"2 2to r-1.2 kpc that are stronger than 0.4 10 Wm kpc . The results are

given In table 4; the aasers have been divided into four groups according

to the velocity separation, A?, of the two strongest peaks in the OH line

profile.

&«

T«bl. 4

(ta.-1) (pc) (ta.-1) <<tayi)

0 -

10 -

20 •

• 10

• 20

- 30

> 30

Toe»!
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£
14

8

36

3.60

6.93

13.25

18.76

11.28

408

525

198

113

280.3

45.
58.

22.

12.

31.

3

2

0

5

1

343

3«2

761

850

586.

(5)

(7)

0)

4

3.96

5.25
(I)
(4)

$.98(11)

«.76

5.65!

(6)

1

(kms"1) 'I'-1

v (= i&v) is the expansion

velocity of the shell. The

velocity dispersion, a , is
z

related to the average z-

distance (in pc) by (see also

section 6a)

(14)
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where, denoting the galacto centric distance by R (in knc),

ct = 4.289 {3.930 R~* - 0.02489 R}~* (15)

(see Schmidt, 1965). The tabulated velocity dispersions can be compared

with o » 45±U kins"1 for Long Period Variables (with P > 300 days),

and a ~ 27 kms for planetary nebulae (Oort, 1965), The mean z-distances

are in good agreement with the values from Ikaunieks (1963), who

gives <|z|> - 638±193 pc for LPV with P < 250 days decreasing to <| as | > »

It5+22 pc for those with P > 410 days. He derive for the OH masers in the

solar neighbourhood (see figure 8)

12 1667MHz OH # p |2 )a e ) <p|.3.57| z | | "«12 MHi OH | — | M j r Q Variables

IRC Mira's _

OH/IR Stars

0.6 1.0
Izt ——— (kpc)

06 . 1.0
Izl — P . Ikpc)

Figure 8. z-distrlbution of OH masers in the solar neighbourhood.

p(z) * expt-3.57iz|] (16)

ilere z Is expressed in kpc, Implying a scaleheight of 280 pc. This is

somewhat smaller than the 314 pc for the classical Mira variables (see Wood

and Cahn, 1977), that are on the average Bomewhat older, and have shorter

periods «P> - 375 days) than the OH Mira's.

5.b2 Space density of 1612 MHz OH masers

There are four groups of objects that make up the space density of
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X612 MHz OH masers In the solar neighbourhood:

1) classical Mira variables

il) IRC Mira's, without visual counterparts

lii) OH/IR stars, at most Identified with AFGL sources

iv) one M-type supergiant

We will consider the number density In each group, and Its completeness

separately.

1) Wood and Gahn (WC, 1977) give the space density of Mira variables

as

p(z) - 245 exp[-3.18|s|] (kpc~3) (17)

leading to 464 Mlra's within r< 1 kpc, |z|< 1 kpc, over all periods.

Using the detection percentage for OH naser emission (section 5,a2) we

conclude there are 58 OH masers (1612 MHz) in this group stronger than the

chosen lower limit (S±nt > 0.4 10"
22«h~2). WC claim that their sample is

complete out to r-1.7 kpc and we will accept that in our calculations,

although we feel some reservation: stars could have been missed because

observers often work in limited areas, or because the variability has not

been recognised.

ii) There are 35 IRC Mira's with distances D < 1 kpc (i.e. K< 2?1)

with a colour index I-K > 6.0. All were observed for 1612 MHz maser

emission (Wilson and Barrett, 1972) and 5 (14.3%) were detected at our
-22 —2

completeness limit (S > 0.4 10 Wm ; 6 others were detected at lower
in m

levels). In the range 5.5< I-K < 6.0 there are 18 IRC Mira1 s with D < 1

kpc, none of which was observed at 1612 MHz. But WC have also 18

(classical) Mira variables in this (I-K) range of which ttao show maser

emission. Thus we conclude that among the unobserved IRC sources there will

be 2 masers. For I-K < 5?5 all IRC sources (of interest to us!) are

optically identified and included in WC's sample.

The IRC catalogue covers 77.2% of the sky (5 > -33"). Furthermore, in

selecting the IRC sample we used spherical coordinates instead of

cylindrical. Finally, we conclude that in the local neighbourhood

(5+2)̂ 'mj-J2 " 13.6 IRC masers exist, of which 5 are known at present.

ill) Already we found in the solar neighbourhood only six OH/IR stars

In Baud's survey (Baud et at., 1979), two of them identified with AFGL

sources. Baud's radio survey covered reasonably completely the area < • 0'-
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180', b = -4* to + 4". When we assume <U1> ~ 80 pc (the mean period of the

OH/IR stars Is ~ 1000 days) the completeness at r«l kpc is 61.3%. So we

conclude that 6 19.6 OH/IR stars exist, of which 6 are known at
0.613

present»

iv) There is one supergiant in the solar neighbourhood; NML Cyg (see

table 3). Its distance is rather controversial but our result seems to

support the most commonly adopted value of 500 pc (e.g. Hyland et al. ,

1972), but recently Morris and Jura (1983) argued that 2 kpc is more

likely, NML Cyg probably is a singular object and of no significance for

the statistics; the detection rate for OH emission from supergiant8 Is very

low (see e.g. Bowers, 197S).

A total of 92,2 1612 MHz OH masers with S. > 0.4 10~22 Wnf2 is found
int

(r <: 1 kpc, ja| < 1 kpc), or

1612
-3,53.9 exp[- 3.57|z|] (kpe~J) (18)

[i612HHï OH
1QO 1

30

Eio J

Q2

— Observed Distribution

U.4 0.6 0.8 1.0 1.2
r-^(kpc)

Figure 9. Number distribution of

1612 MHz OH masers within

projected distance, r.

This may be compared with the observed distribution (corrected for

incompleteness) in figure 9. The number of stars in each bin is small

(< 6), but It seems that the correction factor for the Mica variables is

somewhat too large for r £ 0.5 kpc, and somewhat too small for r ̂  0.5 kpc.

He suggest that this is the case, because observers have looked

preferentially at the optically brighter, more nearby stars, although the

detection probability remains virtually constant out to r = 1.2 kpc. For

the IRC Mira's, more homogeneously selected (see Wilson and Barrett, 1972),

such an effect Is not present. It may prove worthwile to search for 1612

MHz OH emission from weak Mira variables (my < 9?5 at max.) within 1.2 kpc.
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5,cl Luminosity function of OH masers (1612 MHz)

The distribution of all OH raaeers observed in the solar neighbourhood

(corrected for incompleteness) over the absolute (D-l kpc) integrated flux

densities (Llnt, expressed in 10"
10 L#) is shown in figure 10. To minimize

the influence of variability (for most sources unknown), and of statistical

errors the data were Hanning smoothed. The slope at the high luminosity end

is known from radio surveys. Vfe will adopt N(L) " L i n t as suggested by

Olnon (private communication), where N(L) denotes the number of sources in

an interval of tQ.15 around Log Lint« This relation has a somewhat steeper

slope than that of -1.65 used by Baud et at, (1981). Adjusting the curve at

the low luminosity end, we write (at z-0)

tog N « -0.477 Iflg2I<lnt + 0.706 Log L l Q t + 0.784 for Log Lln(. < 2.834 (19a)

Log N - -2 Log L l n t + 4.619 for Log Llnt > 2.834 (19b)

16

1.2

08

u
-0A

-as

-12

1612MHz OH Uuminoiity.Function at z * 0
ObMrvrt DMribution
Log N.-0.48 Log2L*071 LogU0.78

f N«L2

Figure 10. Luminosity

function for 1612 MHz OH

nasers in the solar

neighbourhood. L c is the

completeness limit.

-0.6 Q0 G8 1.8 24 3.6
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Note that the completeness limit, L £ = 0.95 1O~
1°L0, falls well below the

maximum in the luminosity function at Llnt =5.5 10~10 Lo. The decline at

the low luminosity end certainly Is real, because about 30 Mlra variables

with D < 0.4 kpc have been observed without detection (i.e. Log Llot <

-0.818), whereas the few sources at small distances that were detected have

fluxes well above the completeness limit. For a number of stars an even

more stringent upper limit was set for the (1612 MHz) maser emission in

programs with much better sensitivity (see e,g, Olnon et at. , 1980), The

two stars with low fluxes (RU Hya and U Or!, which was much stronger a few

years ago; see Jewell et al*, 1979, and chapter II, figure 9) therefore

have been included in the analysis.

From the luminosity function we predict 0.7 masers stronger than Log

Lint - 2.4 in the solar neighbourhood, and, apart from the singular object

NML Cyg, one (OH 26.5+0,6) is known. Out to r-2 kpc a total of 46.9 strong

(Log Llnt > 1.6) OH emitters is expected. As none of the IRC Mira's is that

strong, there are only 18 objects (all OH/IR stars; see table 2) known,

that satisfy these conditions. However, they correspond to a total number

of 47.2 after correcting for the incomplete sky coverage (0o<*<180°;

|b| <. 4'). Furthermore, of the IRC Mira's with 2?0 < K < 3m5 (or 0.96 <

D < 1.91 Kpc) 9.6% should be detectable above Log Llnt = 0.6. Wilson and

Barrett (1972) found 9 OH emitters out of 113 candidates (or 8%, see their

figure 25), in good agreement with the prediction (~ 11 sources),

10
N 431 GHz SiO 86.2 GHz SiO

rhhn
i i i i i i16 64 256 1024 4096 256 4096

L m ,—-no Wfn* kpc2)

—1667 MHz OH
— 1665 MHz OH

22.2 GHz H,0

-" A
010 0.40 160 640

Llnl—Hó"wm2l<pc

Figure 11. Luminosity

distribution of other masers

in the solar neighbourhood.

Lc is the completeness limit.

64 1024
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especially in view of the small numbers involved and the fact that Wilson

and Barrett may have missed a few sources because they were at their

minimum.

5.c2 Other masers

The luminosity distributions of the other masers in the solar

neighbourhood, the twin lines of OH at 1665 MHz, and at 1667 MHz,

the 6,, + 5 „ transition of H20 at 22.2 GHz, and the two transitions of SiO

in the first vibrational state (v-1) J-1+0 (43.1 GHz) and J-2+1 (86,2 GHz),

all have a maximum at their completeness limit (see figure 11). Clearly, a

lot more low luminosity objects still might be detected, and an extension

of more sensitive searches (e.g. Olnon et at,, 1980) to a larger and more

homogeneous data base is called for.

V,6 OH/IR stars as a galactic population

OH/IR stars can be seen (at 1612 MHz) out to very large distances; a

strong source such as OH 26.5+0.6 is detectable (> L -0.95 10 L ) out to

D"50 kpc. Furthermore, the distances to individual objects can be

determined very accurately when good radio light curves and maps of the

brightness distribution both are available, and reasonably well when the

variability only is known. Radial velocities we get directly from the radio

spectra. Therefore, OH/IR stars give valuable information on the structure

and on the kinematics of a stellar population throughout the Galaxy.

Because in our program we have limited ourselfs to the apparently stronger

sources (SQU * 4 Jy), probably somewhat more nearby objects were selected.

6.a Z-distribution for 1612 MHz OH masers.

In the solar neighbourhood we found (see table 4, and figure 13) a

dependence of the scaleheight on the expansion velocity, which can be written

as

Log <jz|> - -0.044 ve + 2.889 (20)
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where <|z|> is in pc when v6 is given in fans" , To analyse the z-distribution

at larger distances from the sun we delete objects with D < 2 kpc, because

Baud's survey (Baud et. at,, 1979) is for |b|,< 4". The sample was divided

into three bins, according to galacto centric distance R. We may write for the

density as function of z

p(z) - pn exp[4 i
ZKdZ] (21)n exp[ fK

O g£ D Z

z
where K, ts the force in the z-direction, and <s the velocity dispersion (see

Oort, 1965). Taking

dK
-4*Gm#(R) (22)

with m_,(R) the mass density (W pc ) in the plane, we find

) - PO(R) exp[-aZiE2] (23)

with

a(R) - o ' ^ a t t o (R)}* (24)

The mass density, ae(R) la given as function of R (in kpc) by

me(R) » 3.930 R"1 - 0.02489R (25)

(Schmidt, 1965: R̂  - 10 kpc). So, finally, we find a predicted value for the
mean z-distance

<izl>» - *i *-289 J , ".(*)•* (26)

For the moment we take Re - 10 kpc. Baud et at. (1981) found that the values

of o"n and dg, the velocity dispersions in the plane, are roughly the same (or

only slightly higher) for the ÖH/IR stars at R-5 kpc as for the same

population in the solar neighbourhood. Martinet and Mayer (1975) showed that

for various galactic mass models the ratio a /a is constant between R=5 kpc
Z 1»

and 15 kpc. So, we will assume that o is a constant for a given population
z

throughout the Galaxy, bearing in mind that it is likely to increase slightly
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towards the Inner parts of our Galaxy. Then, a decrease of <|z|> is expected

towards smaller values of R« For v = 15 kms we found a ~ 18.75 kms , or

<|z|> = 169 pc (equations 20 and 26) in the solar neighbourhood. Adjusting the

measured values of <J as |> (see table 5) at slightly differing <vg> to vg = 15

tons"1, the mean expansion velocity for all OH/IR stars, the expected decrease

of the mean z-distance is found indeed (see figure 12).
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Figure 12. Scale height, <lz)>, of

1612 MHz OH masers as function of R,

the galacto centric distance. The

drawn line Is the expected dependence

of <|z|> on R from a Schmidt mass

model and a constant velocity

dispersion, a ,

The measured <|z|> values lie somewhat lower than expected from equation (2:6).

ïhere are two reasons for this: in the first place even at a distance D°*3 kpc

(where b=4G corresponds to z=210 pc) still 10% of the total number of OH/IR

stars are, if the scaleheights inferred from equation (26) are right, outside

the observed area. And only one star at z=30G pc would increase the icsan in

the second bin to <|z|>s 90 pc. In the second place at larger distances,, i.e.

at on the average smaller R, we see the intrinsically stronger sources. If the

interstellar UV field indeed plays a role in determining the strength of a

maser, we might consequently underestimate the scaleheight. On the other hand

it seems likely that the strength (and height) of the ÜV field increases with

decreasing R, thus balancing this effect. The measured decrease for the

scaleheight of a factor 3, and the constancy of the velocity dispersions,

deduoed from fitting the observed A-v distribution (see Baud et at, , 1981),

certainly is real. It seems in contradiction with the assumption made by van

de Kruit and Searle (1981), that <lz|> is a constant for an entire galaxy

(implying that o* increases by a factor 10 over 5 scalelengths inward).

However, van de Kruit and Searle model the total, light distribution of a

galaxy, that is made up by different populations in differing regions, of a

galaxy. As was the case in the solar neighbourhood, the OH/IR stars with

smaller expansion velocities. ve, have a larger <lz|>, i.e. a higher velocity

dispersion (see table 5).
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(kpc) (tas"1) (pc) (pc) (tas ' )
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14.
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Again equation (26) ia used to compare the scaleheights ai the OH/IR stars,

measured at <R> * 7 kpc, with the values for the OH masers in the solar

Isneighbourhood. There Is good agreement (see figure 13), although <|z|>,

systematically somewhat smaller, especially for the group with vfi < 14 kms
meas.

S 10 , 15
V, •(kms'l

Figure 13. Scale height, <|z|>, of 1612 MHz

OR rausars as function of the shell expansion

velocity ve. Open circles are masers In the

solar neighbourhood, dots are OH/IR stars at

large distances. The drawn line is a least

squares fit for the local sources (equation

20).

As the galacto centric distance is largest for this group, the incompleteness

of Baud's survey nay account for this. If we Include the OH/IR stars in the

determination of the log < | * | > - ve relation, which was based on the small

sample of masers in the solar neighbourhood, equation (20) may be rewritten as

Log < | z | > - -0.060 v. + 3.009 (20')

6.b Space density of OH masers as function of galacto centric distance

The radial dependence of the density can be determined by fitting the

observed longitude distribution (see Baud et al*% 1981). Baud et at* used a
—4power law (p -* R ) but, although there is not much difference in the quality

of the fit, we wi?.l assume an exponential decrease of the density with R. This

is in better accord with current galaxy models (see Bahcall and Soneira,

1980), and it yields better agreement between the number densities measured at

R = 5 kpc and in the solar neighbourhood. Using Baud's programs that correct

for incompleteness and for differing sensitivities in different parts of the
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survey, the density distribution may be written as (see figure 14)

Figure 14, Distribution of the uH/lR

stars In Baud's survey (Baud et almt
1979) over the galactic longitude. Dots

are our fit (equations 27a and 27b).

TO " ra

p(R) - pQ expï-0,815 Rl

R
+7

for R > R^ - 3.9

f or R < RJJ

(27a)

(27b)

y jj requires that the coefficients p and p are
"6 3

Here we adopt RQ • 9,2 kpc, the radial dependence of the z-distribution as

described by equation (26) (for ve - 15 low"
1; the mean value for all OH/IR

stars), and the luminosity function as given by equations (19a) and (19b). The

shape of the steep decline at low galactic longitudes (equation 27b) is taken

to be that of laud «t al. (1981). Hote that the maximum of the distribution,

Rj! - 3.9 kpc, coincides with that of the molecular rii« (see Gordon and

Burton, 1976). Continuity at R j j

related by p{ - 2.96 10"
6 P o (kpc"

3).

6.c Synthesis

We aay combine the results from sections 5b, 5c, 6a, and 6b. Expressing
densities in kpc"3, al l length scales in kpc. luminosities in 10~10Le, and
velocities in taw"1, the density distribution of 1612 MHz OH aasers can be
written as

p(R,z,L) - 10%(L) expt-0.815 R] expl-ct|«|l for R> 3.9 kpc (28a)

- 0.30 *(L) R' exp[-a|z|] for R< 3.9 kpc (28b)

The distribution over the Integrated OH luminosity i s given by
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*(L) - -0.207 An2L + 0.706 AnL - 2.183 for AnL < 6.526 (29a)

« -2*nL + 6.648 forAnL» 6.526 (29b)

normalized in such a way that

1 (30)

where the completeness limit Lc - 0.95 10"10 L,, corresponding to Llnt - 0,4

l0~10Wnf2kpc2, Further

a(R,ve) - <|z.(ve) |> m^R)* (31)e)

where the scaleheight is given by (equations 20' and 31)

<|ze(ve)|> - 0.387 to"
0'060 ve (32)

and the mass distribution (in M^pc"3, following Schmidt, 1965)

m0(R) - 3.616 R"
1 -0,02705 R f or R < 9.2 kpc (33a)

- 1038.2 R~4 for R> 9.2 kpc (33b)

A total number of 59400 1612 MHz masers stronger than L„ is deduced for our

Galaxy (1.5 kpc < R < 14 kpc).

V.7 Properties of OH/IR stars

Up till here we have discussed almost solely the phenomenological aspect

of OH masers. But the measured quantities, such as luminosity, period,

expansion velocity of the shell etc., contain unique information on the

properties of the central star, and of the surrounding dust envelope. In this

section we will limit ourselves to those stars for which IR observations are

available (see chapter IV, table 4). It should be borne in mind that, where

the OH/IR stars in the Dvingeloo monitor program form a complete sample for

(harmonic mean) fluxes stronger than 4 Jy, the objects included in the UKIRT

program were selected rather arbitrarily. Throughout this section it will be
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assumed that the OH/IR stars are pulsating In the fundamental mode, and that

their composition Is solar: (X,Z) - (0,68, 0.02). All results are summarized

in tables 7 and 8 at the end of this section.

7.a Effective temperatures

Knowledge of the effective temperature, Teff, Is essential for the

determination of several stellar parameters (radius, mass, pulsation mode).-

Even for the classical Mira variables T g f f is very difficult to determine (see

e.g. Ridgeway et al.. 1980; or Feast, 1981), let alone for the OH/IR stars

where the central object is completely obscured, sometimes by as much as 100m

of visual absorption, We will use the mean luminosities (see chapter IV) and

assume that on the average the OH/IR stars lie on the asymptotic giant branch

(AGB). The locus of the AG8 In the HR diagram is given by (Fox and Wood, 1982)

Mbol " 3 8 ^ 8 Teff " 138*5 ( 3 4 )

It is derived by using the observed relation between ML ̂  and the colour index

[R-I] for old disk giant branch stars (Eggen, 1975), this relation can be

converted to a L*, Tef£ relation by adoption of the [R-I], Log Te£^ conversion

given by Bessel (1979), that is based on the effective temperature scale from

Ridgeway e£ a%% (1980). For the two Mira variables in our sample (WX Ser and

RS Vir) the assumption of fundamental mode pulsation might be in error (<*ƒ.

Robertson and Feast, 1981; Glass and Feast, 1981). Furthermore note that, if

the temperature scale of Johnson (1966) and Lee (1970) is used, a different

definition t?f the AGB is found.

With the temperatures found from equation (34) the stellar radii can be

calculated using the standard definition

* (35)

Typical values are T e f f = 3100 K, and R* a 500 RQ (see table 7). Later

(section 7.g), we shall see that the effective temperatures derived in this

way probably are ~ 10% coo high, and hence the radii ~ 20% too small.
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7.b Pulsation masses

The pulsation 'constant' , Q, is defined as

(36)

Fox and Wood (1982) have calculated pulsation 'constants', that vary slowly

with period, for various pulsation modes, and abundances. They find for stars

pulsating in the fundamental mode (solar abundance)

M R
J i 2.5 Log-r^- 1.25 Log P - 2.769 for J U 2 (37a)

Log •*— - 2.651 Log~-1.205 Log P -3.246 f or - > 2 (37b)

As we know the periods (P) from the Dwingeloo monitor program (chapter II,

table 2), and the radii (R*) the pulsation masses, M_u^, can be determined.

M_ul is the present mass of the star and it should be less (in view of the

large mass loss rates) than the initial main-sequence mass. Although the use

of equations (37a) and (37b) is an uncontroled extrapolation (pulsation

constants have only been determined for stars with P < 1000 days), It is

reassuring that generally the pulsation mass is found to be smaller than the

main-sequence mass, and larger than the core mass. Note that an uncertainty

of ~ 10% in the effective temperature leads to errors up to 60% in M_uj_.

7.c Main-sequence masses

Although these stars left the zero age main-sequence (ZAMS) ~ 10 yr ago

and lost a considerable fraction of their mass in the subsequent evolution,

still their initial masses can be reasonably estimated. There are three

different ways to do so: one is based on the Initial core mass (Iben and

Truran, 1978), the other two methods use the observed expansion velocity of

the shell (Olnon, 1981; Baud and Habing, 1983).

7.cl Iben and Truran

Theory predicts (Iben and Truran, 1978) that the ZAMS mass of a star

determines the initial core mass, Mco at the moment when hydrogen is reignited
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(38)

where M o is in Mg. Using the Paczynski relation between core mass and

luminosity (see section 7.d) we derive McC, the core mass after some time t on

the AGB. Because the core mass is slowly growing (Iben, 1981; section 7.d)

ZAMS masses found by using McC are slightly overestimated.

7,c2 Olnon

At large distances from the star the expansion velocity of the

circumstellar envelope is constant. The driving force of the flow, radiation

pressure on the dust grains, is balanced by the gravitational and the drag

forces, Olnon (1981) writes for the expansion velocity

£ H * ̂  "'H"}"1} (39>
where Cj and C2 are constants, whose values depend on the properties of the

dust grains. For grains composed of dirty silicates (Jones and Merrill, 1976;

Bedijn, 1977) the best values become Cj - 150 and C2 - 4, giving ve in tens"
1.

This leads to

whore Md n is in M^, when L* is in 10
4 LQ and ve in kms"

1. Although here ve is

the expansion velocity of the dust grains, we use for v the expansion

velocities of the gas, as measured from the single-dish radio spectra (see

chapter II, t&ble 2). Because the drift velocity of the grains through the gas

can be very large (see ftrok, 1975) the dynamical mass found is overestimated.

On the other hand in Olnons simple nodel the velocity the grains initially

have at their condensation point is neglected, and furthermore the dynamical

mass, i.e. the total mass within the radius where the outflow velocity becomes

constant, is a lower limit to the ZAMS «ass.

7.c3 Baud and Habing

In sections 5.bl and 6.a it was found that the expansion velocity of
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the OH shell, v , is correlated with the scaleheight above the galactic

plane, i.e. with population age (of' Baud et aU, 1981). The stars with

larger v have a smaller mean z-distance, and consequently are increasingly

more massive and younger. Baud and Habing (1983) interpreted the decrease

of the number of sources with large expansion velocities (vg > 15 kms" ) as

the reflection of the initial mass function (see Miller and Scalo, 1979).

They find

(^) «(ve-8)/16

where v is in kms"1. For several reasons (their effective temperatures are

lower, their minimum OH luminosity and mass loss rates are higher than

assumed here) this yields an underestimate of the ZAMS mass for low-mass,

and an ouenestimate for high-mase stars.

In the further calculations we will assume that the initial main

sequence mass is given by

T (MZAMS + Mdyn + \J • (42)

the mean of the three different methods. The mean value, M^, may be used

to derive a better form of the Baud and Habing relation (41). Then we find

Log ( ^ = (ve - 8.8)/12.3 (41')

In table 6 the M ^ , derived for three groups of OH/IR stars, and the

scaleheights (equation 20') are compared with the values as they are known

for main-sequence stars in the solar neighbourhood.

Table 6

Objects

0 - B5

88 - A5

F

dG

dK

dH

^AU.n.
2)
Blaauv.

Mais')

(Me)

40-7

4-2

1.5

1.0

0.7

0.3

1976

1965

(PC)

50
70

130

180

270

270

1

II
III

OH/IR III»

group

ve > 18

11 < v < IB

v < IS
E

do»-')

21

17

12

M.i

8

5

1.6

(pc)

56

97

194
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The comparison of the scaleheights provides us with an independent check on

the determination of the main-sequence masses. The progenitors of most

OH/IR stars (the ve distribution peaks sharply at 15 kms**
1) are B5-F stars.

A good example is OH 26.5+0.6 with MAi = 2.8 M^. Most OH Mira variables,

with v < 10 kms~* in general, are the end products of F and dG stars. Very

few massive stars (MAi > 10 \) are found. OH 21=5+0.5, for which MAj. = 33

M , is one and the supergiant HML Cygni (not included in the UKIRT program)

is another. It is probably as massive as 50 M^ (see Morris and Jura, 1983).

7.d Mass of the stellar cores

7.dl Present core mass

The core mass of the stars at their present stage in evolution may be

derived from the luminosity, using the theoretical Pacgynski relation

(Faczynskl, 1970) for double-shell burning AGB stars

M
= 5.925 {(-[£•) -0.495} (43)

where we use the mean luminosities, as found in chapter IV (table 4). Only

two stars in our sample (OH 21.5+0.5 and OH 32.8-0.3) have core masses well

above the Chandrasekhar limit (M = 1.4 M ), all the others have M < 1 M..

c • c *" •
The mean value is <M„J> • 0.623 M̂  with a standard deviation of 0.16 M„.

CL 9 O

7.d2 Initial core mass

When we take the average value of the ZAMS mass from the three

different methods described above, we may use equation (38) to derive the

initial core mass, Mco. In all cases we find that Mco < Mct by an amount of

£ 0.06 M#. The rate of growth for the core mass during tbs thermal pulse

phase is given by (Iben, 1981)

ftc-^-{(^) -0.5} (44)

where X » 0.68 as before. This enables us to estimate the time spent until

now on the AGB: t^jg. The duration of the thermal pulse phase is found to

be ~ 6 105 yr for the low mass stars (small v ) down to ~ 2 105 yr for the
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more massive objects. Theoretical calculations by Becker and Iben (1979)

indicate that the time from the start of the AGB phase until the onset of

pulsation is roughly of the same order (their abundances are different, but

for the most similar values (X,Z)=(0.71,0.01) they find ~ 6.7 105 yr for

M*i=5 V an<1 !«8 1Q5 vr for M*i=7 M»>« T*1*11 CAGB becomes ~ 1-2 ! ° 6 yr for

M*t - 1.6 Ms, down to ~ 5.105 yr for MAi =* 8 Me. Despite the large

uncertainties in this calculation, this provides strong support for the

hypothesis of Renzini and Voli (1981) that tAGB is of the order of one

million years, Irrespective of the initial mass (for ~ 1 < M*J < -* 8).

Furthermore, our values of the AGB life time are long enough for the third

dredge-up process to occur, that the theoreticians need to explain the

envelope composition of planetary nebulae and the number of carbon stars

(see Iben en Truran, 1978; Iben, 1981), Note that tAQB is not the total

life time on the AGB yet. Especially for the more massive stars M_ul »
Mct* an<* although the present mass loss rates are extremely high (see

section 7,e), they can stay on the AGB for another £ 10 yr.

7.e Mass loss rates

7.el ft based on infrared observations

For a mass outflow driven by radiation pressure on the dust grains we

may write (see Elitzur, 1981; Knapp et at., 1982)

H - -2.67 IQ"5 £f)Hr-)( % i)"1 Me yr"
1 (45)

c l(TLe 15 kms l e

where t^ is the optical depth corresponding to the dust response to

radiation pressure. Following Werner et al* (1980) we choose T • 2,

probably a slight untfeT-estimate for the OH/IR stars with the thickest

envelopes.

7.e2 A based on radio observations

In section 4.a we found that the OH masers have a nearly constant

surface brightness (LQH ~ RpH). Baud and Habing (1983) use this result, and

assuming a constant mass outflow they derive
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ft = -1.77 ICf7 (46)

• -2.65 10"5 (--
OH -1

15 Ions 100 Jy kpc

The constant Is determined by assuming a mi.nimm OH column density needed

for a saturated maser to operate (see Elitzur et al., 1976), consequently

Overestimating the mass loss rate (see figure 15) . When we consider ^ C
A G B

we find that, if the mass loss rate had been constant during the time spent

on the AGB, more than 10 Me would have been ejected, i,e. more than M̂ ,.!

Thus it is clear that the high mass loss rates can occur only during a

small fraction of tAGJj.

31Q'I

f w w Sr

Figure 15. Comparison of the mass loss

rates as determined from the stellar

luminosity, ftTD, and from the OH

luminosity, ft . Open circles are Mira
UH

variables, dots 0H/IR stars.

7.e3 Reimers formula

The Reimers formula (Reimers, 1975; Kudritzki and Reimers, 1978), that

is valid for ordinary red giants, gives us an impression of the mass loss

rate at the beginning of the evolution along the AGB.

10\
&-1 Mvr-1 (47)

where the correct value of t] (one usually assumes 1/3 < r\ < 1) is still

subject of discussions (see Reitzini, 1981a). Choosing t)=l we calculate

ftj^ with the mean ZAMS mass, and the luminosity and radius at the start of

the AGB ascent (inferred from the initial core mass), yielding values of

10~' to 10~6 M^yr"1. It should be noted that, even when we take into

account a possible enhancement of ft by a factor 2.8 due to helium flashes
R
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(duration ~ 600 yr and 0.15 increase of Log L*: Wood, 1981; recurrent

over ~ 3000 yr for Mc = 0,9 M^: Iben, 1981), \*AGB < °>3 Me»
 also in

contradiction with our findings (total mass lost is MAi - M p u l ) . So, either

the mass loss rate increased steadily during the evolution, or else it

changed almost instantaneously by a factor 100 to its present value,

7.f Envelope mass and time scales

Under the assumption that prior to the AGB phase hardly any mass Is

lost, we found already (section 7.d2) the time a star has spent so far on

the AGB: tAGfi, Now first consider the case where the mass loss rate

increases steadily during the evolution. Write

fl(t) « 5 ^ exp[ctt] (48)

such that at t-0 the mass loss rate is given by the Reimers formula, and at

by the present, observed values. This defines a time scale a in

which ft increases by a factor e. Typically a i s 0.2-0.25

corresponding to an increase of A with a factor 100. Then we find (at
t-tAGB>

Mlost " I AGB" fl(t)dt = 'a~1 \ lexp[<X ^GB 1 ~l* <49)

This mass might be compared with the 'observed' envelope mass; the initial

minus the present stellar mass

Menv 5 M*l " Mpul ( 5 0 )

With this procedure we find M^OBt
 a 2 Mg J Therefore, it seems better to

assume that the mass loss rate remains nearly constant (tL.) during the

first part of the AGB evolution and starts growing, according to equation

(47), at the onset of the thermal pulses. The new time scale a" - \a~ ,

because the length of the phases before and after the start of pulsations

was taken to be the same. For our total sample the mean values, using

equation (49) with <Xn and tQ - itAgB, and adding the (small) amount of mass

lost before tQ, become MIogt - 2.89 Me, and M e n v = 2.79 Me. The residual

nass (Mpul - M c t ) , combined with equation (48), gives an impression how

143



long It will take before the star comes down to Its bare core, the remnant

that is the central object of a planetary nebula (e/. the mass distribution

for PN nuclei from Schönberner and Weidemann, 1981 and 1983), This time is

found to be ̂  2 10* yr. Implying that these stars are seen in the very last

stage of their AGB life (< 10%). Because the transition time from the tip

of the AGB to a visible PN is of the same order (see section 7,g), a

reasonable fraction of objects, especially the ones with the highest mass

loss rates, might be expected to be in a transition state between AGB and

PN. However, a search for 6 cm continuum emission from a small, ionized

region around these stars was unsuccessful (see appendix D). Further we may

estimate, using equations (48) and (46) for a minimum OH luminosity of 0.4

Jy kpc2, what fraction of its AGB life a star is active as an OH maser.

Limiting ourselves to the stars with small expansion velocities (vg < 15

kms~l) we find this fraction to be ~ 28%, or ~ 55% of the phase in which

the star is pulsating (t , = ^AGB^* T h e a v e r a 8 e ZAMS mass of this sample

• 1.6 M ) probably is higher than the Initial mass of a classical

Mira (£ 1 M ). Even when we correct for this difference, we still find at

least an active phase of ~ 0.25 *._ui» a discrepancy of a factor 2 with the

observed percentage of OH Mira'8 (~ 12.5%, see section 5.a2). The fact that

only one object (VY 2-2. see appendix D) is known that appears to be in the

transition state between AGB and PN, and that the actual detection

probability for Mira variables is at least a factor 2 lower than the

prediction, present two severe drawbacks to the hypothesis that the mass

loss rate is steadily growing during the thermal pulse rate.

The other possibility is that the mass loss rate remains virtually

constant during the largest fraction of the time on the AGB, but increases

in a very short time interval by a factor of 100. Wood et aim (1983)

suggest this might be caused by a switch in pulsation mode. The Reimers

equation (47), combined with the observed present mass loss rate and the

envelope mass (equation 50), then gives the length of the OH phase (i.e.

the 'superwind' phase of Renzini, 1981b).

At0H * KM,V + «R l

(Remember that ft and *L < 0). At__, is found to be ~ 5 10* yr, almost the
K On

same for all stars in our sample (a selection effect, because the OH

completeness limit shifts to higher values for larger expansion
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velocities'). Thus we find a duration of the OH phase ranging from At ~

0.1 t ^ for the smallest ve to AtQH "0.3 t , for the objects with the

largest expansion velocities, in good agreement with the derived detection

probabilities (~ 12,5% for the classical Mira's, section 5.a2: -* 15% for

the IRC Mira's, section 5,cl). A problem here is that over 70% of the

pulsation phase the more massive stars should be optically visible (low

mass loss rate, first overtone pulsation). But there is no galactic

counterpart to the so-called Shapley-Nail variables, as seen in the Small

Magellanic Cloud. These are massive (~ 5 M#) and luminous (-7m < Mbo^ <

-6m) long period variables with large amplitudes (see Feast, 1981), a

complete equivalent of the more massive OH/IR stars, except that the

Shapley-Nail variables have low mass loss rates and periods (500-800 days)

about half as long as the periods of OH/IR stars (1000-2000 days) Just as

expected if they pulsate in the first overtone and OH/IR stars in the

fundamental mode. If our theory is correct, there should be about 30 of

these objects in the solar neighbourhood. A possible solution is that in

our Galaxy the Shapley-Nail variables show up as irregulars or semi-

regulars with small amplitudes. It has been suggested (Feast, 1981),

because they are not found in the Large Magellanic Cloud either, that the

temperature at which large amplitude instability sets in is a function of

chemical composition in this mass range.

The observed expansion velocity, vg, and the OH radius, RQH, define a

dynamical time scale

10 cm 15 kms
(«2)

that is quite small. Notice that when the central star becomes hot enough

to ionize its surroundings, yielding a typical size of the planetary nebula

of ~ 0.1 pc, the amount of material within this ionizatlon radius (based on

the present mass loss rate) is 0.1-0.2 Mft (cf* Pottasch, 1981). This

implies that the transition time from AGB to PN must be short (£ 5 103 yr).

The ionized mass of a PN represents only < 10% of the mass that is lost

during the total AGB life time. For NGC 7027 the estimated mass of the

molecular envelope is ~ 5 M#, compared to 0.5 M for the ionized mass (see

Terzlan, 1983). When the expansion velocity remained roughly constant

during the evolution, as it should be because the luminosity does not

change too much, around the planetaries with the more massive nulcei (0.7-1
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M ) there Is a huge (out to « 10** cm) envelope of neutral material. The

density Is ~ 7 10~22 gem™2 at the ianization front, falling off to

~ 6 ZO"^5 gem"3 at the outer edge. In a number of cases (Terzian, 1980)

this envelope Is visible as a faint halo, or second shell, probably due to

ram pressure of the interstellar medium, confining the envelope to ~ I pc.

Giant halo's around PN should be common, and recent results seem to

indicate this is indeed the case (see Terzian, 1983). Near infrared

observations ot molecular hydrogen in the most massive (nearby)

PN, >.—21 cm absorption raeaurements (Rodriguez and Moran, 1982 detected a HZ

envelope around NGC 6302), or extinction measurements over an extent ~ 10

times the nebula 'radius' should be rewarding,

7.g Results and discussion

Although we calculated the stellar parameters for each individual

object, here we present only average values, "a dangerous concept, because

the AGB and post-AGB phases of intermediate mass stars may qualitatively be

alike, they actually are quantitatively extremely different" (Renzini,

1981b). However, for only a few stars really accurate distances are known

(see table 2), for most the uncertainties are ~ 30%. Three typical,

individual cases (a Mira variable, a nominal OH/lR star, and a 'supergiant'

0H/IR star), for which we have reliable distances and information on the

variability of the luminosity, will be considered in section 7,h. A

discussion of more individual cases will be postponed until more

'geometric' distances have been measured. The stars are divided into three

groups according to their expansion velocity, i.e. population age.

In lines 1 to 7 observed quantities can be found, v is the expansion

velocity of the OH shell and LQ H IS the harmonic mean of the two strongest

peaks in the OH line profile. The periods are from the radio light curves.

The luminosity, L*. is the mean over a period and corrected for

interstellar extinction. In each group there is a considerable spread

around the mean values: see for the distribution of PR, L0H, and R0H

chapter II (figures 12 and 19, table 3), and for the distribution over L*

chapter IV (figure 13). The two Mira variables in the sample (WX Ser and RS

Vir) are in the first group, as are the two OH/IR stars that show no, or

hardly any, variation (OH 17.7-2.0 and OH 31.0-0.2). Thus the Idea is

strengthened that these non-variable OH/IR stars are (relatively) low mass,
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low luminosity stars, undeiQiillU) |!UHO>H.>L , enormous mass loss as judged from

the**.- öK luminosity anil their colour temperature (energy maximum

for X > 20 Hm), OH 17,7-2.0 and OH 31.0-0,2 probably are the most evolved

objects in group I.
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Chapter II, Cable 2. Expansion velocity.

Id, Harnenic mean OH flux.

Id. Integrated OH flux.

Id., cable 4. Radiua of OH shell.

Id. Radio period.

Chapter IV, tabla 4. Luainoaicy.

This chapter, section 7.a.

Revised value. See cext.

Revised value. See text.

Section 7.d2. C o n mass at onset of pulsation.

Section 7.dl. Present c o n maas.

Section 7.b. Present stellar mass.

Revised value. See text.

Section 7.c2.

Section 7.cl.

Section 7.c3.

(lean ZAMS mass (16.17 and 18).
Section 7.el. Based on IR data.

Section 7.e2, Based on radio data.

Section 7.el. Reimera wind.

M . i - M p u l ( U > -
Section 7.d2. Pulse phase = J tACg

Section 7.f. Tine scale if R increases steadily.

Section 7.f. Length of OH (superwind) phase if ft
changes ad hoc.

Section 7.f. Rnu/v •

In group II ai:d III there are two stars (OH 21.5+0.5 and OH 32.8-0.3) with

luminosities well above the AGB limit: L* > 5.4 10 L0 corresponding to the

Chandrasekhar limit Mc > 1.4 M# (see e.g. Renzlni, 1981b). For these stars

carbon is ignited in the C-0 core, and a supernova explosion probably

terminates their evolution. Putting in the total number of OH masers, and

the mean length of the pulsation phase (i tAGB) we predict one supernova

rexplosion in 125 yr. Usually, one assumes a SN rate of 25 yr (uncertain
by a factor 2; see for a review Tammann, 1974) in our Galaxy, a factor 5
larger. The actual difference will s t i l l be larger, because in our UKIRT
sample there is a selection effect towards stronger OH emitters (better
positions). This i s compatible with the fact that only a small fraction of
the supergiants has an OH maser (see Bowers, 1975). Most likely, these
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stars dredged up so much carbon that C/0 > 1 by the time their envelopes

are thick enough to produce a maser, and they appear as carbon stars such

as IRG+1Q216. Ihey seem, therefore, the best candidates to look for maser

emission from carbon molecules, e.g. from CS»

All parameters listed in lines 8 to 27 have been derived directly, or

indirectly from the measured quantities. The effective temperatures as

found in section 7,a (line 8) are probably too high for the following

reason. Becker and Iben (1979) find for intermediate mass stars

(3 < M#. <[ 7 M ) that the asymptotic giant branches do not coincide, but

lie parallel in the Log I*, Log Teff plane for stars with different initial

mass. They derive (their equation 1) Log Tejf * 0.120 Log (M*/7), in other

words stars with a lower mass, but with the same luminosity and chemical

composition, will have a lower effective temperature. Because of the

enormous mass loss rate (not Included in their models), a star will deviate

from its original Hayashi track (say that of a 5 M# star) towards the red

(e.g. the track of a 3 H( star. See de Jong, 1983; Renzini 1983). We may

use Becker and Iben's equation (1), with our abundances and slightly

adjusted to our temperature scale, to derive a new value of T e« by putting

in the present stellar mass (M_ul, line 14), Instead of Mfti. Then a better

value for the radius (section 7a) and for the pulsation mass, Mpul (section

7,b) is found. This process may be repeated, and the values of Teff, R*,

and M ^ are found to converge very rapidly. The revised values are listed

in lines 9, 11, and 15. The- effect is largest for group I, because here

already ~ 75% of the initial mass has been ejected, compared to ~ 40% in

the other groups. This is no suprise, because the stars in group I are seen

as OH maser only during the last 10% of the thermal pulse phase. Important

to note from table 7 is that Mct < M j_ (it) < M^, except for the

pulsation mass of group I, that is 0.05 Mft smaller than Mc(.. As the two

Mira variables are in this group (maybe a different pulsation mode is

applicable for them), this presents strong support for a) fundamental mode

pulsation and b) for the occurence of extremely large mass losses during

(part of) the AGB evolution. Up to 75% of the initial main-sequence mass

has been ejected already when we observe them as OH/IR stars.

It might be asked if all these stars will eventually show up as

planetary nebulae. The necessary condition to get an observable PN is that

the transition time, tra (the time needed for the remnant central star to

become hot enough to illuminate the envelope), is smaller than the
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expansion time of the nebula, that is typically 5.10J yr (of. tdyn, line

27). Iben and Renzini (1982) give »:he following expression for tTR

(53)

where MREg is the residual stellar envelope mass at the moment that the

superwind ceases and the star starts evolving to the blue leaving the AGB.

Muwo M is the envelope mass when the star reaches T o f f - 30 000 K, and M «

the core mass at that moment. As the superwind stops, probably the Reimers

wind takes over once more. Then equation (53), neglecting Mp„o M, can be

approximated by (see Renzini, 1981b)

yr (54)

We may speculate that if the superwind is started by the onset of

fundamental mode pulsation, it will stop again when the pulsation ceases,

or the period becomes too long. Assuming that the cut-off occurs at the

longest periods observed for these stars in the Dwingeloo monitor program

(Pmax - 2000 days), the core masses (from M /& and equation 44), the

pulsation masses (equations 43, 34, 35, and 37a), ana hence the residual

envelope masses can be calculated. We find MggS < 0.02 Ms for group

I, ~ 0.1 M9 for group II, and ~ 0.8 Mft for group III. These values are at

least a factor 10 higher than expected by theory (Renzini, 1983), but an

increase of only 10% in the cut-off period yields differences of a factor 2

(group II) to 10 (group I) in MREg! Combined with the Reimers formula at

that moment the transition times are found to be « 1.9 10 yr for group I,

< 1.2 10 for group II, and ~ 9.7 10 yr for group III. We may conclude,

although the uncertainties are large, that virtually all stars in group I,

a reasonable fraction (~ 50%?) of the stars in group II, and almost none of

group III, will be visible as a planetary nebula. This means that PN have

progenitors with main sequence masses predominantly in the range 2-5 M_.

The observed narrow mass distribution for the central stars of PN, and the

much wider distribution for white dwarfs (see Schönberner and Weidemann,

1983) is in good agreement with this. We predict a birth rate of PN

of ~ ^ 59400/4 10 = 0.8 yr" . With a canonical nebular lifetime of

- 3 104 yr this leads to 24000 planetaries in our Galaxy (of. the review

of Terzian, 1983, who quotes ~ 1 yr"1 and a total of 28000). A considerable
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fraction of PN has once been active as an OH maser, thus having an oxygen

rich envelope. Maybe the last dredge up causes the final change of C/0 < 1

to C/0 > 1 in the envelopes. If that is the case a gradient of the C/0

ratio should be observable through the envelope. Anyhow, abundances are

difficult to determine in themselves, and it is therefore reassuring that a

large fraction of PN still has a C/0 < 1 (see Kaler, 1983). For Sw St 1,

possibly a very young PN, Cohen et at. (1983) found C/0 = 0.5.

Finally, the space distribution and kinematics of OH/IR stars with

small expansion velocities (ve < 15 kms ) are consistent with that of

planetary nebulae (see Baud et at», 1981: also sections 5.bl and 6,a). The

only major difference is the maximum in the space density of OH/IR stars at

R-3.9 kpc (see section 6.b), not present in the distribution of PN. This is

naturally explained when one assumes that the same type of objects is

normally present within the radius of the molecular ring, but due to the

lack of UV photons, necessary for the photodissociation of ^ 0 into OH, do

not show up as Oh/IR stars.

7.h Individual cases

In this section results are presented for three individual stars: WX

Ser, a classical Mir a variable, OH 26.5+0.6, a nominal OH/IR star

identified with the infrared source AFGL 2205, and OH 21.5+0.5, a

supergiant OH/IR star. For the two OH/IR stars geometric distances (< 10%)

are available. In *:able 8 almost the same quantities as in table 7 are

listed, but here an estimate of the accuracy for each of them is given

also. The listed uncertainties are the formal errors; actually, the true

values might deviate more than this. For instance, the period of OH

21.5+0.5 is, due to its extreme length (> 5 yr), not well established yet,

because we did not cover a full cycle in the Dwingeloo monitor program (see

appendix B, figure 30). This implies a larger uncertainty in the mean OH

luminosity (line 3), as well as in the mean stellar luminosity (line 6).

The variation of L* still is very poorly known (three or four measurements

only; see chapter IV) and the mean bolometric magnitude therefore is based

primarily on the known variations in the radio. Furthermore, we had to

apply a considerable correction (~ 25%) for the unobserved part of the

energy distribution (\ > 20 Jim). Finally, OH 21.5+0.5 is far away and the

interstellar extinction consequently large, leading to a correction
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of -* 0™75 in the bolometric magnitude. Errors in the mean luminosity have

consequences for almost all derived quantities. The listed Teff, R*, and

M i are the iterated values, corrected for mass loss during the thermal

pulse phase, as described in the previous section.
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0
1
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Note that M t < M ^ ̂  M*i for all three stars. The measured expansion

velocity of OH 21.5+0.5 is much lower than that for optically identified

supergiants (25-35 kms ) probably meaning that in this star the drift

velocity of the dust grains through the gas is large. Consequently, the

value of Md (see section 7.c2) is too large, and of My (see section

7.c3) much too small. In this case we adopted for M*^ the Iben and Truran

value (see section 7.cl). The huge envelope mass (> 5 M ) around OH

21.5+0.5, lost in only ~ 2 105 yr, is compatible with the fact that

optically identified OH supergiants (such as NML Cyg and VY CMa) are

embedded in a 'molecular cloud' (see e.g. Herbig, 1969; Morris and Jura,

1983), sometimes even leading to the speculation that these objects are

still in statu naeaendi. The masses within R,
OH»

i.e. fit, , are much
dyn

smaller than Menv, the total mass lost. Determination of the sizes of the

dust shells for the more nearby objects (lunar occultation, speckle

interferometry, IR scanning) at various infrared wavelengths
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(preferentially at X > 20 Hm!) may confirm the presence of an extended

halo (~ 1 pc) around them. Lunar occultation experiments for IRC+10011

(Zappala et al,, 1974), and IR scanning for OH 26.5+0.6 (Baud, private

communication) revealed diameters in the near infrared already comparable

with the OH diameters, T.n line 23 the time is given that each star still

has to spend on the AGB, provided the mass loss rate remains constant

(At =*{M , - M } /ft). At , + At then is the total time the stars are
cat pul et OH cat

active as OH masers; it is also the length of the superwind phase. For WX

Ser this is only a small fraction (~ 3%) of the length of the thermal pulse

phase, and for OH 26,5+0.6 a somewhat larger part (~ 15%). The time scales

for OH 21.5+0.5 are highly uncertain; probably it will explode as a

supernova (long) before its steady superwind has blown away the residual

stellar mass (Mpul - M c t ) .

V.8 Conclusion and suggestions for future work

OH/IR stars are found to have intermediate main-sequence masses (1MQ <

M*£ < 10 M e), with the majority in the range 2-5 Me. A small percentage has

very massive progenitors (> 10 M e), finally producing supernovae. The

number of OH/IR stars with low masses (M^ < 2Me) is also relatively small,

not because stars in this mass range are rare but because the duration of

their superwind is short. They are seen as strong OH emitters during the

last 5% of their AGB lives only. The kinematics and galactic distribution

of OH/IR stars are in good agreement with that of their progenitors, as

well as with that of their end products: planetary nebulae. About 55% of

them will eventually show up as a planetary nebulae, the others produce so-

called lazy PN; their envelopes will be dissipated before the central star

becomes hot enough to illuminate the shell. Up to 75% of their initial mass

can be lost during the superwind phase, thus producing giant 'halos' around

the final PN. A total number of 59400 1612 MHz OH masers stronger than 0.95

10 LA is predicted to exist in our Galaxy.

By the combination of time variability, radio data, and infrared

observations many basic stellar parameters could be derived, as well as

properties of the circumstellar shells. Very accurate, geometric distances

(~ 10%) are available for a few stars only; for them we obtained a

complete and consistent description of their Intrinsic properties.

Observations of the angular extents of the envelopes (e.g. with the VLA, or
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with MERLIN) should Increase the number of stars with accurately known

distances, and enable an analysis of each individual object. For a better

estimate of the mean luminosities these sources must be observed regularly

in the infrared. Furthermore, to remove the uncertain correction for the

energy emitted at long wavelengths (X > 20 p.m), observations, that will be

provided by IRAS, are essential. Finally, for a numbev of OH/IR stars a

better coverage of the radio light curves, that are still very incomplete

for the longest periods (see appendix B), is needed to improve the periods,

amplitudes, and above all the phase lag radii. The increase of the number

of sources with well known geometric distances, and eventually an extension

of tha program to lower OH luminosities, including more distant stars,

gives an unique possibility to study the stellar density distribution of

our Galaxy, and to establish a very accurate distance scale. In the near

future this may yield even distances to nearby galaxies: for M31 a monitor

with a lo of ~ 1 mjy and VLBI experiments with a resolution of ~ 0V01 and

the same sensitivity are needed.
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Appendix A

Simplified model for maser emission from a circumstellar shell

Assumptions

i) A R « R Q, or

Justifications

« 1. Thin OH shellSee chapter III, section 3c, where

we found that AR < 0.2 R

11) The shell expands uniformly with See chapter I I I , section 3b, See

a constant velocity vp also chapter V, section 2

111) The radial velocity differential Velocity coherence is required (see

across A is equal to the Doppler width Cook, 1968)

iv'j The roasers are saturated and See chapter II, section 6a

radiatively coupled to the central star

v) The central stars vary sinusoldally See chapter II, sections 6a and 6c

vi) The densities in the shell are See chapter III, sections 3c and 5

proportional to R

Figure 1. Geometry of a thin OH she l l . It has spherical symmetry and

expands with a constant velocity, vf i.

We may write

= v (LSR) (1)

and

v(t|>) = -v cose (2)
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where we choose v(<l>) < 0 for - ~ < <1> < ̂ . Following Reid et at. (1977) we

write for the pathlength along the line of sight

In the direct ion of the s tar M^o, «l̂ iO we ass> Tie that Jt^R; for other

d i rec t ions A i s l imited by Acp. The Doppler width i s given by ( i i i )

v , = "STT A<1* = v AiJ> sin <|i (4)
d * 04) I e

Combining equations (2), (3), and (4) yields

R(v./v )
r) * e , (5)

)

valid for | v(<|>) \ < v - 6, where 6 « v (typically 6 - 0.01 - 0.1 tans"1 for
e e

OH masers. See chapter II, figure 14), but 6*0. The equation of line

transfer is

S
where A and B are the Einstein coefficients (as defined by Mihalas, 1978),

and no and n, are the number densities of OH molecules in the upper and

lower state of the maser transition. The (normalized) profile function is

assumed to be the same for emission and absorption

2
(v-v )

For saturated OH masers, where the effects of line narrowing are negligible

*v * AvT (8)
d

with Avd the thermal line width. Assuming that collisions are unimportant
and that spontaneous emission is negligible, we find in the steady state
approximation (dnj/dt = dnj/dt = 0) for a eatlivated maser (see ter Haar and
Pelling, 1974; Goldreich and Keeley, 1972)

dl = a I dH (9)
s
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where a(cm" ) is defined as

5

Here i w is the number density in the masing states (nj+^K which is

approximately the total OH density. Defining Rpump (s"1) as the net

population transfer from the lower into the upper masing level

T Pun?P (11)T ? (11)
*•* (1+ gj/g^P U 1 '

with gj and g2 the statistical weights (gj=5, g2=3 for the 1612 MHz

transition) and

where Q is the solid angle into which the stimulated radiation is emitted.
s

The population Inversion (An = n -n ) for a saturated maser i s given by

The total OH peak flux density, measured at a distance D from the

star, is denoted by the symbol Sy as is common in radio astronomy. Sv is

made up by contributions from a ring in the shell at constant (projected)

velocity

2u

D2 Sv(Ro,v) = ƒ dR ƒ Rd* ƒ R sin* d9 [^ B nQH(R) -^ff] (14)
o

Assuming that none of these quantities depends on 4», or 6 (spherical

symmetry) and writing

n0H(R) " > W V ^ 2 f0r R > Ro

for R < R
o

we find

Sv < Ro^ - ï! AT "f251 V V Ro •{ * /
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or

nOHCRo)Ro

with

f(v)

and

3it *v B
Y = 16 Av JT

for

(17)

V -
e

(18)

(19)

Equation (18) Is a time Independent model spectrum, valid for velicities

approaching, but nover equal to, the expansion velocity. The shape of the

spectrum is rather well obeyed by Che type lib OH masers (see figure 2)*

. 1.5

- i o T

81

Figure 2. Peak flux

density, Sv as measured with

the VLA (chapter III), as

function of f(v) for two

strong OH masers (where each

individual channel in the

spectrum could be measured).

The drawn l*.ne indicates the

slope expected from the

simple model. Substantial

deviations from it occur

only in the weaker, inner

part of the spectrum where

part of the flux is missed

with the VLAj

f(v) ̂  1.3, or v ^ 0.5 ve.

We will assume that Sv (RQ»v) remains constant for v -& < v(t|i) < v , and

then drops to zero. Then write

2.5

f -

:U
y)

l
L

o
g

lS
, V

10

Q5

1 1 1

OH 26.5.06

-

A' 0»

\

' ê
9
0

1

• / -

M, (LSR)=26.85 ktns r

V, =14.07 km s1

oLow Velocity
•High Velocity

1 i

> 1 4

OH 30.1-0,7 ^ ^ j

• y .
• y

• £f
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where u is the pulsation frequency of the star, or u 5 p~ with P the

period,

^{} U ^ (21a)
e

the phase lag with respect to the zero phase (star: front), or

«JR

the phase difference between peaks at velocities vt and v., For a given

star the mean 'flux', S* ', and the 'amplitude', S^*', are constants, S^'

is given by equation (17), and s'-' < Ŝ  ', Note that (of course) the

largest phase lag occurs when vfc =* vfi - 6 and ÏJ ~ -(ve- 6), i.e. between

the back and the front sides of the shell, giving

(22)

We integrate equation (20) over velocity to find the integrated flux

densities

S L V ( V t } " J Sv <VV 'C> dv C23a)
e

and
v
e

SHV (Ro'° = ' Sv(R
0*

v>t) dv
o

Denoting the velocities of the two strongest (front and back) peaks in the

spectrum by v ^ (= ± vg - 6±) we may write

l-(^)2-f (24)
e e

Further we note that wRQ/c « 1, because even for extreme (and unlikely)

values as P(»*f ) - 200 days and RQ = 10
17 cm we find U)R /c » 0.19 < 1, so

that we may write

R ZlttoR
cos[2iuo{t--|(l+^)}] * cos [2nüit] + £ U + - ) sin [2mt] (25)

e c e
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Using these two approximations we find for the Low Velocity integrated flux

density

2v
SLV(RQ,t) - \v

2m»)R
Ssin[2 iKüt ]{- r~ + v An(2- ̂ ) } (26a)

c i. e v^

and for the High Velocity integrated flux density

2v
e { s + S cos[2iKot]}{l+Jln(T«• v {s(0)+ S(1) cos[2iKot]}{l+Jln(-^--l)}

+
2iKdR -. 6 v

2 U ; { f + v An^)} <26b)

If the profile is symmetric, i.e. 6 = 6_, we find for the total integrated

flux density

( 0 ) + S(l)(cos[2nü)tl + - ^ - 2 sin[2nut])}

(27)

S].(Ro,t) = v e{s ( 0 )+ S(l)(cos[2nü)tl + - ^ - 2 sin[2nut])}

2v

The time of maximum is found from JT\S(R ,t) => 0. For STxr(R„,t)
01 O LV O

ATOÜR
tn[2i«ot] = — ^ - 2 ,

2b)R

M cv

e

6_

6_

^ 2 " + '
, e JLn(2-

6

e

6

•r>He

Ki-rti
2 v e

2v

yielding

2WR 6 6 2v _,
(29)

The determination of *M(HV) is completely analogue. The measurable phase

difference between the high- and low-velocity integrated flux densities,

again assuming 6 = 6_, then becomes

2Ü)R

A<fr(HV-LV) = -^-2 f c (30)

with
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Typical values for OH/IR stars of ve = 15 kms"
1, and 6 = 0.1 kms~l yield

(32)

circa 8QX of the phase lag between the 'front' and 'back' peaks. For

observed values of the phase lags see chapter II, table 3: for the inferred

radii, and the values of fc, chapter II, tables 4a-4e,

For the time average of the strongest peaks, at ± vp, we find

V ^ ^ V ^ (33)
e

And for the integrated flux density

2v
<Ro) - S

(0) -^ {1+An (-g* -l)} (34)(0)

and thus for the ratio of the mean integrated- and peak-flux densities

(35)

For the canonical values ve = 15 kms"
1 and 6 ~ 0.1 kms" we find a ratio of

3.6 KHz. As expected from equation (35) this 'equivalent width' is rather

the same for all OH/IR stars, that have a limited range of 6 and ve values

(see chapter II, figure 14).
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Appendix B

a. Radio light curves of OH masers

For all stars Included In the Dwlngeloo monitor program the variation

of the total Integrated flux density, here denoted by F(10"22Wm'2) is

shown. The labeling of the figures refers to the numbers used in chapter II

(tables 2 and 3). The light curve of U Ori (no, 8) can be found In chapter

II (figure 9). Phases were calculated with the periods and phase zero

points as listed in table 3 (chapter II). Different symbols represent

different cycles (squares: n=-6; circles; n=-5; triangles; n=-4; plusses:

n«-3j crosses; n=-2; diamonds: n=-lj arrows; n*=0). For display purposes all

curves are repeated; thus every observed point is shown twiee.

The curve drawn is not the best fit to the observed integrated fluxes, but

is based on the curves of the peak flux densities also. For the parameters

describing the mean values, the amplitudes, and the shapes of the curves

see chapter II, table 3. In the lower left corner an error bar indicates

tha 1-5 a (depending on its magnitude) uncertainty for an individual

measurement (average value)*
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b. IR light curves of OH Mlra variables

Feast (private communication) observed for us a number of OH Mira's in

the near infrared (J.H.K, and L) at the South African Astronomical

Observatory from May, 1975 until December, 1981. The light curves at

3,45 \m (I* band) with the best phase coverage are shown in figures 60-67.

Phases were calculated with the periods and phase zero points from the

radio curves (see chapter II, table 3). Different symbols represent

different cycles.

02 O* 06 Q8 4

Figure 60 R Aquilae (no. 1)

Figure 61 RR Aquilae (no. 2)
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Figure 62 SY Aquilae (no. 3)
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Figure 67 RS Virginia (no. 12)
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Appendix C

Phase lag as function of velocity

In the geometry of an uniformly expanding shell the phase lag, A<t>, ,

' for various peaks In the spectrum Is expected to be correlated with their

velocities (with respect to the stellar velocity). We choose the phase of

the low velocity Integrated flux as zero point and plotted the phase

difference, here denoted by DF, for every peak of a given star as function

of 1+ Vy , Where v(<|»)= vrad(peak) - vrad(gtar). The drawn lines are the

least squares fits, weighted with the uncertainties In the phase lags

(Indicated by the error bars; see chapter II, table 3 for the values), but

also with the mean slgnal-to-nolse ratio of the peaks. The slope of the

line Is R /c, where RQ Is the radius of the shell. So In this simple model

a negative value for the slope Is 'forbidden'.

1.72



a, Mira variables and M-type supergiants

Figures 1-12

•0.80
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b. OH/IR stars with large amplitudes (4mr > 0,60) Figures 13-32
8« ?i.5'P.S

O.!'

ÜA'

CE

0.1!
l ' i ï - ï . •'.'

n „

0.H-

0.00 A--

Ctë

•0,13
T—

t.»

" ' I
o.ioi

C.QG

t.m

0„'f_l I !_

on n.s ri.c

Dfi J8.7-C.5

Cl

CIO

COC

CIO

•0.» ..i .. .. i

I

0.13

0.00

•0.10

V l'iïV'ïf

|
o.os

COC

o.os

•C13

0.10

DF
O.K

-0.0i

CH3?.8-C3
r-, "

1 I

o.?c

coo

-A -U0..

?!i 35.5-C.3

t.oo

•Ui

•O.M

0.10

DF

0.00

•0.0b

S T I _ |

I ' i ' W T ?

IMV-Ï»:/V£ '

174



O.M

Df

0.10

1.00

•O.IO

•0.S

IMV-VHIA'I

0HI27.9-0.0

M»-V»I/VE

0H|3B.Q'7.2

WMhUIIE

c. OH/IR stars with intermediate amplitudes (0?30 < Am < 0?60)

Figures 33-44
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Appendix D

VLA continuum observations at 6

a. Introduction

OH/IR stars are evolved M-type (super)giants with masses from 1 Mft

to > 10 M0, They all are losing mass at a very high rate (10~
6 to 10~4 \

yr"1) and consequently are in a short lived, but dramatic phase in their

evolution. Probably in 103 - 10^ yr the star sheds its entire envelope and

hence it might be in the process of forming a planetary nebula. If the

OH/IR stars indeed are the precursors of population I planetary nebulae,

then some of them might be In an intermediate stage, where still the maser

emission from the outer parts of the shell is visible, but also radio

continuum emission from a hot, ionized region close to the star. Especially

those objects with the highest expansion velocities of the shell, that are

thought to be the youngest (10' yr), the most massive (> 5 Mft), and the

most luminous (> 5 10 L^) stars, could have a stellar wind energetic

enough create a small HII region. Such a scenario has been proposed (Kwok,

1981) for the OH emitting planetary nebula Vy 2-2 (see Davis et at. ,

1979). Reeent VLA observations (Lindsay, private communication) have

confirmed the positional coincidence between the OH maser and the radio

continuum souce associated with Vy 2-2.

Winnberg, Goss, and Habing have used the VLA in 1980 to search for 21

cm continuum emission from VY CMa, an optically identified OH/IR

supergiant. No emission was found to a limit of 0.1 mjy (Goss, private

communication). However, judged from its optical visibility, the mass loss

rate of this object might not be high enough to create an HII region.

Furthermore, such a dense ionized region probably is optically thick and

should therefore be searched for at shorter wavelengths.

b. Observations

We have used the VLA to search for 6 cm continuum emission from a

sample of 12 OH/IR stars. The observations were made by R. Perley in the

'remote observing mode' on July 16, 1982 when the VLA was in a hybrid

Proposed and obtained by B. Baud, H.J. Habing, and J. Herman.
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configuration between A and B array (see for a general description of the

VLA: Thompson et. aU , 1980). All 27 telescopes were used at \ = 6 cm with

a bandwidth of 50 MHz. We selected 12 OH/IR stars, for which we had VLA

positions available, that covered a range in vfi values (i.e. expansion

velocities) and in mass loss rates (see chapter V, section 7)., All sources

were observed in three shortcuts of 10 minutes each, yielding a lor

sensltvity of 60 ujy. Calibrations were done every 20 minutes on the

continuum source 1741-038, and on 3C286 at the beginning and the end of the

run. The reduction was completed In Leiden, where the Chariottesvllle

package is operating.

c. Results

None of the OH/IR stars was detected at X - 6 cm stronger than the lcr

level. In table 1 we list the names of the objects, and the phase ac which

they were observed (see for the periods, and phase zero points: chapter II,

table 3), The distances were taken £rorc chapter V (tabls 2>, or when the

star was not included in the monitor program, the (near) kinematic distance

was used. The expansion velocities, v̂ ,. and the absolute (at D • lkpc) OK

peak flux density, L0R. are tabulated. When the star was included iti the

monitor program, L0K is the averaged value over the light curve.

Table 1

fill

18.5*1. 4
20.7*0.1
21.5*0.5
25.1-0.3

27.0-0.4
27.5-0.9
28.5-0.0
Z9.4-0.8
30.1-0.7
31.0-0.2
32.0-0.5
39.9-0.0

(1): «e.
(2): kim

.037

.122
,SU

.405:

.353

.921

.276:

.090

.009

chapter V,
amatic diati

D
(kpc)

«.so <i;
8.31 (1)

n.63 <u
4.69 (1)
6.76 (2)

7.35 (2)
2.45 (1)
8.02 (2)
1.77 (1)
6.50 (1)
9.30 (1)
3.07 (1)

cable 2.
luce: », - 9

«•»-'}

10.85
18.11
18.76
12.14
14.50
11.50
13.12
11.75
20.51
14.27
20.58
14.71

.2 kpe

CJy kpc1) (1

139.5
598.7

2813
159.7
138.9
170.1
63.95

340.7
196.8
273.4
678.4
63.14

! •

t

7.

1?.

2 .

3.
3.

1.

3.
5.
*,

9,

2.

> y x -

2"

86

sr
7|

02

1.

86

: :

09
P

it

,07

i 'X)
1c

95

90

0?

114

90

82

195

95
9*

213

80

110

Slightly variable

Slightly variable
Mot in Monitor program
Net in aonicor program

Sot in monitor program

Hon variable
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The mass loss rates «ere Inferred from v and L>„ (see chapter V, section

7.e2). In the last column the nns-values as measured in the cleaned maps

(10"xl0"> are given. At the, accurately known, stellar positions even more

stringent upper limits can be set to the continuum flux received.

d. Conclusion

Although we searched for radio continuum emission from OH/IR stars in

some of the most likely candidates, we were unsuccessful. This means that

either OH/IR stars do not evolve to planetary nebulae, or if they do (in

chapter V, section 7.g this is shown to be the case) that the phase, in

which both the maser and the continuum emission are visible, is very short

(< 10? yr).
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Appendix E

Results of the infrared observations at UKIRT

Table 1 gives the magnitudes In each band for all stars in our program

that were detected. The precise wavelengths and widths of the bands, and the

conversion factors of magnitudes to Jansky's can be found in chapter IV (table

1). The uncertainties In the tabulated magnitudes are typically 0.05. For each

source the largest error, and the band in which that occurs, are listed.

Tlbt« I

\jaii4

RS Vir
OH 12.8-1.9

OH 17.7-2.0
OH 20,2-0.1
QH 20.7+0.1
OH 21.5*0.5

OH 26.2-0.6
OH 26.4-1.9
OH 28.5-0.0
OH 28.7-0.6
OH 3O.I-O.7
OH 30.1-0.2
OH 30.7+0.4

OH 31.0-0.2
OH 32.0-0.5
OH 32.8-0.3
OH 39.7+1.5
OH 39.9-0.0
OH 42.3-0.1

L'

S 3.8

0.88

0.03
1.73
7.06
3,00
8.12
7.48
4.30
3.09
7.64
3.30
4.03
3.34
3.73
7.77
4.96
5.14
0.52
3.90
5.87

H
4 . 8

0.40

-0.21
0.99
5.90
2.24

5.13
4.69
2.99
1.90
5.41
2.50
8.33
2.42
2.06
4.86
3.01
2.82

-0.42
2.60
3.97

Hl

8.7

-1.40
-1.18
•0.85

2.17
-0.08

3.24
2.11
0.85

-0.08
3.09
0.62

-0.50
0.54
0.34
1.56
I.OI
0.77

-2.42
0.62
1.08

N2

9.7

-1.90
-1.45
-0.80

1.85
0.31
3.97
4.50

1.80
0.11

>4.5
0.73
1.09
0.72
1.46
3.53
2.40

H.B
-1.89

1.23
2.47

Ni

10.5

-1.98

-1.55
-1.14

1.30
0.17
4.70
4.40
1.55
0.07

>4.5
0.45
0.66
0.49
1.2!
3.29
1.95
2.37

-2.16
1.11

2.33

H,

11.5

-2.06
•1.64
-1.67
0.32

-0.49
2.06
1.34
0.06

-0.74
2.53

-0.14
-1.11

-0.30
-0.41

1.17

O.IS
0.08

-3.15
-0.12

0.35
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12.5

-1.94

-1.65
-1.72
-0.14
-0.77

1.07
0.10

-0.22
-0.94

I.S6
-0.29
-1.65
-0.S8
-0.96
0.30

-0.49
-0.81
-3.36
-0.37
-0.16

q
20

-3.15
-2.28
-2.67
-2.58
-I.2B
-0.36
-0.61
-1.25
-2.23

0.56
-1.78
-3.17
-1.74
-2.31

-1.06
-1.95
-2.45
-4.56

-1.79
-1.47

Largaat
error

0.05
0.07
0.07
0.08
0.06

0.15
0,14
0.08
0.04
0.11
0.06
0.12

0.03
0.06
0.09
0.06
0.07
0.05
0.05
0.11
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Ni

Ni

Ns

H

Ni

Ni

Nj

q
Ml

q
Ni

NI

N„
N»

N>

Ni

N>

H j

Nz

Ni

Before, and after an observation of a program star standard stars have

been observed, allowing a good air mass correction and flux calibration. In

table 2 these standards are listed with the magnitudes adopted for each band.

Tible 2

" * - \ ^ Baud

StandaHV^CM*

a Sea
a Boo
B Peg

BS 6406

L
) 3.

- 2 .

i

8

34

H

4.8

-3.84
-2.95
-2.21
-3.44

H,

8.7

-4.55
-3.17
-2.45
-3.84

»!
9.

-4 .
- 3 .

- 2 .

- 3 .

t
7

60

22

56

89

N,

10.5

-4.64
-3.15
-2.55
-3.87

H

11

-4 .
- 3 .

-2 .

-4 .

H

. 5

77
23

59

05

N,
12.5

-4.76
-3.33
-2.70
-4.16

q
20

-4.70
-3.30

-2.90
-4.30

BS

BS

6134

8775
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Some other bright stars (BS, or HR catalogue) were used for the L'band.

They were (with their magnitude at L' = 3.8(im between brackets): BS 4689

(3?76), BS 5200 (0?20), BS 5447 (3?44), BS 6746 (0?65), BS 7120 (l?90), and

BS 8167 (2?13).
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Nederlandse samenvatting

In dit proefschrift worden de eigenschappen en karakteristieken van OH/IR

sterren, een geëvolueerde populatie, bestudeerd. Zoals reeds blijkt uit naam

en titel, gaat het hier om geëvolueerde sterren, voornamelijk opvallend door

hun infrarood (IR) emissie en anomale straling van het OH molecuul in het

radio golflengte gebied. Laat ik beginnen met ie's te zeggen over het infra-

rood. Tegen het einde van hun leven, als hun kernbrandstof vrijwel uitgeput

is, zwellen de sterren enorm op; sommigen zijn ZL groot dat zij de gehele

aardbaan zouden vullen. De temperatuur aan het steroppervlak wordt steeds

lager, en de ster steeds roder om te zien. Nu blijken deze sterren grote

hoeveelheden materie uit te stoten, die een uitgestrekte schil van gas en stof

rondom hen vormt. Op een gegeven moment wordt de ster geheel aan het zicht

onttrokken: alle sterstraling wordt door het stof geabsorbeerd en weer

uitgezonden op de langere Infrarode golflengten. Zodoende heeft de energie-

verdeling haar maximum in het infrarood (ter vergelijking: voor de zon valt

dit maximum midden in het visuele golflengtegebied, voor hete sterren meer

naar het blauw en voor koele sterren meer naar het rood).

De sterren zelf zijn al bijzonder groot (1 astronomische eenheid: per

definitie de afstand aarde-zon), maar de circumstellaire stofschillen strekken

zich uit over zo'n 1000 astronomische eenheden, ongeveer 30 maal de afstand

van Fluto tot de zon! De totale massa in de schillen is vrij groot (1 a 2

zonsraassa's) en astronomen spreken van deze gevallen als sterren met dikke

stofschillen. Maar het aantal deeltjes per kubieke centimeter is, zeker in de

buitenste lagen van de schil, klein, soms minder dan wat wij op aarde onder

vacuum verstaan! Onder zulke omstandigheden kan door invloeden van buitenaf,

straling van nabij gelegen hete sterren, het stabiele molecuul H20 (water)

gedissocieerd worden tot het, in aardse laboratoria nauwelijks in stand te

houden, OH radicaal. Zoals ieder molecuul heeft OH een (groot) aantal

karakteristieke spectraallijnen: in het visueel en nabij infrarood van de

zogenaamde vibratie-overgangen, in het ver infrarood van de rotatie-overgangen

en in het radio golflengtegebied van overgangen tussen zgn. hyperfijn niveaux.

De vier overgangen tussen de vier hyperfijn niveaux in de grond (rust)

toestand liggen bij een golflengte van 18cm. Deze lijnen werden aan het eind

van de zestiger en het begin van de zeventiger jaren voor het eerst in

sterrenkundige objecten waargenomen. Allereerst ontdekte men ze in de richting

van gebieden met stervorming, maar later ook in de richting van geëvolueerde
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sterren. Te zelfder ttjd vond men In belde categorieën objecten (jong en oud)

ook radio emissielijnen van enkele andere moleculen, zoals S10 en HgO. De

emissie was behoorlijk sterk en ook bleken de verhoudingen tussen de lijnen

totaal anders te zijn dan men op theoretische gronden verwachtte. Nadere

onderzoekingen, met name VLBI (very long baseline interferometry) experi-

menten, waarbij ver uitelkaar staande telescopen tegelijk worden gebruikt,

maakten duidelijk dat wij te maken hadden met 'masers' (microwave

amplification by stimulated emission of radiation), een natuurlijke tegen-

hanger van de op aarde zeer bekende lasers.

Een maser of laser is het best te vergelijken met een lawine, of zo men

wil met de parabel van de graankorrels op het schaakbord. Begin met êén foton

(in het geval van OH één met een golflengte van IScm) dat een (OH) molecuul in

aangeslagen toestand tegenkomt. Mits de golflengte 'past' , kan nu een foton

geïnduceerd worden. Het molecuul valt terug naar een lager energieniveau en er

komt een foton vrij met dezelfde golflengte en richting als het eerste foton.

Op hun beurt kunnen de twee weer twee nieuwe makkers induceren, en zo kan een

groot aantal gelijk gerichte, monochromatische (d.w.z. met êén golflengte, één

bepaalde energie) fotonen vrijkomen. Er zijn wel twee voorwaarden om dit

proces te laten werken. In de eerste plaats moet de golflengte passen; d.w.z.

de moleculen moeten allemaal dezelfde snelheid hebben, anders 'zien' zij de

fotonen niet vanwege het welbekende Doppler effect. In de tweede plaats moet

er energie in het systeem gepompt worden (niets voor niets) om te zorgen dat

er steeds voldoende moleculen in de (juiste) aangeslagen toestand zijn.

Bovendien is het duidelijk dat hoe langer de weg is die de fotonenbundel

aflegt door de verzameling moleculen, hoe groter de uiteindelijke lawine zal

zijn. Bij de aardse laser i6 dit alles niet zo moeilijk: men heeft een buis

met (stilstaande) gasmoleculen en door de steeds sterker wordende bundel

tussen twee spiegels heen en weer te laten kaatsen (de zgn. trillingsholte)

kan men een willekeurig grote weglengte verkrijgen. Ook de energietoevoer is

(afgezien van futiele technische details) niet moeilijk: overal zijn stop-

contacten. Laat ik mij bij de bespreking van de situatie in de natuur beperken

tot de OH masers, die in de peripherie van de dikke stofschillen rond pas

gevormde en op sterven na dode sterren voorkomen. In beide gevallen wordt het

licht van de zeer licht sterke centrale ster (zo'n 10 000 maal de zonslicht-

kracht) geabsorbeerd door de circumstellaire schil en heruitgezonden in het

infrarood. Door het opvangen van infrarode straling worden de OH moleculen

geëxciteerd (in de reeds genoemde rotatie niveaux) en cascaderen vervolgens
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terug naar de grondtoestand onder uitzending van lichtquanta. Door allerlei,

tamelijk ingewikkelde, oorzaken echter komen zij niet in het laagste, maar In

een van de hogere hyperfijn niveaux van de grondtoestand terecht. Op die

manier pompen de Infrarood fotonen energie in de moleculen en zorgen ervoor

dav er steeds in de aangeslagen hyperfijn toestand zijn, die 'past' bij de

18cm fotonen. Zoals reeds opgemerkt is de dichtheid in de schillen laag; naast

velerlei andere deeltjes ongeveer 10 OH moleculen per cc. Maar door de

gigantische afmetingen (1000 astronomische eenheden is ongeveer 10 miljoen

miljard cm) komt de fotonenbundel toch voldoende moleculen tegen. Vooral rond

de geëvolueerde sterren, die de stofschil rustig naar buiten blazen, hebben

alle stof en gasdeeltjes dezelfde, van de ster afgerichte, snelheid. Zo kan

een lawine fotonen onstaan, allen met dezelfde golflengte, die tot op zeer

grote afstand waarnpc-üaar is. Aardig is hierbij op te merken dat dergelijke

masers per seconde op êên golflengte net zoveel fotonen uitzenden als de zon

op alle golflengten tesamen, maar dat de totale energie van .jo'n bundel nog

geen miljardste deel is van de totale zonsenergle.

Er blijkt een duidelijk verschil te bestaan tussen de OH maseremissie in

extreem jonge en in oude sterren: beide hebben hun eigen 'radio'handtekening.

Zoekacties naar OH masers met !iet signatuur van geëvolueerde objecten brachten

enkele honderden van deze, meestal type lib genoemde, OH masers aan het licht.

Hun radio emissie ziet er hetzelfde uit als voor de bekende, dichterbij

gelegen, oude sterren, maar is in het algemeen veel sterker. In het visueel en

het infrarood waren de nieuw ontdekte bronnen nog totaal onbekend. In dit

proefschrift probeer ik iets meer te weten te komen over deze sterren en de

hun omringende schillen.

In de nabijheid van de zon zijn een aantal, wat zwakkere, OH masers

bekend, die (ik beperk mij nu uitsluitend tot de masers in geëvolueerde

sterren), op een doodenkele uitzondering na, allen geassocieerd blijken te

zijs met lang periodiek variabelen (LPV), pulserende reuzesterren, die ook wel

Mlra veranderlijken worden genoemd naar het prototype Mira Ceti (de wonder-

lijke ster in de walvis; zie de historische inleiding in hoofdstuk I). Deze

sterren variëren met een periode van ongeveer een jaar, en in hun maximum

kunnen zij 100 tot 10 000 maal helderder zijn dan in hun mimimum. Infrarood

waarnemingen tonen meer emissie dan verwacht op grond van een eenvoudige

stralingswet: een aanwijzing voor een circumstellaire schil van stof en gas.

Nader onderzoek van de visuele variaties van deze LPV en de veranderingen in

hun OH maseremissie bracht aan het licht dat deze gekoppeld zijn: beide
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variaties hebben dezelfde vorm en periode. Het eerste deel van het in dit

proefschrift beschreven onderzoek bestond dan ook uit het bestuderen van het

gedrag in de tijd van OH masers, waarvan geen optische tegenhangers bekend

zijn (zie hoofdstuk II). Deze waarnemingen zijn gedaan met de Dwingeloo Radio

Telescoop en er bleek uit dat wij inderdaad van doen hadden met (zeer) lang

periodiek variabele sterren. De vorm van de lichtkrommen lijkt zeer op die van

de klassieke Mira veranderlijken, maar de perioden zijn veel langer, wel 3 tot

5 jaar. Door een eenvoudig geometrisch model aan te nemen voor de circumstel-

lalre stofschil konden wij uit de tijdvariaties de lineaire afmetingen van de

schil bepalen: een belangrijk en uniek resultaat, want In de sterrenkunde Is

de derde dimensie (diepte, afstand) vaak de moeilijkst te bepalen grootheid.

In het derde hoofdstuk worden de waarnemingen beschreven die gedaan zijn

met de VLA (very large array; New Mexico, USA) voor een klein aantal van onxe

OH masers. Met dit Instrument, zoals Westerbork een zogenaamde radio synthese

telescoop waar de informatie van een aantal afzonderlijke telescopen wordt

samengevoegd, kunnen op radio golflengten plaatjes worden gemaakt van een

gebiedje aan de hemel, analoog aan de bekende fotografische plaat. Hiermee

werden de circumstellalre schillen in kaart gebracht om hun structuur,

helderheids- en dichtheidsverloop, en hoekafmeting te bestuderen. Door

combinatie met de Dwingeloo waarnemingen waren wij in staat om nauwkeurig de

afstand tot ieder object te bepalen (belangrijk- zie boven). Uit onze gegevens

konden wij zelfs een onafhankelijke bepaling van de afstand van de zon tot het

centrum van ons melkwegstelsel halen (9.2 kpc « 30 000 lichtjaar), een afstand

waar alle schalen in ons stelsel vanaf hangen.

In hoofdstuk IV kijken wij eindelijk verder dan onze radioneus lang is,

nl. naar het infrarood. Wanneer eenmaal door nauwkeurige metingen, zoals met

de VLA, goede posities bekend zijn, Is het mogelijk om deze verweg staande, en

dus schijnbaar zwakke, sterren in het infrarood terug te vinden. Deze waar-

nemingen werden gedaan met de United Kingdom Infrared Telescope (UKIRT) op

Mauna Kca, Hawaii. Veel van onze OH masers blijken zeer lichtsterke (10 000

zonslichtkrachten) centrale sterren te hebben met nog veel dichtere circum-

stellaire stofschillen dan gevonden rond de reeds genoemde Mira verander-

lijken. Alle OH/IR sterren vertonen een diepe absorptie In het nabij infrarood

(op lOlim), een bewijs voor grote hoeveelheden koel materiaal rond de ster. Er

blijkt een duidelijk verband te bestaan tussen de lange periode, de grotere

lichtkracht en de grotere massa van de schil met de sterkte van de OH maser.
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Alle waarnemingen, zoals beschreven in de hoofdstukken II t/m IV, en

reeds bekende gegevens, zoals de galactische verdeling van de bronnen en

Intrinsieke eigenschappen van masers, vormen de hoeksteen voor de inter-

pretatie in hoofdstuk V. Daar br kijken wij wat voor eigenschappen van de

centrale sterren en de omhullende schillen nu kunnen worden afgeleid. Voor het

eersc is het mogelijk om een goede bepaling te geven van allerlei basis

parameters: de lichtkracht en de massa van de sterren op dit moment, maar ook

wat dit oorspronkelijk (gedurende het grootste deel van hun leven) op de

hoofdreeks geweest is. Wij kunnen zeggen hoeveel massa de ster verloren heeft,

en nog zal uitstoten; hoe lang deze objecten zichtbaar zijn als OH maser,

hoeveel er van dit soort zijn in ons melkwegstelsel en wat er uiteindelijk van

hen overblijft. Het blijkt dat de meeste sterren, die nu nog sterke OH masers

fijn binnen 10 000 jaar planetaire nevels zullen vormen: zeer hete, kleine

steroverblijfselen met een, door de intense sterstraling zichtbare, omringende

nevel van stof en gas. Een aantal produceert zgn. witte dwergen, hete mini

sterren. In belde gevallen blijft slechts de kern van de oorspronkelijke ster

over, nadat alle hogere sterlagen afgestoten zijn. Een enkele van de meest

zware OH/IR sterren evolueert zo snel, dat de normale processen van massa

afstoting het niet kunnen bijbenen. Deze sterren zullen spoedig (1000 jaar)

ontploffen als supernovae: gigantische gebeurtenissen waarbij in ëën ster voor

korte tijd een hoeveelheid energie vrijkomt, die wij normaal van een geheel

melkwegstelsel ontvangen.
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Curriculum vltae

In 1972 behaalde Ik het einddiploma gymnasium B aan het Stedelijk

Gymnasium te Haarlem en besloot sterrenkunde te gaan studeren In Lelden. Na

aanvankelijk alles behalve studeren gedaan te hebben, herbegon Ik In 1973 met

fclsse moed en ernstige vermaningen van de studiebegeleider (R.S. Le Poole).

In februari 1976 behaalde ik het kandidaats - en in juni 1979 het doctoraal

examen. In de doctoraal fase volgde Ik een (tegenwoordig door de strakke

programmering helaas niet meer haalbaar) aantal colleges: Infrarood sterren-

kunde (H,G« van de Hulst), Astronomische waarneemtechnieken (R.S. Le Poole),

Stralingsprocessen (H.J. Hablng), Melkwegstructuur (A. Blaauw en P. Woodward),

Hoge energie astrofysica (H. van der Laan en G. Norman), Interstellalre

materie (J.M. Greenberg), Variabele sterren (Th. Walraven), Cosmologle (R.J.

Takens, V. Icke en H. van der Laan), Quantummechanica II (CD. Hartogh),

Mathematische fysica (J. van de Linde), Numerieke Wiskunde B en C (F. Bakker

e.a.), en Numerieke oplossingen van partiële differentiaalvergelijkingen 1 en

2 (M. Spijker en B. van Leer). In sommige vakken deed ik daadwerkelijk

tentamen. Mijn klein onderzoek bij K.K. Kwee betrof de ecllpsveranderlijke

V548 Cygni, mijn groot onderzoek bij K.J. Habing tijdsvariaties van OH masers,,

Een aantal maanden verrichtte ik correctiewerk t.b.v. J, Lub, twee jaar lang

was ik student-assistent en gedurende een jaar had Ik zitting in de universi-

teitsraad.

Van september 1979 tot maart 1983 was ik als wetenschappelijk assistent

in dienst van ZWO (stichting voor zuiver wetenschappelijk onderzoek) en kon

het onderzoek aan OH masers voortzetten en uitbreiden. In die tijd bezocht ik

tweemaal de YERAC (young european radio astronomers conference): in 1980 te

Bologna (Italië) en in 1983 te Göteborg (Zweden). Voorts nam ik deel aan de

workshop 'Physical Processes in Red Giants' te Erice (Italië) in 1980, en aan

IAU symposium 103 'Planetary Nebulae' te Londen (UK) in 1982. Op iedere

conferentie werd een eigen bijdrage geleverd (in Londen In de vorm van een

poster). Ik bracht werkbezoeken aan de VLA (very large array; New Mexico,

USA), aan Jodrell Bank (UK) en talloze malen aan Dwlngeloo (nabij Lhee).

Colloquia over mijn werk werden gegeven in Amsterdan en Groningen.
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Stellingen

behorende bij het proefschrift

«The nature of OH/IR stars'

1. De verklaring van asymmetrieen In de helderheidsverdellng van OH

maseremissle door rotatie van de circumstellalre schil is onjuist.

Norris, R.P., Diamond, P,J,, Booth, R.S.: 1982, preprint

.Dit werk, hoofdstuk III

2. Maser hotspots, zoals waargenomen in VLBï experimenten, kunnen in

combinatie met het bestuderen van variaties op zeer korte tijdschalen

Inzicht verschaffen In de meest fundamentele eigenschappen van masers en

hun directe omgeving.

Dit werk, hoofdstuk II

3. OH masers geven ons niet alleen nauwkeurige afstanden tot individuele

objecten, en de mogelijkheid tot een goede bepaling van de schaallengte

van ons melkwegstelsel, maar zij .kunnen tevens, wanneer een monitor-

programma met het VLBI netwerk binnen de grenzen van het mogelijke komt,

directe afstandsbepalingen tot de meer nabijgelegen extragalactisr.he

stelsels opleveren.

Dit werk, hoofdstuk V

4. Heer dan 60% van de zichtbare planetaire nevels is ooit OH maser geweest.

Het verdient daarom aanbeveling, ondanks het gebrek aan succes tot op

heden, te zoeken naar meer objecten die, zoals Vy 2-7, in het overgangs-

stadium zijn.

Kwok, S.: 1981, in 'Physical Processes in Red Giants', p. 421

Dit werk, hoofdstuk V en appendix D

5. Floor van leeuwen's zesde stelling "Het onderzoek naar variabele sterren

dlont gestimuleerd te worden" ia juist, mits aangevuld met de voorwaarde

dat de subsidieduur voor zulk een onderzoek de variatietijdschaal van

dergelijke sterren overtreft.

Floor van Leeuwen: 1983, 'The Pleiades', proefschrift RUL



6, Bij evolutte berekeningen voor sterren op de asymptotische reuzentak dient

het zeer hoge massaverlies in de 'superwind' fase in rekening te worden

gebracht,

7» Fred Hoy Ie's opvatting over het ontstaan van superhelder inzicht en van

Kunst door het opvangen van signalen van een cosmische, alles omvattende

intelligentie is in tegenspraak met de gebrekkige kennis van en inzichten

in fysische en astronomische waarheden bij onze voorvaderen, terwijl

daarentegen in literair en filosophisch opzicht de klassleken op een zeer

hoog niveau staan.

Fred Hoyle: 1982, Ann. Rev. Astron, Astroph. 2(), 1

8. Het is aan te bevelen dat zowel de referee als de auteur(s) van artikelen

anoniem blijven.

9. Het eerstejaarsprogramma sterrenkunde zou topografie van de heraelbol

moeten bevatten.

10. Instellingen als de VU en de Vaticaansterrewacht hebben geen bestaans-

recht. Geloof en wetenschap zijn eikaars tegenpolen.

11. Hedendaagse politiek bedrijven met een boek van 2000 jaar oud in de hand,

is als sterrenkunde doen gebaseerd op de Almagest.

12. Religie en marxisme zijn beide vormen van snarxisme.

Vrij naar Lewis Carroll: 1876, 'The hunting of the snark1

13. Instellingen als de krijgsraad en het medisch tuchtcollege zijn in strijd

met de leer van de trlas politica en vormen als zodanig een bedreiging

voor de democratie.

14. Emancipatie, evenals het bieden van gelijke kansen zonder onderscheid naar

ras, huidskleur, sociaal aanzien of geloof, is het accepteren en niet het

egaliseren van verschillen.



15. Het is tekenend voor de minachting van onze voorvaderen en van 4e wortels

van onse cultuur dat de theorieën van Charles de Grave, Theophilü Cailleux

en Ernst Gideon over de Ilias en Odyssee, als erfstuk van de Kelten, door

classici niet aux serleux worden genomen.

Ernst Gideon: 1973-» 'Homerus, zanger der Kelten'

16. De Dow-Jones index voor industriële aandelen gelijkt in sneer dan getals-

matig opsicht op een barometer.

17. De sticker met de tekst 'atoomenergie, nee bedankt' rond de afbeelding van

een lachende zon getuigt van weinig inzicht in (astro) fysica.

Leiden, 8 september 1983.
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