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!. De stelling van Purton dat de uitgebreidheid van de mantels

rond Be sterren bepalend is voor het al dan niet waarneembaar

zijn van radiostraling is onvolledig.

Purton, C.R. 1976, I.A.U. Symp.

No. 60. n. 157, ed. A. Slettebak

2. Hjellming en Uade konkludeerdea ten onrechte dat de 2.7 GHz

radiostraling van het Antare?-systeem geassocieerd is met de

vroeg-type begeleider.

Hjellming, R.M., Wade, C.M, 1971,

Astrophys. J. Letters 168» LI 15

.;. Bij de berekeningen van het snelheidsveld in circumstellaire

mantels die door stralingsdruk op de stofdeeltjes worden

vo.-rtgedreven, mogen de effekten van optische diepte niet

verwaarloosd worden.

4. Het feit dat het bijna vijf jaar heeft geduurd voordat men

besefte dat maseremissie uit de achterkant van een expande-

rende schil niet noemenswaardig verduisterd wordt door de

sterschijf, is tekenend voor het gebrek aan inzicht bij de

studie van stellaire masers.

5. Intensieve studie van de tijdsvariaties van stellaire masers

levert meer zinvolle informatie over de ruimtelijke struktuur

van deze maserbronnen dan VLBI metingen.



6. Bij de studie van mantels rond laat-type reuzen en de daarmee

l'.enssoc i eerde maseremi ssie lieeft men Ce snel zijn toevlucht

genomen tot numerieke berekeningsmethoden.

7. De snelle groei van de wnarnemingsfaci1iteiten en de vee]

minder snelle toename van het annt.il aktieve astronomen leiden

ertoe dat de waarnemingsresultaten steeds minder grondig

worden geanalyseerd en dat nieuwe waarneenrorop.rnmnia' s steeds

minder efficiënt worden opgezet.

8. Vergelijkend warenonderzoek stelt de konsument in staat om

het relatief beste produkt te kopen. Fundamenteel warenonder-

zoek, gevolgd door de uitgifte van een keurmerk, maakt het

hem mogelijk een goed produkt te kiezen. Het is vreemd dat

het eerste soort onderzoek bijna voliedig gesubsidieerd wordt

en het tweede vrijwel niet.

9. Het drukklaar maken van een Droefschrift behoort een onder-

deel te vormen van de omleiding van een wetenschappelijk

onderzoeker.

10. Het veelvuldig gebruik van teie-objektieven in de journalis-

tieke totografie wekt, veelal ten onrechte, de indruk dat wij

in een overvolle, bekrompen wereld leven.
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SUMMARY

Up to 1933 the astronomer could only observe the universe in the very limited

wavelength region where the human eye and photographic emulsions are sensitive. Only very

hot objects emit sufficiently energy in this spectral region to be visible from earth:

stare. Some observations, however, had suggested the presence of material outside the stars

and the existence of interstellar matter is generally accepted since about 1930. At the

same time Kar] Jansky opened a new window on the sky: in 1933 he discovered that our galaxy

emits radio signals. The explosive growth of radio astronomy and the advent of infrared

astronomy in the sixties have led to a rapid increase of our knowledge of the interstellar

medium.

During the past ten years it became more a.id more clear that stars and interstellar

matter are closely related: stars form out of the interstellar material and return part of

their mass to the interstellar medium as they grow old. In order to learn more about the

evolution of stars it is essential to study that part of the interstellar material that is

dynamically associated with individual stars: oircumstel lar matter. In this thesis I discuss

which information on circumstellar envelopes can be obtained from radio observations.

Chapters I and II deal with optically visibla stars that are surrounded by gas and dust

and are hot enough to ionize the hydrogen atoms in their envelopes. The ionized gas emits

radio continuum radiation by the thermal Bremsstrahlung mechanism.

In chapter I I show how the density structure of the envelope is related to the form

of the radio spectrum and apply the results of this calculation to the first known radio

star, MWC 349. In general, the low-frequency part of the radio spectrum is steeper as the

gas density decreases more rapidly outward. The radio spectrum of MWC 349 is nearly a

straight line with a slope of 0.7, whereas the spectral slope is 2.0 for a homogeneous

sphere. I conclude that the density in the envelope of MWC 349 decreases inversely

proportional to the square distance. Such a density structure exists in an envelope that is

moving away from the central star at a constant velocity. The density must be very high in

the central part of the envelope because the radio source remains opaque even at high

frequencies.

The search program which was subsequently started to detect more of such stars has

given somewhat disappointing results. We looked at 136 stars of various types (chapter II).

None of the binaries showed radio emission, but seven of the emission-line stars did. All

56 emission-line stars in our list much resemble MWC 349 at optical and infrared wavelengths.

Recent observations at high frequencies show that several radio stars have spectra similar

to that of MWC 349 (addendum to chapters I and II).

Chapters III, IV and V deal with coo] giant stars that show radio line emission from

molecuTes in their circumstellar envelopes. The so-called maser effect gives under favourable

conditions rise to very intense emission lines. Up till now seven different maser transitions

have been found in the envelopes of cool giants. Four of these lines from OH, H.O and SiO

are studied here. Each of them originates in a different layer so that these lines can be

used to probe the envelope. The profile of a maser line gives information about the velocity

structure of the region where it is formed.

The envelopes are blown away from the star due to the pressure exerted by the radiative

flux on the gas via the dust grains. In chapter III I develop a method to calculate the



velocity structure of the envelopes around cool giants and I pay special attention to the

effect of the value of the mass loss rate. As the central star expels more mass per unit of

time, the envelope becomes less transparent to the direct stellar radiation. The dust

particles absorb more of the starlight and reemit this energy at longer wavelengths: the

starlight is gradually converted into longer-wavelength radiation. The radiation pressure

efliciency of the dust particles depends strongly on the spectral composition of the

radiative flux and, therefore, increases or decreases with distance to the star depending

on the type of dust. Consequently, the velocity structure of the envelope changes as the

mass loss rate increases and the velocity structure is different for different types of dust

grains. In oxygen-rich envelopes silicate particles condense and a higher mass loss rate

leads to a higher radiation pressure efficiency and, thus, to a higher flow velocity (typel).

In carbon-rich envelopes the opposite happens: a higher mass loss rate leads to a lower flow

VPlocity (type II).

In chapter IV I review tue results of the observations on the stars with maser emission.

These stars are all oxygen-rii.;. and the velocity structure of their envelopes is of type I.

There appears to be a relation between the maser properties and the color index in the near

infrared, which is a measure of the total optical depth of the envelope for stellar

radiation and, thus, of the mass loss rate. A' should be expected for type I envelopes the

flow velocity in the outer parts is higher when the color index and mass loss rate is higher.

The trends found in chapter IV are discussed in chapter V with the help of a specific

type I model for the velocity field. I compare the observed maser line profiles with those

predicted by a simple homogeneous-shell mode) with a wide range of velocity structures.

In this way I determine where the various maser regions are located in the envelope. The SiO

maser line originates in the thin shell bounded by the stellar surface and the inner radius

of the dust envelope, the H O line is formed at a somewhat larger distance and moves further

out when the mass loss rate is higher, and the OH maser regions lie at a distance of 10 to

100 stellar radii from the stellar surface where the flow has reached its terminal velocity.
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CHAPTER I: THERMAL BREMSSTRAHLUNG RADIOSPECTRA FOR INHOMOGENEOUS OBJECTS,

WITH AN APPLICATION TO MWC 349

Summary

Radio spectra of very small H II regions are often interpreted in terras of homogeneous

density Jistributions. In this paper we calculate radio spectra tor objects where the

density gradually decrease? outward. We demonstrate that for these models the optical thick

spectral index can be considerably lower than +2. Moreover, we she-í that the actual value

gives information on the steepness of the density gradient. Recently objects with such

spectral indices have been obsei-ed. Finally, we interpret the radio data on MWC 349
-2. 1

(spectral index +0.69) as being due to a density structure of the form n °"- r

I. 1 Introduction

In recent years several galactic radio sources have been found of very small angular

(< 5") and linear (<-< 1 pr) size: compact H IT regions (e.g. W 3, K 3-50, DR 21, ON I),

planetary nebulae, and dense shells surrounding stars (e.g. MWC 349, V 1016 Cygni). Usually

the spectra of these objects are called "thermal" because the flux increases with frequency

v up until a turnover frequency v after which the flux becomes essentially constant. The

radiation process is always thought to be thermal Bremsstrahlung. Often it is tacitly

assumed that the flux of a thermal Bremsstrahluug source is proportional to v where either

a = +2 (v < v ) or a = -O.I (v > v ); a changes from +2 to -O.I in a small frequency

interval around v . While it can he proven to be rigorously true that a -> -0. 1 if v -* œ the

first statement (a -* +2 for v ->• 0) is not necessarily true. A good example of a thermal

Bremsstrahlung source with a spectral index a - '0.7 between 0.3 and 30 GHz is the "quiet"

sun. It is the purpose of this paper to calculate spectra for different models, to show that

the value of a at v < v gives information on the structure of tne radio source and to apply

the results to an interesting case, the "radiostar" MWC 349.

Physically the conception that always a = +2 comes about because of the use of models

with constant column electron densities over the disk. If, for example, the electron density

is decreasing outward, then with increasing frequency one looks deeper into the object and

the radius where T = 1 wilj shrink. Hence the flux of the object will increase slower than

the v relation that follows directly from the Rayleigh-Jeans law.

1.2 Model spectra

We will consider only models with circular symmetry around the line of sight, with

ionized hydrogen as the only constituent, and with uniform electron temperature. The

distance to the object will be D, depth along the line of sight (measured from the centre of

the object) will be z, and the radius perpendicular to the line of sight will be p. Under
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Fig. 1.1. Electron densiiv n , as a function of

radial distance r for four models numbered as

in Section 1.2. Both parameters are given in

arbitrary units.

10 — r

these conditions the total flux S, the iptical depth T and the emission measure E can be

written, in the Rayleigh-Jeans regime,

2 7
)dp, (I)

T (P) = f(v,T )E(p),
V tr

(2)

/ • :
E(p) = 2 | n 2(r)dz, r 2 = p 2 + z 2 . (3)

The function f(v,T ) depends on the details of the Bremsstrahlung process. For our purposes

it satisfies to use an approximation given by Altenhoff et al. (1960):

f ( V,T ) = 8.235 x 10 —

K \GHz/
cm /pc. (4)

For limits on the validity of the approximation see, e.g. Brussaard and van de Hulst (1962).

From eqs. (1) through (4) it follows that, if i « 1 for all values of p

-0. !
(5)

It can be shown easily that this result is general and does not depend on our assumption of

circular symmetry.

We will now calculate in detail spectra of five specific model density distributions.

Four of these are shown in fig. I.I. For convenience we write f instead of f(v,T ) and p

instead of the central optical depth T (0) = fE(0).
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1.2. I yiodcL I: tiu: jijlindvu:al distvioution

We aisume that n = constant = n« in a cylinder of radius R and length 2R and with the

axis of symmetry along the line of sight, n = 0 outside the cylinder. We now obtain:

E(p) = R, (6)

(7)

V

2nkT R2v2

ti

c"D"
-(1-e-P). (8)

Clearly S <* v when v <x v , where v is defined by the relation p = 1.

1.2.2 Model II: the sphüviaal distribution

Assume that n = constant = n_ inside a sphere of radius R, and n = 0 outside the

sphere. Then:

E(p) = 2 n 2 ( R 2 - p 2 ) m ,

E ( P )

P =

g =
v

= o ,

2 n o R f >

2TTkT R
e

c V

2
i _
1 2

P

P >

P 1

R,

- P i
e l

(9)

(10)

(11)

The same result was found by Osterbrock (1965). Defining a critical frequency V as before

by the relation p(v ) = 1, we find:

2

f n 0 K V" ' ' V > > Vc'

+2
V <£ V .

In this model the value of a approaches +2 slower than it did in the previous model. The

explanation is that the emission measure E(p) decreases continuously toward the edge of the

disk. Hence the radius where T = I will shrink with increasing frequency. Due to the

steepness of E(p) near the edge of the disk this decrease in effective disk area will be

very slow as long as v « v . At these frequencies a = +2.
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1.2.3 Model III: t'-e .gauasian distribution

We adopt spherical symmetry and assume

ng(r) = nQ exp(-r
2/2R2). (12)

Then we o b t a i n *

E ( p ) = n2R7T1/2 e x p ( - p 2 / R 2 ) ,

P = o

( 1 3 )

( 1 4 )

2 2
27TkT R V

SV = T~2 [Y + ln P + E](P)1 ' ( 1 5 )

E (x) S | (e*t/t)dt and Y = Euler constant = 0.577.

In the optically thin and optically thick limits we find:

S =v
c D

f 2
f n o Œ v V »

2irkT R 2 v 2

In p <* V (const. - In v), V « V ,

where again Vc is defined by p(vc) = 1. In this model, too, a •* +2 for very low-frequencies.

However, the E(p) distribution is less steep than in the previous model and, consequently,
+2

the deviation from the relation S Œ v is larger. In general we can say that the steeper

the density distribution is, the sooner a - +2 if one goes to lower frequencies.

1.2.4 Model IV: the power>-law distribution

Again we assume spherical symmetry. Now we take

ng(r) = no(r/R)"
q, q > 3/2. (16)

We obtain:

E(p) = n

Tv(R) = n
2RfTT1/!2r(q-l/2)/r(q)>

(17)

(18)
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? 9

Sv , -\e
K
 (R)2/(2q-)r/2^3

c"D
(19)

whera F denotes the gamma function. We find a constant spectral index a = (2q-3.1)/(q~0.5)

at all frequer.cies. For q = 2 we have a = +0.6. Even for v + » o remains constant, contrary

to our previous statement. This comes about because of a physical impossibility of the model.

For r •* 0, n •* °°, which implies that at no frequency the object will become optically thin.

A second singularity turns up in the outer parts for q _< 3: the total number of electrons

becomes infinite. This problem, however, can be circumvented by assuming a maximum radius

R » R, which will not invalidate our integrations. Any real H II region must be bounded

because only a finite number of ionizing photons is available.

1.2.5 Model V: the truncated power-law distribution

Model IV posed a serious problem because it never became optically thin due to the

infinite density at r = 0. To avoid this problem we now consider a density distribution with

a homogeneous sphere in its centre:

ne(r) = n0, for r < R,

n (r) = n (r/R) q, for r > R.

We take q = 2. Then, introducing x = p/R, we find:

(20)

E(p) = n^Rg(x), (2!)

2, x = 0,

g(x) - x-3 \\ -arctg i(.-xV 2
 + ( 2-x) ( 1 -X

2
0 < x < 1

gU)
IT -3

x > 1 ,

P - fn2Rf. (22)

g(x) is graphically displayed in fig. 1.2. The flux density is given by:

2v2R2v
S = --V dx dx (23)

The optical depth is largest where g(x) is maximal, i.e. for the central ray (x = 0). For

v sufficiently large, T will become small even for the central ray, and we obtain:
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Fig. 1.2. The function g(x) defined in Eq. (21)

demonstrates the decrease in the emission

measure outward. The dashed line reflects the

contribution of the homogeneous sphere at the

centre.

32ïïkT

3c D

where v again is defined by p(v) = 1. On the other ham5 for v sufficiently small, the gas

in front of the central sphere becomes optically thick and the flux density approaches very

closely the value given by model IV with q = 2:

2irkT 2/1

v«vc

For intermediate values of v we write eq. (23) in the form:

3rd) - 2j(|p) ,

2 2
2ïïlcT R v

e
( 2 4 )

where

J(y) =

is given in table I.1 for some values of y.

0.

0 .

0 .

0.

1.

y

0750

1875

3750

7500

8750

Table I .

8
3 y

0.2

0 .5

1

2

5

1

J(y)

0.1330

0.1408

0. 1125

0.0567

0.0057
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For other values of q the formulas are more complex. We note that for v « v the value of

the flux approaches that given for model IV (19). Thus, radio spectra of type IV can be

interpreted as the optically thick parts of type V spectra with very high v . In the

optically thin limit (v » v ) we find:

8-nkT R3v>2
e

3(2q-3)
fn

-O.I (25)

1. 3 Parametric equations

a n d

The fluxes from each of the models at a given frequency depend on four free parameters:
2 -1.35

nQ, Ta, K and U. However, these parameters occur only in the two combinations
 n Q R T

e

R"T D ~. Hence, for any assumed model, two points not lying on the same straight-line

portion of the spectrum suffice to determine the vhole spectrum. Model IV spectra c?n be

interpreted as incomplete type V spectra, so we leave them out of the discussion.

We can rewrite the expressions for the flux in the models I, II, III and V as:

S =
v

2kT v*
e

C2D2 E(0)
F(p), (26)

where £ - fn~dV is the volume emission measure and F(p) is a function of p ; fE(0) known for

each model. E(0), £ and F(p) are given in table 1.2.

Tab Le 1.2

Model no . E(0) F(p)

2nQ
2R - e"p

2 nO R \ - -%ll-(p+De-p|
P

I I I y + In p + E (p)

(-j-̂ TIp) - J ( 5 p )

It can easily be shown that F(p) = p for p «: 1 , or v » \) , for all models. Then, a new

pair of parameter combinations suggests itself: the critical frequency v and Sv , the

optically thin flux extrapolated to v . With S in flux units, v in GHz, D and R in pc, nQ

in cm and T in K:

If
T EV

log S = 4.486 + log -f — ,
V
c D2E(0)

log vr = -0.516 + Y-j log Te'*
35 E(0).



1.8

Fig. I . 3 . Model spectra as calculated from Eq. (27). S and v are model constants defined in the text .

The spectra are numbered as in Section 1.2.

Using these model constants we can write eq. (26) in the form of a pair of parametric

equations (p is the parametric variable):

l o g log p + log F(p),

( 2 7 )

log v/vc = - ~ log p.~

The spectra as calculated with these equations are shown in fig. 1.3. A fit of an observed

spectrum to the spectrum of a chosen model will give values for Sv and v and hence for

'35 ° 3 5 2
and

1.4 Discussion

The most interesting property that follows from the models IV and V is that it is

possible to obtain information about the electron density distribution from the slope of the

spectrum. In practice our models will still be too simple: q is probably a (hopefully: slow)

function of r. Then the slope in the spectrum will be determined by the value of q in the

layer where the radial optical depth is about unity.

Finally we note that from the spectrum alone (S as a function of v) we can derive only

two of the four fundamental parameters n-, T , R and D. We therefore need additional

information like the distance and like T (usually taken between 7000 and 10000 °K).

Electron densities decreasing gradually outward may be expected around stars that have

ejected or are still ejecting mass (novae, planetary nebulae, supergiants), and in envelopes
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Sr
Imlui

i

A

Fig. 1.4. Kadiospectrum o£ MWC 349 (see

Table 1.3). The dashed line gives the straight-

line fit through the filled circles discussed

in the text.

of young stars. In the next section we analyse the radio data of the source associated with

MWC 349, an early-type emission-line star with A ^ 9 mag.

1.5 MWC 349

1.5.1 Observations

Table 1.3 compiles the flux density measurements of MWC 349. These results are plotted

in fig. 1.4. The latest results at 1.415, 4.995 and 10.68 GHz were obtained during a joint

Westerbork-Bonn program to detect radiostars. These observations will be discussed in a

forthcoming paper.

The large spread initially reported by Altenhoff and Wendker (1973) at 10.68 GHz seemed

to indicate variability. However, the new Bonn measurements point to a constant flux of

Table 1.3

Radio flux densities measured for MWC 349

Date
Frequency Flux density

(GHz) (m.f.u.)
Reference

1971 Jul. - 1972 Mar. 1.415 6 0 + 7

1973 Dec. 1.415 6 8 + 3

1972 Cet. - 1973 Feb. 2.695 100 + 15

1972 Nov. 16, 1974 Jul. 5 195 + 7

1972 Nov. 16, 1973 Apr. 4.995 1 6 5 + 5

1972 Dec. 6.63 257 i 30

1972 Oct. - 1973 Feb. 8.085 240 í 2U

1972 Dec. 8.13 220 i 10

1972 Dec, 1973 Feb. 10.52 253 i 20

1972 Oct. 28 (0.68 460 i 50

1972 Oct. 29 10.68 300 + 40

1973 Jul. 10.68 270 ± 30

Braes et al. (1972)

Westerbork (unpublished)

Hjellming et al. (1973)

Baldwin et al. (1973), Harris (1974;

Westerbork (unpublished)

Gregory and Seaquist (1973)

Hjellming el ul. (1973)

Seielstad et al. (1973)

Gregory and Seaquist (1973)

Altenhoff and Wendker (1973)

Altenhoff and Wendker (1973)

Bonn (unpublished)
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about 270 m.f.u. Probably there were instrumental problems. Hjellning et al. (1973) ar.d

Gregory and Seaquist (1973) searched for, and did not find significant time variations.

The flux density at 5 GHz as reported by Baldwin et al. (1973) and Harris (1974) is

higher than the Westerbork flux density. However, as can be seen from fig. 1.5, this high

value is primarily based on the amplitudes at the shortest spacings. A lower flux density

consistent with the Westerbork value seems to be indicated by the amplitudes at .medium and

large spacinga. We cannot explain the discordance at the shortest spacings, and will assume

the Westerbork value to be the best one, because it is consistent with the flux densities

at other frequencies.

The observed spectrum is of type IV-V; a straight-line fit gives q = 2.10 ± 0.05. Since

we observe only the optical deep part of the curve we obtain only (cf. eq. (19)] the

parameter T " " n_R * D . With T = 1 0 K (the dependence on te.uperature is very weak)

and D = 2.1 kpc, as suggested by Braes et al. (1972) on the assumption of association with
2.1

Cygnus 0B II, this leads to n.R 0.9 -t 0. 1 pc2-1/cm3.

Our model implies that MWC 349 is an optically thick source (T » 1 for the central ray)

even at the highest radio frequencies. This is confirmed by the optical observations by Kuhi

(1973) and Greenstein (1973). They measured the absolute fluxes in the Balmer lines and

corrected these for extinction. The reddening correction is very uncertain, mainly because

we do not know how much of the extinction is circumstellar. Kuhi finds for the corrected H|3

flux F(H(3) = 1.2 x 10 erg/crrTs whereas Greenstein, assuming less extinction in H|3, gives

4.6 * 10 erg/cm s. If the source is optically thin in the Balmer lines, we then can

compute the volume emission measure. Using the formula given by Delmer et al. (1967) for
4pure hydrogen, T e = 10 K, and a density distribution of type V with q = 2.1, we find

n_R D = 2.8 x I0~2 pc/cm6 from Kuhi's flux and 1.0 * 10~ pc/cm froir Greenstein's flux.

Eq. (25) then predicts fluxes of 35 and 1.3 f.u. at 5 GHz, if the source were optically thin

at this frequency. Since the observed flux is only 165 m.f.u., the optical depth must be

large at 5 GHz.

Combination with the result of the spectral fit gives R/D and n_D ' . With D = 2.1 kpc

we find R ^ 11 AU, n ^ 9 * 10 cm (Kuhi) and R ̂  170 AU, n % 3 x 10 cm (Greenstein).

It should be noted that both parameters thus derived depend critically on the extinction
7/4assumed in H(3, because R Œ F(HS) and n- Œ F(HB)""* as can easily be verified. Moreover,

the optical depth in the Balmer lines may be appreciable with the high central densities

found above. In that case the derived value for the volume emission measure is only a lower

limit.

Greenstein reported night to night variability in the Balmer lines indicating the

presence of a small dense component. In our model the bulk of the Balmer emission comes from

the dense central part of the cloud, which is small enough to vary in a day. This variability

should be invisible at radio frequencies because the observed radio emission originates in

the outermost layers of the cloud. Recently, observations with better resolution have been

made by Greenstji1-. and Swings, which indicate a very high density and no variability

(Swings, 1974).

There is another piece of information about MWC 349 that needs to be considered. The

radio source is partly resolved by the 5-km interferometer at Cambridge (Baldwin et al.,

1973; Harris, 1974). Fig. 1.5 shows the visibility amplitudes A measured in Cambridge and

Westerbork at 5 GHz as a function of the effective interferometer spacing s (i.e., the
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Kig. I.ï. Visibility amplitude A at 5 GHz as

a function of the effective spacing s (in

wavelengths;. Each open circle gives the mean

amplitude of one interferometer at Cambridge

(2 x I.!'), each filled circle gives the mean

of five interferometers at Westerbork (2 x b ).

The error bar gives the r.m.s. error on both

sets of points. The dashed line is the

theoretic;! 1 curve for a uniform disk with

radius ).l arcsec; the full line is the

theoretical curve for the model assumed by

the author.

spacing as seen from the source). Assuming a circular symmetric brightness distribution,

A(s) equals the amplitude of the Fourier transform of. a strip-scan across the source. We

fitted the theoretical A—s relation for a circular disk of uniform brightness with the

observed points and found an angular radius of I'.'l and a brightness temperature of 2600 K

(the dashed line in tig. 1.5). Since from the optical observations we knjw that the optical

depth at 5 GHz is large, the brightness temperature equals the electron temperature T . We

consider it unlikely that T is that low and for this reason reject the uniform disk model

(which could not reproduce the observed spectrum anyway).

To construct the A—s relation for a type IV model we £.pproximated the brightness

distribution by superimposing some eighty circular disks of uniform brightness. The

amplitude for the type IV model, A(s), is then si.uply the sum cf the amplitudes of all the

uniform disks. For fixed q and A(0) it can be shown that A(s) is a function of sT . We

constructed the A—s relation for q = 2.1, A(0) = 165 m.f.u. (both obtained from the spectral

fit) and for several values of T . The best fit is obtained for T
e e

in fig. 1.5), and we estimate the error at 20%.

10 K (the full line

1.5.2 Discussion

We have shown that the radio data on MWC 349 can be reconciled with a model distribution
-2 1 2 1 ? 1 3

distribution for the electron density in which n = n_(r/R) " and n_R " = 0.9 pc"" /cm .

But from the radio data alone we do not know whether this model is correct at small

distances (r < 10 cm) from the centre, because all radiation originating in that region

is totally absorbed in the outer layers. Information on the inner part of the source could

be furnished by observations in the millimeter and far infrared range, where the opacity is

much less.

A density distribution as found above for MWC 349 is to be expected if the centra1

object shows isotropic mass loss and the flow velocity V is essentially constant at 1 irge

distances (r > 10 cm). For MWC 349 the mass loss rate M derived from the calculated value
2 ' —7

of n r is given by M = 3 x 10 V M_/yr, where V is in km/s. Herbig (1972) reported weak

wings in the Ha line extending to ±1500 km/s. If V is in that order of magnitude, we find

M % 4 x 10~4 M_/yr.
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CHAPTER II: A SEARCH FOR RADIO EMISSION FROM STARS

Summary

Radio emission has been searched for in many stars, mainly in close binary systems,

emission-line stars and nearby stars. Most results were negative. Radio emission was found

in a number of stars, mainly emission-line stars. Upper limits are given for the undetected

objects. The detected ones are briefly discussed.

11.1 Introduction

Radio emission from stars lias been detected in a number of objects. For a review of

data in the literature see e.g. the review paper by Braes (1974). Continuum emission has

been found mainly in several close binary systems, peculiar emission-line stars and X-ray

stars. Our intention was to sample as large a list as possible comprising the former two

types of objects with declination 6 > -25 .

56 peculiar emission-line stars were taken from the catalogue by Allen (1973). These

contained 80% of the Northern stars classified as D(n).

50 close binary systems were selected from the compilations of such systems by

Ziolkowski (1969) and Refsdal and Weigert (1969). These will comprise almost all contact and

semi-dotached binaries.

To these stars we added — whenever the observing schedule permitted — several nearby

stars and a few objects which could possibly belong to our two main groups.

11.2 Observations

Signals from possible stars are relatively weak as past experience has shown (Braes,

1974). Therefore one has to use antennas as large as possible and very long integration

times. On the other hand chance background sources may be confused with the expected signal.

For these reasons the 100-m telescope of the MPIfR in Effelsberg was used as the search

antenna at a frequency of 10.69 GHz. Objects with suspected signals were then observed with

the Westerbork Synthesis Radio Telescope (WSRT) at 5 GHz. The relevant instrumental

parameters are summarized in cable II.1.

The combination of the two widely different instruments has several advantages: Firstly,

by using an on-off technique in aziiwth direction one is able to obtain evidence within a

20 min observation whether there is some signal down to a given level (usually 5 mJy) or not.

Thus a first search of many objects can be made within a reasonable time. Secondly, doing in

addition on-off's in the elevation direction and if'necessary scanning will give enough data

to deduce reliable flux density values. More details of these observing techniques are given

by Wendker and Altenhoff (1975). Thirdly, the subsequent observations with the WSRT will

finally show whether the signal comes from the objects or is possibly due to confusing
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Telescope

f.f felsberg

WSRT

Frequency

(GHz)

10.69

5.0

1 .4

Table

6

20

11. 1

HPBW

(aresec)

78 » 78

•• 6 cosec o

v 20 cosec A

r.m.s. noise

(mJy)

1

1

1

sources. The lat ter is also true for variable sources. Fourthly, having two frequencies

gives a f i rs t hint of the spectrum of the radiation. In some cases we undertook coordinated

observations in order to overcome time variabili ty problems. The interferometer observations

were a l l done using the standard techniques described by Baars and Hooghoudt (1974), Casse

and Muller (1974) and van Soraeren Greve (1974).

The positions of several emission-line stars were very badly known. Errors up to 1' or

more were possible. As such errors would already have prohibited observations with the 78"

beam of the 100-m telescope A.A. Schoenmaker determined accurate positions for most of them

from the Pslomar Sky Survey prints. We feel i t valuable to compile the data in table I I .2 .

Table II.2

New optical positions for several emission line stars

Object

LkHa 198*

V 376 Cas*

MWC 17

LkHa lal

M 1-82 1RS 2

H 1-82 1RS 3

LkHa 208*

MWC 137

HD 51585

M 2-9*

M 1-92*

He 2-446

V 1016 Cyg

MWC 645

MWC 1080*

RA 1950a)

OOhO8m47?78

00 08 47.91

01 44 11.95

04 26 57.24

05 37 45.45

05 37 49.26

06 04 53.25

06 15 53.51

06 55 37.65

17 02 52.53

19 34 18.39

19 41 59.66

19 55 19.80

21 51 40.29

23 15 14.84

DEC 1950a)

+ 58O32'48'.'6

+58 33 23.2

+60 27 00.I

+35 09 56.0

+35 48 04.6

+35 48 50.8

+18 39 51.J

+15 18 09.1

+16 23 33.4

+10 04 32.4

+29 26 04.7

+23 19 27.9

+39 41 29.9

+52 45 47.9

+60 34 19.2

The accuracy in both coordinates is about I arcsec

except for those objects which are nebulous; these are

indicated by an asterisk ( ) and their positions are

less accurate.
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11.3 Results

The majority of stars showed no detectable radio emission during our search periods.

The upper limits derived for these objects are compiled in table II.3. The columns are self-

explanatory except for column 3. Here the class of objects classifies each object according

to the following key (which is taken from the catalogue of radio emission from stars by

Wendker, 1975).

Class I : Flare stars

Class 2: Normal single stars

Class 3: Binary stars and multiple systems

Class 4: Novae

Class 6: White dwarf magnetic stars and other peculiar stars

Class 7: Emission line stars and shell stars

Remarks are in order on the following stars:

1. Barnard's star, Wolf 359, DM +36°2147 = Lalande 21135 and a CMa = Sirius are the nearest

star'', visible from the northern hemisphere. The upper limits quoted correspond to 20, 220,

65 and 60 times the flux density of the quiet sun.

2. Wolf 359: The relatively high upper limit is caused by a confusing source only 30" away.

3. No flare was observed from the nearest stars mentioned in remark 1 which had a duration

of longer than 2 min and a peak flux density of 25 mJy or more.

4. No flares with more than 25 raJy were detected for the typical flare stars of class 1.

5. Possible detection of radio emission from IT Aur has been reported by Seaquist (1967),

however with a very small signal-to-noise ratio. Our results do not confirm his findings, at

least not as a steady source.

6. Antares B was radio quiet during all of our observations.

7. RZ Cas represents a difficult case. During several observing sessions a marginal signal

seemed to be present. However, the noise was never low enough in order to unambiguously

detect the star at a level of 4-6 mJy. WSRT observations showed that it is not a problem of

a confusing source in the beam. Therefore we cannot decide whether RZ Cas is undergoing low

level variable emission or whether there were spurious, effects.

In table II.4, finally, the detected stars are listed. The column entries are

principally the same as in table II. 3. It is seen that essentially none of the binary stars

showed any detectable radio emission. Emission was found in the direction of eight out of

the 49 observed class 7 objects.

Table II.3

Stars without detected radio emission

(O

Name

(2)

Class

(3)

Upper
limit at
10.69 GHz
in mJy

Observing
date at
10.69 GHz

(5)

Upper
lin-.it at
S GHz
in mJy

(6)

Observing
date at
5 GHz

(7)

1
2
J
4
5

HD 108
LkHo 198
V 376 Cas
TV Cas
DM +61°154

10
5
5
5
5

1973 05 06.3
7 15,4
7 15.4
6
2

17.3
6.8
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Table I I .3 conLinued

(1)

6
7
8
9
10

1 1
12
13
14
15

16
17
18
19
20

21
22
23
24
25

26
27
28
29
30

31
32
33
34
35

36
37
38
39
40

41
42
43
44
45

46
47
48
49
50

5!
52
53
54
55

56
57
58
59
60

61
62
63
64
65

N a m e

(2)

Y C a s
3 And
í> Per
M W C 1 7
X T r i

o C e t
HWC 56
KY Per
R Z C i s
S T P e r

X P e r
S P e r
R T P e r
X Y P e r
X P e r

f " . P e r
M W C 8 4
W Per
a Tau
RS Cep

SU Aur
AB Aur
HD 31648
P Ori
o . A u r

3 G e m
H K O r i
f , T a u
R R T a u
M 1 - 8 2 1 R S 2

M 1 - 8 2 1 R S 3
F U O r i
i r A u r
H D 2 5 0 5 5 0
1 7 L e p

L k H a 2 0 8
H D 4 5 6 7 7
8 M o n
L k H a 2 1 5
H D 2 5 9 4 3 1

R M o n
M W C 8 1 9
e t C M a
H D 5 1 5 8 5
Z C M a

Y C a m
KQ Pup
B N C e r a
R o s s 8 8 2
RX Hya

Y Leo
AD Leo
TX UMa
W o l f 3 5 9
L a l a n d e 2 1 1 8 5

TT Hya
Z Dra
Ross 128
K D r a
R S C V n

C l a s s

(3)

2
2
2
7
3

2

7
3
3
3

2

3
3
3
3

•j

7
3
2
3

7
7
2
2
2

2
7
2
7
7

7
1
2
7
3

7
7
2
7
2

7
7
2
2
7

3
3
2
1
3

3
1
3
2
2

3
3
1
6
3

U p p e r
1 i m i t a t
1 0 , 6 8 G H z
i n m J y

(4)

5
5
5
5
5

5
5
5
5
5

10
5
5
5
5

5
5
3
5
10

10
5
15
5
5

5
15
5
5
5

5
5
5
5
5

5
5
5
5
5

5
5
4
5
10

5
5
5
5
10

10
5
5
10
5

10
5
5
5
5

O b s e r v i n g
d a t e a t
10.68 GHz

(5)

1973 2 6.8
2 13.7
2 6.8
5 5.5
6 17.3

2 6.7
2 6.9
6 17.4
5 5.6
6 17.4

6 17.5
5 5.8
6 17.5
2 7.0
4 14.5

2 13.8
7 15.4
6 16.6
2 13.8
6 16.7

6 17.6
7 22.5
7 15.5
6 11.6
2 7.0

2 7. 1
7 15.5
2 7.0
7 21.4
7 15.5

7 15.5
2 13.8
6 10.5
2- 6.9
2 6.9

7 14.6
2 6 . 9
2 1 3 . 9
7 2 1 . 5
7 2 1 . 6

6 1 7 . 6
5 5.7
2 1 3 . 9
2 7 . 0
5 6 . 7

6 17.7
2 13.9
2 7.1
5 6 . 8
6 1 7 . 6

6 17.7
5 6.8
6 17.7
4 14.8
7 15.7

6 1 6 . 8
6 1 6 . 7
5 5.9
2 7.1
6 15.9

U p p e r
1 i m i t a t
5 G H 2
i n mJy

(6)

5

5

7

7

O b s e r v i n g
d a t e a t
5 GHz

(7)

1 9 7 2 1 1 1 3

1 9 7 3 0 6 0 2

1 9 7 3 0 8 0 5

1 9 7 3 0 8 0 5
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Tab lu 11.3 continued

(I)

66
67
68
69
70

71
72
73
74
75

76
77
78
79
80

81
82
83
84
85

86
87
88
89
90

91
92
93
94
95

96
97
98
99
100

101
102
103
104
105

106
107
108
109
110

11 1
112
1 13

1 14

115

116
117
118
119
120

121
122
123
124
125

126

Name

(2)

UW Vir

SX Hya
<ï IÎOO
A Lib

U CrB

û CrB

TW Dra
R CrB
48 Lib
T CrB

u Sc o

a Het
XX Oph

Z Her
89 Her

Barnard's star

DM -10°4662
RZ Set

V 356 Sgr
KO Aql

1' Lyr

U Sge

v Sgr
DM +40 4124

l.kHu 224

BF Cyg

DM +14 38S7

M 1-92

He 2-442

He 2-446

CI Cyg
QY Aql

V 505 Sgr

MWC 623

WW Cyg

SW Cyg
VW Cyg

MWC 342

W Del

AS 442

LkHa 134
LkHa 135
V 1057 Cyg »

HD 200775

MWC 374

LkHa 2^.

P Cep
AW Peg

AG Peg

DM +46°347I

MWC 645
VV Cep
Nova Cep 71
MWC 1055
L 789-6

RT And
MWC 1080
TY Peg
Y Psc
Z And

TW And

Class

(3)

3
3
2
3
2

2

3
2
7
;

3
3
7
3
7

2

3
3
3
j

3
2
7
2
7

3
7
7
7
7

3
3
3
7
3

3
3
7
3
7

7
7
7
2
7

7
2
3
7
2

7
2
4
7
1

3
7
3
3
7

3

Upper

10.69 GHz

in mJy

(4)

5
5
10
5
5

5
5
5
10
5

8
5
5
10

3
10
10
10
10

5
5
10
10
10

5
10
5
5
15

5
5
5
10
5

5
5
5
10
5

10
5
5
5
10

5
5
5
10
10

10
10
5
5
5

10
5
5
10
5

5

Observing
date at
10.69 GHz

(5)

1973 6
6
2
6
6

5
6
4
3
2

4
6
5
6

4
6
6
6
6

2

6
6
7
7

f>
5
5
7
7

6
6
6
7
6

6
6
7
6
7

7
7
5
7
5

2
2
6
6
7

4
5
2
7
5

6
2
6
6
5

6

15.8
15.9
14. 1
15.9
16.9

6.9
16.9
15.0
5. 1
7.2

14. 1
10.9
6.0
15.0

15.1
15.0
15. 1
15.1
15.1

7.2
II.1
1 1. 1
15.9
15.9

i/.O
7.0
5.4
15.8
14.9

17.0
17.1
17.1
15.8
17.1

17. 1
17.2
15. 1
15. 1
15.1

15.8
15.2
6.5

24.0
6.3

15.2
15.1
17.2
11.2
15.2

14.4
5.5
15.3
15.4
7.3

15.2
6.8
17.2
15.2
6.3

17.3

Upper

5 GHz

in mJy
(6)

7
5

7

7
7

5

5
7

Observing
date at
5 GHz

(7)

1972 12 12
1973 05 08

1972 II 12

1973 08 04
1973 08 04

1973 06 03

1973 06 04
1972 11 03
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Table 11.4

Stars with detected radio emission

1
2

3

4
5

f>
7
8

9

10

Object

T Tau
Lkltu 1 0 1

MWC 137

M 1-11
M 2-9

Nova Set 70
Vy 2-2
V 1016 Cyg

MWC J44

Nova tk'l 67

Class

7
7

7

7
7

4
7
7

7

4

Frequency
in GHz

10.69
5.0
10.69
5.0
10.69
1.4
1.4

10.69
10.69
1.4
1.4
5.0
10.69
1.4
5.0
5.0
10.69
10.69

Flux den
in raJy

8 i
180
160
80
55
19
32
34
12
5
17
46
74
68
155
175
270
13 '

si ty

2
10
10
10
5
2
2
4
3
•j

2
2
1(1
3
7
5
il
)

Observing
drte

1973 06 17.5
1974 05 16

1973 07 15.5
1973 04 14
1973 04 14.6

1973 12 06
1974 01 26

1973 04 14.2

1973 06 11.1

1973 12 28
1973 12 24

1973 04 14

197 3 04 14.2

1973 12 27

1972 II II)
1973 04 14
1973 05 06.4
1973 05 07.3

11.4 Remarks on detected objects

We can draw only one general conclusion from the results: All objects from which radio

emission was detected siiow evidence for the presence of dense circumstellar matter in other

spectral regions, especially in the infrared. However, it seems impossible to predict the

behaviour of an object in the radio region on the basis of its properties in the infrared.

We believe that a general discussion is not appropriate and we would like to make only some

remarks on each individual detected object.

T Tan. Our data are consistent with a spectral index of about +0.6 already estimated

by Spencer and Schwarz (1974).

LkHct 101 is a faint and highly reddened Ha star embedded in the reflection nebula

NGC 1579 and probably its source of illumination (Herbig, 1956). The spectrum in the photo-

electric infrared has been studied by Herbig (1971). He found a number of narrow emission

lines and estimated a distance of 800 pc. Infrared photometry out to \&\i was done by Cohen

and Woolf (1971); the spectrum fits a blackbody of temperature 800 K. Cohen (1973)

determined a total luminosity of 5500 L from the infrared data using Herbig's distance

estimate. This luminosity corresponds to a BI ZAMS star (Panagia, 1973).

The 5 GHz WSRT observation (HPBW = 6'.'3 x ll'.'O) reveals an extended radiosource with a

sharp peak at the optical position of LkHcc 101 (fig. II. 1). The radio picture looks quite

different from the photographs (Herbig, 1956, 1971)- Apart from the central object they seem

to have one other feature in common: the bright rim about 5" NW of LkHa 101. The amplitude-

baseline relation is displayed in fig. II.2. Each point gives the 12 average of the

amplitude and the mean effective baseline of one interferometer. The full curve represents

the relation for a point source of 23 mJy superposed on a circular gaussian component of

160 mJy and half power width 35" centered on the point source.

Recently, Spencer and Schwartz (1974) published flux densities at 2.7 GHz ( 1 1 + 2 mJy)

and 8.1 GHz (35 ± 3 mJy) and placed an upper limit on the angular diameter (< 1"). At the

baselines they used the extended component is-invisible and their results refer to the point
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indicated by a cross.
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I'ij;. II.2. The visibility amplitude A at

4.995 GHz as a function of the effective

baseline s (in wavelengths). The filled

circles give the observations and the full

line is the theoretical curve (see text).

The error bar gives the r.m.s. error of the

observed pointa.

source. Using the three spectral points and the theoretical spectrum of a homogeneous sphere
4

(Olnon, 1975) and assuming a distance of 800 pc and T = 1 0 K, we derive the following
6 5 - 3

source parameters: angular diameter ^ 0'.'5, diameter ^ 400 AU, n ^ 3 * 10 cm . From the

flux densities at 5 and 10.7 GHz we conclude that the extended component is optically thin.

Assuming an angular diameter of 35" and the same distance and temperature as above this
3 —3 . 2

leads to n (r.m.s.) ^ 1 0 cm . For the excitation parameter we find u ^ 7.2 pc/cm which

corresponds to a B0.5 ZAMS star (Panagia, 1973).

MWC 137. The detection of this object at 10.69 GHz has been already announced by

Altenhoff et aï.(1973). At 5 GHz, however, the WSRT observations show that the radio

emission comes from a weak extended source without a brightness peak at the position of the

central star (Israel, 1975). The spectrum appears to be rather flat. Therefore we interpret

the results as emission from the nebula S 266, which is a typical small H II region.

M 1-11. This object is classified as a planetary nebula similar to Vy 2-2. Feldman et

al. (1973) reported radio emission at 10.6 GHz. Terzian et al. (I974) found complex emission
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at 2.7 and 8.1 GHz and confirmed that the radiosource coincides with the optical object.

They gave lower limits for the flux density at both frequencies. At 1.4 GHz the source is

unresolved and the measured flux density is about an order of magnitude lower than that at

higher frequencies. Ftom the confusing data obtained up till now it is impossible to say

anything about the spectrum.

M 2-9. On optical photographs this peculiar object shows up as a relatively bright core

(m = 13 mag) of 7" diameter with two diffuse extensions along the north-south direction

of 20" each. The structure of these wings changes within decades (van den Bergh, 1974). All

important data on the object are mentioned in a recent article by Purton et al. (1975). Our

flux densities (32 + 2 mJy at 1.4 GHz and 34 ± 5 mJy at 10.7 GHz) are somewhat lower than

those previously reported, but they confirm that the radio spectrum is optically thin.

Purton et al. conclude that the radio emission originates predominantly in the wings. Due

to the low declination of the object the resolution at 1.4 GHz in the north-south direction

is very poor (HPBW = 22 •< 130"), so we cannot say anything new about the locus of the radio

emission.

Vy 2-2 - VV 230 = M 1-70. This object is classified as a planetary nebula on the basis

of its spectrum. The line spectrum was observed by Ramadze (1960), Vorontsov-Velyaminov et

al. (1967) and Allen and Swings (1972). The results indicate an electron density of the
7 —3

order of 10 cm . Radio emission at 10.6 GHz has been detected by Purton et al. (1973) and

subsequently detection at 2.7 and 8.1 GHz have been reported by Seaquist and Gregory (1973a).

Our 1.4 GHz flux density confirms that the spectrum is rather steep with slope 1.7. This

implies that the source is mainly optically thick and we derive an angular diameter of 0V4.

The flux density at 10.6 GHz gives a lower limit to the volume emission measure, and with

T = 10 K and the above diameter this gives n (r.m.s.) > 6 * 10 D where D is the
e e

distance in kpc.

V 1016 Cyg. All available data on this peculiar emission object are summarized and

interpreted by FitzGerald and Pilavaki (1974). The radio spectrum has been discussed by

Seaquist and Gregory (1973b). They found that the spectrum is linear with slope 0.75 from
-2

2.7 to 10.6 GHz and argued that this is caused by a density distribution of the type n = r ".

The flux density at 10.7 GHz we published earlier (53 ± 4 mJy; Altenhoff et al., 1973) does

not fit this spectrum. Probably we made a position error. Our new measurements at this

frequency (74 + 5 mJy) and at 1.4 GHz (17 ± 2 mJy) confirm and extend the linear shape of

the spectrum.

MWC 549. The radio spectrum of the source associated with this emission-line star is

discussed by Olnon (1975). It is linear from 1.4 to 10.7 GHz with slope 0.7. From the radio

and HS measurements Olnon concludes that the density in the outer parts, where the observed

radio emission originates, runs like n Œ r and reaches a value of about 10

central part where most of the He emission is generated.

cm in the
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ADDENDUM TO CHAPTERS I AND II

Chapters I and II were written more than a year ago. Since then some more data have

become available on radio stars. At present thirteen radio continuum sources are known to be

associated with early-type emission-line stars. Most of them appear in the list of Allen

(1973) and are classified as D(n) stars, which means that they have large infrared excesses

attributed to dense circumstellar envelopes. Nine rjdio stars have been observed from 2.7 to

10 GHz and five of them even at 90 GHz (Marsh et al., 1976; Marsh et al., 1975). In all -five

cases where information is available on the optically thick part of the radio spectrum, the

spectrum has the form S » v . As I have shown in chapter I such a spectrum occurs if the

density in the envelope falls off according to a power-law.

V 1016 Cyg appears to become optically thin at 90 GHz and MWC 349 is even optically thick

at this high frequency, confirming the very high central density derived in chapter I. The

fact that the spectra are nearly linear over such a very wide range in frequency supports the

suggestion of uniform mass outflow with a nearly constant velocity.

Several authors have tried to explain why the spectral index is always higher than 0.6,

which value corresponds to a pure contant-velocity outflow (chapter I). Marsh (1975, 1976)

suggested two possibilities: (i) the envelope has a sharp outer boundary because the outflow

started suddenly some time ago, or (ii) the flow is accelerated. In the latter case the

density distributicn is steeper than an inverse-square distribution and in the former case

the outer boundary has the same effect as a steeper density distribution. In both cases the

spectral index is larger than 0.6 (chapter I). Wright and Barlow (1975) rejected possibility

(ii) because the only thinkable acceleration mechanism (radiation pressure) can accelerate

the flow out to only a few stellar radii (chapter III). Therefore, the effect would only

show up at the highest frequencies where one looks deepest into the envelope. At the lower

frequencies the spectral index must be equal to 0.6, which is not observed. Wright and

Barlow also argued that it is unprobable that the tnvelope is ionization-bounded, which

would produce a sharp outer boundary. It can be shown that an envelope with an inverse-

square density distribution is ionized out to infinity as soon as there are enough Lyman

continuum photons to ionize the inner part of the envelope. Maybe the fraction of neutral

gas increases with distance, where the neutral gas occurs in the form of bubbles embedded in

the ionized gas. This again would lead to a steeper aensity distribution of the emitting gas

(Wright and Barlow, 1975).
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The best proof of it is that the wings of the angels are immaaulately White?

E 0. Hulburt



III. 1

CHAPTER III: THE DYNAMICS OF OPTICALLY THICK DUST ENVELOPES AROUND LATE-TYPE STARS

III.1 Introduction

In 1956 Deutsch (1956) published an analysis of the double star system aHer, consisting

of an M-type giant and an early-type companion. He found that the giant is losing mass at a

rate of about 10 M /yr with an outflow velocity of 10 km/s. This result agreed well with

earlier observations of M-giants and supergiants that showed narrow absorption cores in the

circumstellar absorption lines of very low excitation (especially the H and K lines). These

cores were displaced to the violet by about the same velocity. Soon afterwards it became

generally accepted that all late-type giants are losing mass at a more or less continuous

rate.

Several mechanisms to explain this phenomenon have been proposed and subsequently been

rejected (Rubbra and Cowling, 1959). Only one mechanism, first proposed by Hoyle and

Wickramasinghe (1962), seemed capable of driving a mass outflow with the required properties:

radiation pressure on solid grains. Indeed calculations showed that dust grains might

condense around late-type stars (Gilman, 1969) and infrared observations during the past

ten years have confirmed the existence of circumstellar dust. During the early seventies

Gehrz and Woolf (1971) and Gilman (1972) published studies of the dynamics of mass outflow

driven by radiation pressure on the dust grains using simple analytical approximations.

The interest in the dynamics of the flow rapidly increased after the discovery of OH,

H^O and later SiO maser emission from late-type stars, because the maser line profiles give

information on the velocity structure of the flow. Recently, Kwok (1975, 1976) published a

fairly complete numerical calculation of the velocity fields including even grain growth

and sputtering, and showed that at least the 1612 MHz OH maser profiles can be explained by

these velocity fields. Goldreich and Scoville (1976) presented a similar calculation based

on somewhat different approximations.

In all these calculations it was assumed that the envelopes are optically thin for

stellar radiation. However, Hyland et al. (1972) showed that this assumption is not correct

for at least some of the envelopes around IR/OH stars (IRC +10011 has an optical depth in

the near infrared of about 2 ) . It is clear that optical depth effects are important: In

optically nor.-thin envelopes the spectral composition of the radiation changes continuously

throughout the envelope due to absorption and reemission by the dust particles. The

radiation pressure efficiency of the dust particles is strongly wavelength-dependent and

the flux-weighted mean efficiency is, therefore, very sensitive to the energy distribution

of the radiation. In this chapter I shall show that even small optical depths can change the

velocity field considerably.

Another assumption common to all previous calculations is that the flow velocity is

zero at the point where the dust particles condense. In other words, the radiation pressure

on the grains is the only driving force of the mass outflow. This assumption might be

realistic in some cases, but it is very well possible that, especially inside and close to
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the stellar atmosphere, other acceleration mechanisms push the material outward. The

assumption of zero initial velocity is certainly not correct when the radiation pressure

acts on silicates, because these grains cannot exist close to the stellar surface due to

their low evaporation temperature (1000 K). The envelope material must be driven out of the

atmosphere by another force until at a sufficiently large distance the silicate grains

condense and the radiation pressure on these grains takes over. My calculations start at the

dust-condensation radius and do not include acceleration mechanism other than radiation

pressure on solid grains. However, I shall assume that the flow velocity at that radius can

take on any positive value. In this way I allow for the other mechanisms in an approximate

way.

In this chapter I want to investigate primarily the effects of a finite optical depth

in the envelope. 1 had to choose between a simplified analytical approach à La Gehrz and

Woolf (197!) and a moie complete numerical one à La Kwok (1975). 1 decided to follow the

first procedure, because it brings out the typical optical depth effects more clearly and

because the results are not contaminated by very uncertain factors such as temperature, grain

growth and sputtering.

Furthermore, I have tried to treat the problem in a general way in order to m?ke the

model applicable to a wide range of objects. I do not specify dust or stellar properties

and, consequently, it is impossible to check the correctness of the simplifications I had

to make, such as neglecting the gas pressure and the drift velocity of the grains. Each time

the present model calculation is applied to a specific object or group of objects, it should

be verified whether the simplifications are justified. In section III.4 I shall discuss such

a specific case and verify the validity of my assumptions.

The most interesting result of my general approach is that flow patterns are found that

did not exist in previous calculations of the dynamics of envelopes around late-type stars.

III.2 Description of the model

III.2.1 üquation of motion for the grains

In a spherically symmetrical flow the equation of motion for a grain is given by:

dv

dt

GMm
(1)

where m is the mass of the grain, v its velocity, a its geometrical cross-section and Q
êr gr p

the flux-weighted mean of the radiation pressure efficiency. L and M are the luminosity and

the mass of the central star and r is the distance from the star. The gas density and

velocity are given by p and v. The terms on the right hand side of eq. ()) denote the

radiation pressure force, the gravitational force and the drag force due to the collisions

of the grain with the gas molecules, respectively. In writing the drag force I assumed that

the drift velocity, v, = v - v, exceeds the local thermal velocity af the gas molecules.

For late-type giants (M= M , L= 10 L ) and spherical particles of radius a^O.ly the

gravitational force is a factor 100 to 1000 smaller than the radiation force and can be

neglected. If at any time and distance the radiation and drag forces are not equal, the
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grain is accelerated or decelerated until these forces are equal. Gilraan (1972) has shown

311 a very short time scale in the envelopes of late-type sta

cm before il approaches its terminal velocity, whereas the
I 4

Che envelope is 10 tc

at its terminal drift velocity, which is given by:

chat equilibrium is reached ou a very short time scale in the envelopes of late-type stars:

the grain travels, about 10

characteristic dimension of the envelope is 10 to 10 cm. Thus, the grain always moves

Vd =
V

4 ir c p r '

Q Lv

cM
(2)

where M is the mass loss rate. In eq. (2) I have used the equation of continuity (M=4iïpvr~),

which holds for a sLeady flo^. The very short time scale for the adjustment of the drift

velocity implies that dust and gas are strongly momentum-coupled, that is: all the momentum

gained by the dust grains from the radiation field is transferred to the gas molecules

(Oilman, 1972).

III. 2. 2 Equation of momentum conS'jfi'ation for the gas

The equation of momentum conservation for the gas in a spherically symmetrical flow

reads:

dv

dr

1 dP

r; dr

GM n oQ L
gr x p

o
4ïïcpr

(3)

where P is the gas pressure and n the number of grains per cm ; this equation has been the

starting point for calculations of the velocity field by Gehrz and Woolf (1971), Kwok (1975)

and Goldreich and Scoville (1976). The latter authors stated that the gas pressure term can

be neglected because the flow is highly supersonic; the velocity of sound at the base of

the envelope is about 2 km/s and decreases rapidly outward, whereas the flow velocity is of

the order of 10 km/s. Only Kwok retained the gas pressure term and this is one of the

reasons why he could not solve the problem analytically. From his results it is not clear

whether the gas pressure has serious consequences for the velocity field. I shall neglect

the gas pressure in my calculations.

Eq. (3) then can be written as:

dv
v — :

dr

where

GM / 1
1 - - (A)

C S-
4TicpGM

n O(J L
(5)

is the ratio of the gravitational force and the radiation pressure force; Kwok (1975) calls

this ratio 1/J" • Clearly, the flow is decelerated for C > 1 and accelerated for C < 1 . Eq. (4)

can easily be integrated when C is independent of r:
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v(r)~ = vt - 2GM ( I - (6)

where v. is the flow velocity at the inner radius of the dust envelope, r.. Close to the

inner radius the velocity increases or decreases rapidly depending on the sign of C- 1. At

larger distances the velocity does not change very much, because both the gravitational and
2

the radiation pressure force are proportional to I/r'. A velocity field of this type was

found by Gehrz and Woolf (1971).

However, C is not constant throughout the envelope. As is evident from its definition

C is inversely proportional to the total geometrical cross-section of the dust particles per

gram of material, n o/p, and the flux-weighted mean of the radiation pressure efficiency, Q .

The latter quantity depends on r unless (i) the envelope is optically thin for stellar

radiation, or tii) the dust particles are grey. In the first case the spectral composition

of the radiation does not change and in the second case the radiation pressure efficiency is

independent of the spectral composition. In all previous calculations it was assumed that the

envelope is optically thin, although Goldreich and Scoville (1976) remarked that this is

only marginally true for the densest envelopes. I shall show that even a small optical depth

can change the velocity field profoundly.

Both Kwok (1975) and Goldreich and Scoville (1976) assumed that C is depth-dependent

because n a/p is. The latter authors simply used an empirical relation derived from the

lunar occultation data of IRC +10011 (Zappala et al., 1974). Kwok calculatad the grain

growth and sputtering and took into account the effect of a depth-dependent drift velocity.

I do not think that the occultation data are very useful, because they give information

about one specific object, that may well not be typical, and in any case the interpretation

of the data in terms of an opacity law is very uncertain. I also believe that the grain

growth and sputtering processes are so poorly known that their inclusion in model calculations

obscures the meaning of the results. I shall simply assume that all dust particles condense

and grow to their final size within a very small distance and that sputtering can be

neglected. Then, the equation of continuity holds for the dust as well as for the gas and

the dust-to-gas ratio by mass, 6, is constant throughout the envelope:

M = 4TI r pv and M = 47ir
gr • P g r v g r = «M, (7)

where M and M are the mass loss rates for the gas and the dust, respectively, ard p is

the dust density. For spherical particles with radius a and specific weight s the following

relation holds:

n 0
gr

36 A

4as v
(8)

The ratio v/v is about equal to 1 when the drift velocity is small compared to the flow

velocity. Obviously, this happens for a high mass loss rate, which implies frequent

collisions between the grains and the gas molecules, and for a low radiation pressure force

on the grains, Q L, conform eq. (2). In the examples given by Kwok (1975) (his figures 1 and

3) the drift velocity is comparable with the flow velocity. This is caused by the. fairly
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large particles, the high stellar luminosity and temperature, and the low mass loss rate

he used. I shall assume that the drift velocity is much smaller th»n the flow velocity and

thus v ^ v .In that cane C is given by:

1 6irascGM
C = (9)

The only remaining depth-dependent quantity is Q , which changes continuously in the

envelope due to the change in spectral composition of the radiation flux.

III.2.3 Q as a function of optical depth

To describe the spectral change of the flux in an analytical way I make the following

Ansatz: Everywhere in the envelope the radiation flux consists of two components, F and F.,

f.ach of which has a blackbody spectral distribution at a fixed température. The stellar

component, F , has a temperature equal to the photospheric temperature, T , and the envelope

component, F has a temperature T . The fraction of the total flux in the stellar component

at distance r, F /(Frr+ F ) , is equal to exp(- ), the Planck mean of exp(-T ) at temperature
a h, x A

T*. T (r) is the effective absorption opfica- depth measured outward from the inner radius

of the dust envelope to the distance r. Of "^»rse, the Planck mean can only be used because

1 assume that the stellar component has a bU ':body spectral distribution at temperature T

everywhere in the envelope. This is correct only for small optical depths, but I assume

that it is a reasonable approximation for the intermediate optical depths (T,^ 1). The
À

remainder of the flux is absorbed and reradiated by the dust grains giving rise to the

envelope componeit. Then:

JQ (A)F(A)dA

ÍF(A)dA

= (1/F)fq (A)F (A)dA
P *

F^ /Qp(A)B(A,Tt)dA

B (V

(A)Fp(A)dA

ÍQ (A)B(A,T )dA
P &

B(TE)

(10)

where Q (A) is the radiation pressure efficiency at wavelength A, F(A) = F (A)+Fr,(A) is thep it £

total flux at A, F=F j f+F E is the total integrated flux, B(A,T) the Planck function and B(T)

the integrated Planck function. In the right hand side of eq. (10) Q (T) is the Planck mean

of the radiation pressure efficiency at temperature T. Combination of eqs. (9) and (10)

gives:

- e"T) (11)
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I 6iTascGM

C and C7 are dimensionless constants. C9 is the ratio C of the gravitational force and the

radiation pressure force at the inner radius of the envelope. The contrast factor C.

determines how sensitive the mean pressure efficiency Q is for the spectral composition of

tiie flux. At infinite optical depth all the flux is contained in the envelope component:

C= C_/C . At very small optical depths all the flux is contained in the stellar component:

III.2.4 Final model equations

The basic equation (4) can be solved when the relation between the two depth parameters,

r and r, is known. In the absence of scattering the Planck mean of l is defined by:

dT

dr
n oQ , (T ) ,
gr xabs *

(12)

where Q (T ) is the Planck mean of the absorption efficiency. If scattering is present it

results in a greater chance for absorption because the pathlengths of the photons become

larger than their radial pathlengths. An analogous situation occurs in H II regions with

internal dust. Mathis (1971) showed that in this case the effect of scattering is small

because the transport of radiative energy depends almost exclusively on the absorption

optical depth. I shall assume that the same is true in the present case and that eq. (12)

holds even in the presence of scattering. Using eqs. (7) and (8), eq. (12) can be rewritten:

dT

dr
( 1 3 )

1 6 ï ï a s v r

Wit'] e q s . (11) and (13) I ODtain t h e f o l l o w i n g g e n e r a l e x p r e s s i o n r e p l a c i n g eq . ( 4 ) :

dv

d i gMc
(C , - - C , ) e ( 1 4 )

where 3= Q , (T )/Q (T ). In the following I assume that exp(-i) = exp(-T), i.e. the Planck
3.D S X p A

mean of exp(-T.) equals exp(- Planck mean of T.). Again, this is only correct for small

optical depths, but I assume that it is a reasonable approximation for intermediate optical

depths ('i,1^ 1). For conveniency I shall from now on write T instead of T. Integration of

eqs. (13) and (14) with the boundary conditions v(r.)=v. and x(r.)=0 yields:

fv(T')dT'

V(T) = v. +

£Mc

I 6iTas \r . r
l

(C, - C 2 ) T + (1 - C,)(l - e )

(15)
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The final result can be written as:

/3Mc\" CM/ 1 1\ BMc
— = v..T + R(T)

V L / C 2 \ r . r
(16)

BMc
(V -V.) = V(T) , (17)

where

V(T) a (C,- C , ) T + (1- C,)(l- e

- C2)T e" T).

Eq. (17) gives the flow velocity as a function of T and eq. (16) gives the relation between

T and r. Thus, the velocity field can be calculated for given values of C , C_, M, 6M/L, r.

and v.. It can be easily shown that in the optically thin or grey envelopes eqs. (16) and

(17) reduce to eq. (6) with C= C^.

III.3 Discussion of the flow equations

III.3.1 Types of velocity fields

It is evident from eq. (17) that the dimensionless quantity V(T) reflects the behaviour

of the flow velocity as a function of T. It will prove useful to distinguish six domains in

the (C.,C_)-space, defined in fig. Ill.1. I have sketched typical V(T) curves for these six

domains in fig. III.2. The velocity in an envelope of given total optical depth T follows

the appropriate V curve up to T= T , where the velocity equals the terminal velocity v .

Consider first the significance of C. ̂  I (type I or type II curves). At the base of

the flow (r= r., I= 0) the mean radiation pressure efficiency Q is equal to the efficiency

for stellar radiation Q (T ). As the optical depth increases, Q becomes more and more

determined by the efficiency for reradiation Q (T ) according to eq. (10). If C. > 1 (typel),

Q (TE)
 > Q (T-) and thus, Q increases: the flux becomes more and more efficient in pushr.ng

the dust and the gas away from the star, the V curves are concave. If Cj < : (type II),

Q (T_,) < Q (T ) and thus, Q decreases: the V curves are convex. For grey dust particles

Cj= !, 'Q (T E) = Q (T^,), and the corresponding V curves are straight lines: V(x) = ( 1 - C 2 ) T .

For optically thin envelopes only those parts of the V curves are applicable that lie close

to T=0; these are again straight lines: V ( T ) = ( 1 - C . ) T .

Consider now the significance of C-. It gives the ratio of the gravitational force and

the radiation pressure force at T=0. If C,< 1 the flow is initially accelerated (cases IA,

IIA and IIB), while for C_ > 1 the flow is initially retarded (cases IB, IC and IIC). For

envelopes of type B an optical depth T = In (C. -1)/(C, ~C_) exists, where the radiation

pressure force just balances the gravitational force, the acceleration is zero and the V

curve reaches a maximum or minimum. In IB envelopes, for instance, the flow velocity
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Fig. III.2. Typical V ( T ) curves

for the six flow types. Each

curve is labeled with the code

defined in fig. III.I.

decreases for T< T , because the gravitation dominates; but at optical depths T> T the

radiation pressure dominate" and the flow is accelerated.

For certain combinations of C , C», M, BM/L, r. and v. the flow velocity v becomes zero

somewhere in the envelope. In those cases a steady outflow is impossible. According to eq.

(Î7) the condition for steady flow reads: gHcv./L + V(T) 21 0 for O^T<^T . The fi/st term,

Mcv./L, measures the momentum of the gas at the inner radius of the dust envelope and the

second term, V ( T ) , measures the momentum gained by the gas from the radiation field on its

way from r. to r(T). Because the initial momentum is always positive or zero, the condition

is only violated in those envelopes where the loss of momentum, - V ( T ) , is larger than the

initial momentum. In cases A the radiation pressure force is always stronger than the

gravitational force (C.< 1 and C2/C. < 1) so that the flow continuously gains momentum; the
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steady flow condition is always fulfilled. In cases B and C momentum loss may occur, because

the gravitational force dominates over the whole T range (cases C) or part of it (cases B).

For these envelopes the condition for steady flow reads:

gMcv./L + V ( T ) > 0, for all values of T _ in cases IIB, IC and IÍC,
i cot — tot

@Mcv./L + V(r ) > 0, for T <T
l tot - ' tot - top

SMcv./L + V ( T ) > 0, for T >T
l top — tot top

(18)

in case IB .

The steady flow condition (18) limits the parameter space: for certain values of the

six model parameters condition (18) is not fulfilled. Since (18) contains the as yet

unspecified parameter i , it is not immediately obvious what the limitations in the six

dimensional parameter space are. However, T is a function of the six parameters and (18)

can be considered as a limitation involving the six parameters implicitly.

III.3.2 Relation between mass loss rate and total optical depth

Eq. (16) evaluated for infinite r gives the relation between T and the basic six

parameters C , C_, M, 8M/L, r. and v.. In this equation T appears implicitly and cannot

be made explicit. Mathematically it is much simpler to consider eq. (16) in the limit of

infinite r as a quadratic equation in 3M/L:

gMc\ GM SMc

,r . L
(19)

For given values of C , C_, M, r., v- (called "basic set" from now on) and x one or two

values for (3M/L a r e found:

SMc
V . T
1 tot tot

1/2

(20)
L 2GM

provided that the discriminant of eq. (19) is zero or positive;

^ „ . (21)

The meaning of condition (21) is simply that the total energy of the steady flow at

infinity must be zero or positive. I shall prove this for the grey case, C = 1, C,= C. The

energy of one gram of material at the distance r is:

E(r) -
GM , GM ,

l r .
l

GM

Cr
dr ,

where the integral gives the work done by the radiation pressure on one gram of material
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over clie distance from r. to r. At infinity:

GM

r .
l

1 - -
C

where v denotes the terminal velocity. In the grey case R= J ( I - C ) T , so that condition

(21) is equivalent with E(»)_^0. This shows at the same time that condition (21) is always

fulfilled if condition (18) is, because the latter requires that the flow velocity is

everywhere zero or positive, which implies that Che terminal velocity is zero or positive.

Because eq. (19) is quadratic in P^/Lj two different values of M are possible for the

same value of T with the same basic set. The bivalency of M seems to contradict one's
tot

physical intuition, but there is nothing wrong. It simply means that two different flows

are possible that lead to the same total optical depth T , and T is uniquely determined

by eq. (19) for a given basic set and mass loss rate. In section III.4 I shall explain how

two different values of M can lead to the same total optical depth in the envelope.

With eq. (19) it is possible to investigate the detailed properties of the M — T

relations for any basic set, and the restrictions imposed on t 1B range of M values by

condition (18). Here, i shall restrict myself to a few general remarks. To simplify the

discussion I assume that for each choice of C. and C», that fixes the flow type (fig. III.2),

the only free model parameters are v. and M; that is, I assume that r., L, M andp ; , , , are fixed

for all models.

(i) For nearly all values of v. and M that are allowed by condition (18) the total

optical depth increases with increasing Í1 in all types of envelopes: 3T /3M> 0. In most

cases a higher mass loss rate implies a higher dust density throughout the envelope and,

thus, a higher total optical depth for stellar radiation. However, for very restricted

ranges of v. and M in envelopes of type IB and IC fairly low mass loss rates can lead to

such a high local density somewhere in the envelope that the build-up of the optical depth

is concentrated in this region. In those cases a higher mass loss rate can lead to a lower

total optical depth, 3T /3M< 0, as I shall demonstrate in section III.4. In the same r3nge

of mass loss rates two different values of M can lead to the same total optical depth.

(ii) If v.= 0, only flows of the types A and IIB are possible and the latter only for

low enough total optical depths, that is, for low enough mass loss rates. Flows of types C

and IB are decelerated at r. and cannot be steady ii their initial velocity is already zero.

Too massive IIB flows are initially accelerated but the stellar radiation is so rapidly

converted and, therefore, the radiation pressure force weakens so quickly, that the

gravitational attraction takes over fairly soon. The subsequent deceleration causes the flow

velocity to become zero, and the condition for steady flow is not fulfilled.

(Hi) For higher initial velocities it becomes more difficult to stop the flow. More

massive IIB envelopes become possible and for high enough values of v. even C and IB flows.

In envelopes of type I the radiation pressure is stronger for envelope radiation than for

stellar radiation (figs. III.1 and III.2). Consequently, at a fixed value of v. type I flows

with a higher mass loss rate can escape more easily than those with a lower mass loss rate.

Type II flows, on the other hand, can escape more easily if their mass loss rate is relatively

low.

For high enough initial velocities the outflowing material will always escape,
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Table H I . I

For t'iich of the six t low types merit ionfd in the text the

limits on Lhe values of M are given for three values of

v . . M, . M . _ M., mid M, aro certain cri t i ca L mass loss

rotes, whoso v.i Í ues may be derived from the equat ions In

the text

Flow type

IA, I1A

IB, IC

Illi

IIC

v. = 0
l

>ï -• n

no steady flow

0 < M •: ÍL

no steady flow

0

0

1 ow

M >

M

' M

< M

v.
l

0

M.

high

M ••

il •

M •>

n >

v.
i

0

0

0

0

irrespective of the mass loss rate. In table III.1 I summarize the restrictions on the M

values for three different v. ranges.

III.3.3 delation between terminal velocity and total optical depth

The flow velocity approaches a terminal value at large distances from the star, because
2

both the gravitational and the radiation pressure forces decrease about proportional to 1/r .

Eq. (17) gives for the terminal velocity:

= v.
BMc

(22)

The terminal velocity is more or less an observable quantity. It can be deduced from the

velocities of circumstellar lines that are formed in the outer parts of the envelopes. These

lines can be optical absorption lines of very low excitation or maser emission lines,

especially the 1612 MHz OH line. On the other hand, the total optical depth of the envelope

for stellar radiation, T , can be estimated from the near infrared color indices, for

instance, rhi> 1(0.84p) - K(2.2JJ) index. The present model gives a relation between these

two quantities that for known stellar parameters depends only on the dust properties.

Like in the case of the M — T t o C relation, detailed v — rtot curves can be constructed

using eqs. (20) and (22). Again, I shall not give such curves here, but restrict myself to

a few remarks.

(i) With eq. (20) and the definitions of V(T) and R(T) it can be shown that both V(x )
tot

and 6M/L are proportional to. T for very large and very small optical depths. Substitution

of the limiting expressions in eq. (22) yields:

2 2 2GM/ 1

lim v = v. + j -

•+ 0 1 r. \C „

tot i 2
2 2 2 G M / C 1 \

lim v = v. + 1 ] .
T — l L r. \c 'tot i 2
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Of course, these limits only exist if the basic set is such that steady outflow is

possible for small and large optical depths. Note that for type I envelopes (Cj > 1) the

optically thick limit of v is larger than the optically thin limit. For type II envelopes

(C. <- 1) the opposite is true.

(ii) The dust properties of type I and type II envelopes are essentially different: in

type I cases Q ('!_,) > Q (T ) and in type II cases Q (T_) < Q (T ) . Let me consider a set of
p h > p x p c. p A

type I envelopes which only have different values for M and, thus, for T .As the mass

loss rate increases the optical depth T at some fixed distance from the central star

increases and the mean radiation temperature decreases. As a consequence the mean radiation

pressure efficiency increases and because this is true at any distance, the terminal velocity

must increase. For type II envelopes the opposite happens: a higher mass loss rate and,

thus, a higher optical depth, leads to a lower terminal velocity. Detailed calculations

confirm this statement, except for relatively low values of M due to the same pecularity

that I mentioned in connection with the M — T curves (paragraph III.3.2).

Gilman (1974) calculated Planck means of the radiation pressure efficiencies for

graphite and for silicate (olivine). He found that for graphite Q (T) decreases with

temperature, so that () (T ) > Q (T ) or C. < I. Olivine, on the other hand, has a lower

radiation pressure efficiency for radiation of temperature 2000 K than for radiation of

lower tempatures, so that Q (T )< Q (T_) or C, > 1 for silicate around late-type stars.
p X p CJ i

The present model then predicts type II envelopes around carbon-rich stars and type I

envelopes around oxygen-rich stars. This prediction appears to be confirmed for Mira/OH

stars. For these oxygen-rich, cool giants the observed velocity separation of the OH maser

peaks increases with increasing color index I-K. This correlation is equivalent with an

increase in terminal velocity for increasing optical depth, as I shall show in the next

chapters.

III.4 Discussion of one specific type of envelopes

In this section I shall discuss a set of models with a fixed basic set and varying mass

loss rate. I choose values for the model constants that may well be representative for

envelopes around oxygen-rich Mira variables (see chapter V):

L = 4 x io37 erg/s r . = 10 cm
l

s = 3.8 g/cm

M = 2 x io33 g v. = 7 km / s
l

á = 4.6 x 10-3

yv/a
930 /cm Qp(TE)/a 4200 /cm 3 = 0.4

The model constants C. and C« are then given by C. = 4.5 and C= 1.5. According to the class

definition in paragraph III.3.I these envelopes are of the type IB. At the base of the

envelope the flow is dominated by the gravitational attraction, so that it slows down. The

mean radiation pressure efficiency increases with increasing distance, and the radiation

pressure just balances the gravitational attriction at an optical depth T
top

0.15. At

larger distances the radiation pressure dominates and the flow is accelerated.
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Fig. ill.3. The M — 1 relation for the specific model discussed in this section (thick curve). The

mass loss rate M is expressed in units of 10 M /yr. The meaning of the other curves is explained in the

text. At the optical depth T v^Tt- t) reaches its minimum value.

III.4.1 Relations between M, T and v
uOt t

In fig. III.3 I have drawn the M — T curve for this model using eq. 09) and

condition (18). The other quantities plotted -11 have the dimension of a mass loss rate

and are used to verify conditions (18) and (21). According to condition (18) ÍÍ must obey

the inequality M>-V(i)L/gcvi for 0<_ T<_ Tfc and condition (21) is fulfilled for those

values of for which the dashed straight line /2BcGM runs above the curve

)/6cv£T . At the Tt value where the line and the curve intersect the

discriminant of eq. (19) is zero: only m e M value corresponds to this T and it is given

by M= LC^v.T /2gcGM, conform eq. (20).

Fig. III.3 shows that mass loss rates lower than 2.8x 10 M /yr are impossible,

because the steady flow condition is violated. For M= 2.8x 10 M /yr the radiation pressure

just balances the gravitational attraction at the point where the flow velocity reaches

zero; the flow is accelerated just in time. Note that the terminal velocity of this critical

flow is non-zero.

For increasing mass loss rate the total optical depth of the envelope decreases from

0.26 to 0.20 as M rises from 2.3 * 10~6 to 4.3 x 10~6 M /yr. For still higher mass loss rates

the total optical depth increases again and both quantities are nearly proportional to each

other. The reason for the "turn" in the M curve is the following:

For M only a little bit larger than 2.8 x10 M /yr the flow velocity comes close to

zero somewhere in the envelope (at the radius where T= T ). Because of the equation of

continuity this implies a ver.y high density and, consequently, s. steep increase in optical

depth. The total optical depth is primarily build up in this region. For higher mass loss
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rates '.he radiation field ia converted more rapidly and the radiation pressure takes over

froir, the gravitational attraction closer to the star, where the flow velocity is still

fairly high. Thus, the minimum flow velocity rises, the density peak becomes shallower and

the build-up of the total optical depth is slower. If the total optical depth is primarily

determined by this local build-up a higher mass loss rate results in a lower total optical

depth. But the value of T is also determined by an overall build-up: When M rises the

density at most points in the envelope increases, and this leads to a steeper increase of

optical depth with distance. This tends to make the total optical depth higher.

Fig. III. 3 shows that the local effect dominates for mass flow rates between 2.8x 10

and 4.3 * 10 M /yr, and the overall effect for higher mass loss rates. Fig. III.4 shows

how the flow velocity, v, and the optical depth, T, behave as a function of distance, r,

M /yr, which both lead

-6

and M = 6.9 x 10
-6for two different mass loss rates, M = 3.1 xlO

to the same total optical depth T =0.24.
tot

The terminal velocity, v , is given by eq. (22). From the curves in fig. III.3 one can
easily derive the v — T curve for the present model. For mass loss rates between

—6 —5

2.8 x 10 and 1.1x10 M /yr, corresponding with total optical depths between 0.20 and 0.36,

the terminal velocity is lower than the initial velocity, because V ( T ) <0. For higher

mass loss rates and optical depths it exceeds the initial velocity and for very high mass

loss rates it approaches the value 24 km/s.

Note that the values of T in the foregoing discussion are quite low. This confirms

my earlier remark that even small optical depths can change the velocity field considerably.

To conclude this discussion I might have given the velocity fields for a number of envelopes.

However, essentially the same model is used again in chapter V and fig. V.5 gives the v(r)

curves for this model.
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III.4.2 Gcs pressure and drift velocity

I now want to verify for the piesent model Une validity of two assumptions made: the

effects of the gas .pressure and the drift velocity are negligeabLe.

(i) If the gas pressure term in eq. (3) is not left out, I can write the equation of

momentum conservation analogous to eq. (4) as:

dv

dr

i dP

p dr

G M

~2 1
C

(23)

Using the ideal gas law and the equation of continuity, and assuming that the flow is

adiabatic, the gas pressure term can be written as:

1 dP 2/l dv
= u (--

p dr v d r

ykT

Um
H

where u is the sound velocity, T is the gas temperature, \i is the mean molecular weight of

the gas, m,, is the mass of the hydi
d

Together with eq. (23) this gives:

the gas, m,, is the mass of the hydrogen atom, and y is the ratio of the specific heats.
d

dv (2u2/r) - (GM/r2)(l - I/O

dr 1 - (u/v)'

Without the gas pressure the first term in the numerator and the second term in the

denominator disappear. Both these extra terms are largest at the inner radius of the

envelope, because there the gas temperature and, thus, the sound velocity are relatively

high and r is small. Let me assume for the parameters at r.: y= 7/5 (for H ? ) , T= 1000 K,
1 /

U= 2, v.= 7 km/s, r.= 10 cm. Then the sound velocity is 2.4 km/s and the equation evaluated

it r. reads:

dv 1 . 1 5 x 1 0 3 - 1 .33 x 1 0 ~ 2 ( l - 1/C)

I -0. 12
cm/s

The extra terms due to the inclusion of the gas pressure are an order of magnitude smaller

than the other ones at r.. They become even less important at larger distances. Of course,

this is not true if (a) the radiation pressure nearly balances the gravitational force, and

(b) the flow velocity becomes low somewhere in the envelope. Both situations occur only over

a limited region in the envelope, and will not seriously affect the velocity field.

fii) I have assumed in paragraph III.2.2, after eq. (8), that v

this ratio can be written as:

/ 1. Using eq. (2)

v + v.
I +

(24)2t
Mv/cMv
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With the given luminosity the extra term in eq. (24) equals 3.7 * 10 (Q /Mv) . If the dust

grains have a radius of O.ly the mean radiation pressure efficiency in the envelope lies
— 3 —2

between 9.3 x 10 and 4.2 x 10 . The extra term in eq. (24) is smaller than 1 for
25 2

Hv > 5 x 10 gcm/s . For the envelopes discussed in this section the mass loss rate is larger

than 3*10 M /yr and the extra term is smaller than 1 for v>3 km/s. Thus, for the thinnest

envelopes possible the drift velocity v can lead to v /v^2, especially near the minimum

flow velocity. For more massive envelopes, where the minimum velocity is fairly high, the

extra term will be much smaller than 1 everywhere in the envelope.

In conclude that the effect of the drift velocity can affect the velocity field of

envelopes with M< 10 M /yr, but does not affect the velocity fields of more massive

envelopes.

III.5 Conclusion

In this chapter I have given a simple model to calculate the velocity fields in

envelopes that are driven by radiation pressure on the solid grains in the envelopes. This

model is more general than those presented before by others for two reasons. In the first

place, I did not assume that the envelope is thin for stellar radiation, so that the spectral

composition of the radiative flux changes continuously throughout the envelope. Because the

mean radiation pressure efficiency of the dust particles is sensitive to the color

temperature of the radiation, the change in color temperature implies a change in the

strength of the radiation pressure. I have shown that this effect can change the velocity

field considerably even for fairly small optical depths. Secondly, I assumed that other

unspecified mechanisms drive the material out of the stellar atmosphere and determine the

flow velocity out to the point where the dust grains condense (the condensation radius). I

have treated the flow velocity at that point as a free parameter.

1 have assumed that the radiation pressure on the grains is the only important

outwardly directed force as soon as the grains are formed. Thus, at distances larger than

the condensation radius the velocity field is determined by the resultant of two competing

forces: the gravitational attraction and the radiation pressure force. The magnitude of

these forces depends on the properties of the star and the dust grains and on the color

temperature» of the radiation. Because the latter quantity changes with distance, the

relative importance of both forces is depth dependent.

This more general approach discloses several new flow patterns, especially the type B

flows. These are characterized by the presence of both a region where the gravitational

attraction dominates (deceleration) and a region where the radiation pressure dominates

(acceleration).

The present model calculation shows that it is useful to distinguish two classes of

envelopes according to the type of grain material they contain: (i) Type I envelopes contain

dust particles with a higher radiation pressure efficiency for reradiation then for stellar

radiation. The flow is, therefore, more accelerated (or less decelerated) with increasing

distance from the star, and the terminal velocity is higher for higher mass loss rates.

Hi) Type II envelopes contain particles with a lower radiation pressure efficiency for

reradiation than for stellar radiation. The flow is less accelerated (or more decelerated)

with increasing distance, and the terminal flow velocity is lower for higher mass loss rates.
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In oxygen-rich envelopes around late-type stars silicate particles condense and the

flows have type I properties. Ir: carbon-rich envelopes graphite grains condense and the

flows have type II properties.
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IV. I

CHAPTER IV: A SUMMARY OF THE OBSERVATIONS OF IR/MASER STARS

IV. I Introduce ion

Since 1965 more than one hundred cosmic sources of maser emission have been discovered.

Most of them emit in the microwave lines of hydroxyl (OH), some of them in the 22.2 GHz line

of water (H00) and a few in the lines of silicon-monoxide (SiO).

According to their emission properties the OH sources are usually divided into three

classes (Turner, 1970): Type I sources emit most strongly in the main lines (1665 and 1667

M H z ) , with the 1665 MHz line nearly always the stronger. Weaker emission occurs in both

satellite lines (1612 and 1720 M H z ) . All four lines usuaLly show a high degree of circular

polarization. Type lia sources emit only in the 1720 MHz line and show absorption in the

other three lines. The 1720 MHz emission is essentially unpolarized. Type lib sources emit

most strongly in the 1612 MHz line. Weaker emission is often seen at 1667 and sometimes at

1665 MHz. The 1720 MHz line is never observed. The 1612 MHz emission is nearly unpolarized,

while substantial circular or linear polarization 'haracterizes the main lines.

The identified maser sources are associated with either very compact H II regions

(Habing et al., 1974; Israel, 1976) or late-type stars. This suggests that masers are

associated with either very young objects (compact H II regions, protostars, molecular

clouds) or evolved stars (Mira variables, M-type supergiants). The first group contains

type I and perhaps type lia OH sources, while the second group contains type I as well as

type lib sources.

In this chapter I restrict myself to the latter group and I shall call these objects

IR/maser stars. The type I IR/OH stars differ significantly from the young type I OH sources

observed in H II regions. In type I IR/OH stars 1720 MHz emission is absent, the 1667 MHz

line is slightly stronger than the 1665 MHz line and the degree of polarization is usually

low. In young type I OH sources 1720 MHz emission is present, the 1665 MHz line is stronger

than the 1667 MHz line and the degree of polarization is usually high. Wilson et al. (1972)

suggested that the intrinsic strength of the main-line emission in type I and type lib

1R/0H stars is about the same, if the supergiant/OH stars are excluded. The subdivision

I/II would then merely reflect an increase in strength of the 1612 MHz emission from type I

to type II.

In this chapter I summarize the observational data on all presently known IR/maser

stars and I include some type lib OH sources without a known infrared counterpart. Judging

from their OH properties these objects are very probably regular IR/OH stars which are so

heavily reddened by interstellar and/or circumstellar extinction that they have not been

detected at 2\i. Recently, infrared counterparts have been found for a number of these OH

sources at 4y (Schultz et al., 1976).

In section IV.2 I present the OH, H 20 and SiO maser data of the IR stars excluding the

supergiant/maser stars. The data are taken from the existing literature. Unfortunately, the

available material is very inhomogeneous, not only because of the differences in presentation,



IV. 2

but also because of the wide range of sensitivities and velocity resolutions used by the

different observers. I have tried to eliminate the effects of this inhomogeneity as much as

possible. In the last paragraph of section IV.2 I summarize the maser data of VY CHa, the

best studied supergiant/maser source. In section IV.3 I give the optical and infrared data

of the IR/raaser stars. Section IV.4 is devoted to the problem of the central velocity of

the objects. In the last section I summarize the systematic trends that emerge from the

presented data.

Neither the data, nor the conclusions presented in this chapter are new, but they are

scattered throughout the literature of the past six years. This made it very difficult to

form a coherent picture of the properties of the IR/maser stars. In the next and last

chapter of this thesis I shall explain the observed properties by means of a relatively

simple model for the envelopes around these late-type stars.

IV.2 Maser observations

IV.2.1 OH, H^O and SiO surveys

OH. From 1968 to 1970 a group at MIT searched systematically for OH emission from IR

stars (Wilson and Barrett, 1972; Wilson et al., 1972). The program concentrated on the

reddest objects of the Caltech 2.2y sky survey (Neugebauer and Leighton, 1969) with color

index 1(0.84M) - K(2.2p) > 3.5. The group observed 456 IR r'ars at 1612 MHz and a number of

these at the other OH frequencies. Emission was detected from 25 stars. Three more type lib

sources near objects from the search list were discovered accidentally. These sources do

not have known infrared counterparts, but are assumed to be IR/OH stars, because they have

the same OH properties. (The discovery of these three unidentified type lib OH sources

prompted Goss and Winnberg to do a 1612 MHz survey along the galactic plane with the Onsala

radio telescope.) During the same period nine other IR/OH stars were detected by other

observers. Table IV.1 contains 32 of the 37 IR/OH stars known by the end of 1970, when the

MIT survey ended. I have excluded the supergiants VY CMa, NML Cyg and VX Sgr, and the OH

sources in W 41 and W 43A which may be associated with H II regions.

Subsequent OH searches were concentrated on M-type Mira variables (Fillit et at. , 1972,

1973; Pataki, 1973; Dickinson et al., 1975). Due to the lower detection limits and because

most observations were done in the main liras, sixteen new IR/OH stars were found. Six more

IR/OH stars were discovered by various other observers. Table IV.I contains 54 IR/OH stars:

all presently known 45 OH tnaser sources that are identified with late-type giants, the seven

unidentified type lib OH sources that were known by the end of 1970, and the two sources of

this type that show H.O emission. The table gives only 1612 and 1667 MHz data, because

1720 MHz emission is never detected and 1665 MHz emission is found much less frequently

than 1667 MHz emission.

Sg£>. The most complete and sensitive H,0 survey on IR stars was made by Dickinson

(1976). He searched about 230 stars, drawn principally from the Caltech 2.2u sky survey, and

found 22 new H^O sources. Previously, 18 IR/H,0 stars had been discovered by several other

observers. Cato et al. (1975) reported H,0 emission from two unidentified type lib OH

sources, which brought the total number of known IR/H_0 stars on 42. Table IV.I contains

36 of these objects, of which five do not show OH emission. Again I have excluded the



Table IV.1

Velocicy data of IR/maser stars

Name

(1)

a(195O)

«(1950)

(2)

Var.

1612 MHz OH

(3)

1667 MHz OH

(4)

I-K
22.2 GHz H2O 43.1 GHz SiO Ope. lines Central vel. type

(5) (6) (7) (8) (9) (10)

Y Cas

IRC +60001

00h00m45s

+55°24'21"

not detected

(1)

-21.7

-12.3

(4)

-17.0(2.4)

res. 2.2 (2)

em. - 17.í

(il)

-17.0 5.4

CIT 3 01 03 48 -9.4(-10.0,-7.5) -10(-10,-8)

IRC +10011 +12 19 45 +27.O(+24.0,+28.O) (+24.3,+27.6)

res. 0.29 (1) res. 0.28 (11

+22.2(3.2)

res. 2.2 (2)

detected

(S3)

8.0 M

o Ceti 02 16 49

IRC +00030 -03 12 12

not detected

(1,10)

+46.5(0.5)

res. O.13 (4)

+46.7(2.8) +46.8(0.9) em. +37.7

res. 2.2 (?.) +44.6(1.8) abs. +53.7

res. 0.35 (29) (Z2)

2.5 M

R

NMI

Hor

, Tau

IK Tau

IRC +10050

W

IRC

R

IRC

Eri

-30033

Tau

+10060

02

-50

03

+ 11

04

-25

04

+ 10

52

05

50

!5

09

15

25

0.3

12
36

46

42

26

26

36

30

not

+ 17. 3(H

detected

(11)

H5.7. + 19.3)

+46.8
(+46.6,+51.5)

+50.6

res.

not

I

not

0.58 (1)

detected

(1,121

detected

12)

+ 35.5
(+JJ.Z,

+36.4

res.

+15.7<

res.

noi

0.18

+13.9,

0.56

-1.6

+3.9

19)

+36.8)

(11)

+.7.7)

(1)

t detected

(2,8)

not detected

(21,22)

+24.7(+21,

+18.6(0.

+20

+43

res. 0.67

,+27)

8)

(S)

O.O(-3.3,+2.O)

res. 2.2

+11.2(2

res. 2.2

(2)

• 8)

(2)

em. +30.8

abs. +40.8

(32)

+35(+31,+36) c.s. +23.7

+39.5(+38,+41) abs. +40.7

res. 0.70 (31 (19)

em. -7.1

(32)

not detected em. +5.1

(3) (32)

+ 33.6

H .2

6.8 M

5.2 M

3.9 M



IRC +20082 04 26 07

+24 37 36

not detected

(1,10)

+ 7(3)

res. 1.4 (10)

not detected 1.1

IRC +50137 05 07 20 -13.9(-14.5,-12.8)

+52 48 53 +18.8

+20.0'

res. 0.29 (1)

(+16.5,+20.6)

+19(2)

res. 0.56 (1)

not detected

(2,5)

+ 1

res. 0.87 (,i0)

•3.1 6.7 M

(-46.2,-39.5)
U Ori 05 52 51 -44.8

IRC +20127 +20 10 06 -41.2

res. 0.16 (18)
(-42,-34)

-41.6

-40.6

-36.5(

-35.6

res. 0.28 (6)

-36.5(2)

res. 0.8 (6)

-43 em. -44.9
(-45,-38)

-40 abs. -32.9

res. 0.87 (30) (19)

-38.6 4.9 M

IRC +40156 06 29 45

+40 44 54

-28.!(-29.0,-27.1)

-4.3(-5.0,-3.5)

res. 0.58 (1)

-4.5

res. 0.56 (1)

not detected

(S)

-16.2 6.8 M

Z Pup

IRC -20133

R LMi

CIT 6

IRC +30215

IRC -20197

R Leo

IRC +10215

07

-20

09

+34

09

-21

09

+ 11

30
32

42

44

42

48

h44

°39

29

49

35

18

56

06

m52s

•48"

not detected

(1,7)

not detected

(1, 8,10,15)

+27.1(+26.6,+29.6)

+51.7(+5O.0,+52.5)

res. 0.29 (1)

not detected

(3,7,22;

-3.5(4)

+1.5(3)

+11.5(5)

res. 1.8 (7)

-4.0(1.3)

+4.40.3)

res. 0.54 (10)

+27 ?

(1)

+3(0,+5)

res. 1.8 (?)

+4.5(2.6)

.res. 2.2 (S)

+ 19 ?

(5) •

not detected

(2,5)

-1.0(2.5)

res . 2.2 (2)

era. -6.5

(IZ)

em. -5.3

abs. +7.7

(32)

+4.3 5.4 M

detected
(29)

not detected
(30)

-2(-3,+I) em. -7.5

+7(+3,+8) abs. +7.5

res. 0.70 13) (19)

+0.2 4.2 M

+39.4 6.2 M

-0.3 3.5 M



Table IV.1 continued

Name

(o

a(1950)

6(1950)

(2)

Var.

1612 MHz OH

(3)

I-K
1667 MHz OH

(à)

22.2 GHz H2O

(5)

43.1 GHz SiO Opt. lines Central vel. type

(6) (7) (8) (9) (10)

V Ant 10h18ffl55s

-34°32 '30"

-21.3

-10.8

(13)

-18.2(-20,-14)

res. 2.2 (21

not detected em. -21.E

(3) abs. -9.8

(32)

M

W Leo 10 50 58

IRC +10234 +13 59 06

R Crt 10 58 09

IRC -20222 -18 03 36

not detected

(1)

+2

+22 ? (5)

+50.5(4)

res. 1.8 (7)

+2

(14)

not detected

(2)

+ 16.8
(+16,+19)

+ 18. 1

res . 0.67 (S)

em

c . s

abs

. +36

(32)

. +4.

. +14

(19)

.4

2

.2

5.8 M

4.8 SR

U CVn 12 44 57

IRC +4o238 +38 38 24

-20. I

-27.1

(9)

-23.0(2.8)

res. 2.?. (2)

not detected

(3)

em. -35.1

(32)

-23.6 5.1 M

RT Vir 13 00 05

IRC +10262 +05 27 26

not dec°c(:ed

(1,2,4)

not detected

(1,2,4)

+15.1(2.8)

res. 2.2 (2)

not detected

(3)

c.s. +8.3

abs. +18.3

(19)

4.4 SR

R Hya

IRC -20254

13 26 58

-23 01 24

not detected

(1)

not detected

(1,8)

not detected

(2,22) res. 0.70 (3)

em. -17.2

abs. -4.7

(19)

2.5 M(S)

W Hya

IRC -30207

13 46 12

-28 07 06

not detected

(6,15)

+36.5(+35,+38)

+44.2(+43,+47)

res. 0.56 (6,17)

+42(1.7) +38(+35,+42) c.c. +35.8

(+37.5,+46) res. 0.70 (3) em. +38.3

res . 0.8 (8) abs. +47.3

(19)

SR



RU

IRC

RX

IRC

Hya

-30215

Boo

+30257

14

-28

14

+25

08

38

21

55

42

24

58

54

not detected

(3)

not detected

(1,10)

res

not

(1

-7(4)

0(4)

. 3.6 (8!

detected

,8,9,10)

-3(3)

res. 0.67 Í;.<J

+ 5

(2.3)

em. -7.7

°(-2,+6)
+4 abs. +3.0

res. 0.87 , .'0 i US)

-3.5 3.8 M

4.6 Irr

RS Vir

IRC +00243

14 24 45

+04 53 54

-17(3.7)

-10.2(2.0)

res. 1.9 (4)

-10.4

res. 1.8 (7)

-14.5(1)

res. 0.2 (24)

em. -28.9

(32)

-14.0 5.0 M

S CrB

IRC +30272

15 19 22

+3! 32 47

-2.7(2.3)

+4.1(2.0)

res. 0.19 14)

• 3

-2.2
(-6.3,-0.8)

res. 0.73 (17)

+ 1

res

• 2(1

. 0.

.7)
8 16)

+ 5

res.

(-1

0.

, + 10)

70 (S)

em.

abs.

!

-4

+7

19)

.9

.3

+0.7 3.5 M

WX
IRC

U

IRC

IRC

Ser

+20281

Her

+20298

+30292

15
+ 19

16

+ 19

16

+ 34

25

44

23

00

25

54

32

06

35

18

59

36

-1

+i:

.4(-2.

I.6(+I:

res. 0.)

+41.

+67.

-8,

-22.

.0

I.

29

.7

.7

(19)

,7(+4l

,9

.0

,+1.3)

5.+14)

(V

,+43.2)

-O.8C-3.+O.6)

res. 0.44 (1)

-19
( — 9 1 - 1 SI

-16.4

-lK-13,-8)

res. 0.56 16,17)

not detected

(2)

+7.7(+6.5,

res. 0.67

-15.3(-15.8

res. 0.4

+46.3(2

res. 2.2

+8.5)

(2)

,-14.3)

(25)

.8)

(2)

+7i

res.

-16

-10

res.

*
not

1+5,+S

0.70

(-18,-

(-11,-

0.70

0
( c)

•13)

•9)

13)

detected

(SO)

em. -5.0

abs. +14.0

(33)

em. -20.7

abs. -8.7

(IB)

+6.1 6.1 M

-15.0 3.9 M

+ •^4.8 6.6

res. 0.58 (1)

OH 338.5+0.1 I6h37m27s -I44.3(-I47,-139)

OH 1637-46 -46°!3'36" I14.3C-122.-I12)

res. 1.9 (IS)

not detected

(12)

not detected

(21)



Table IV. 1 contimed

Name

(D

o(I950)

6(1950)

(2)

Var.
I-K

1612 MHz OH

(3)

1667 MHz OH

(4)

22.2 GHz

(5)

43.1 GHz SiO Opt. lines Central vel. type

(6) (7) (S) (9) (10)

OH 1649-41 16h49m52s -64'. 4.

-41°43'47" -63.5

-55.5(

-52.5

-20.6(-28,-l9)

res. 0.29 (1)

(-65,-61)

'(-56,-52)

not detected

(1)

not detected

(ol

OH 1735-32 17 35 58 +6O.7(+60.5,+63.6) not detected not detected

-32 10 20 +86.2(+84.3,+87.6) (1) (5)

res. 0.29 (1)

IRC -10381 17 48 28

-08 00 42

(-57.5, -54.5) V

-15.0(-18.5,-l4.3)

res. 0.58 11)

not detected

(1)

not detected 6.8 M

IRC -20424 18 00 58 +27(+25.5,+27.5)

-20 19 II res. 0.29 (6) +4.0

+ 19

res. 0.67 (5)

detected

(28/

M4.0 6.4

+26 ?

res. 0.56 (6)

OH 1821-12 18 21 17

-12 27 59 +27.3(+21.4,+28.2)

res. 0.29 (1)

(-4,0)

+27.5(+22,+29)

res. 0.56 (1)

not detected

(5)

IRC -10434 18 30 30

-07 29 00

(+40,+43)

+74.0(+72,+75)

res. 0.58 (1)

+71

res. 0.56 (V

not detected

(Z,5)

+ 57.5 6.4



IRC +10365 18 34 59

+10 23 00

-47.2(-48.2,-45)

res. 0.58 (1)

not detected

(1)

-40.7
(-40.8,-40.0)

-40.3

res. 0.22 CD

5.7 H

IRC -10450 18 37 35

-05 45 48

-26 .4 ( -28 .5 , -25 )

r e s . 0.58 (1)

not detected

(1)

not detected

(P.,5)

5.8

OH 1837-05 18 37 42

-05 00 36

+37.8(+36.3,+40.8)

+63.0(+56.9,+63.7:

res. 0.58 (1)

not detected

(1)
not detected

IS)

OH

OH

OH

30.1-0.7

32.8-0.3

1854+02

18

-02

18

-00

18

+02

46

53

49

17

54

07

05

36

48

42

56

42

+ 78.

+ 1 19.

res.

+44.3

+45.6

+ 74.

+76.

res.

+64.0(

+91.4(

res.

8(+78,

2(+l12

0.18

+43.5,

(+70,
1

0. 18

+63.4,

+86.6,

0.29

+88)

,+12i;

(16)

+52.5)

+77)

(16)

+68.9)

+92.3)

(V

+ 77 ?

+120.4(+118,+121)

res. 0.18 (20)

(+43,+46)

(+75.+8O)

res. 0. 18 (20)

+60 ?

+91 ?

(I)

+86

res

+59.2

+62

+ 77.3

+ 78.1

res

.3(+84

. 0.67

(+58.5

(+76.8

. 0.67

,+88)

(S'J)

,+63.5)

,+78.7)

(26)

<

oo

R Aql 19 03 58

+08 09 10

(+40,+44)

+54.O(+52.2,+55.O;

r e s . 0.29 (1)

+41.9
(+41.1,+45.0)

+43.3

+53.2(+51.7,+54.0)

res. 0.28 (1)

+47.6(0.8)

+49.2(1.0)

res. 0.4 fas j

+42(+41,+44) c . s . +40.8

r e s . 0.70 IS) em. +42.8

abs . +53.3

(19)

+47.7 5.0 M

IKC -20540 19 05 56

-22 19 12

+8.6(+7.6,+10.8)

+35.0(+32.4,+36.2)

r e s . 0.29 (1)

+ 34 1

(1)

10.9(3.3)

r e s . 2.2 (2)

+ 21.8 6.0

V Lyr

IRC +30360

19h07m08S

+29 34 '24"

-15 .6

(9)

not detected
(2)

em. -16.6

CiiJ

4.8



Table IV.1 continued

Name
a(l950)

6(1950)

(2)

Var.
I-K

1612 MHz OH

(3)

1667 MHz OH

(4)

22.2 GHz H90 A3.I GHz Sin OpL. lines Central vel. type

(5) (6) (7) (8) (9) (10)

RT Aql

IRC +10433

19h35m36s not detected

(2)

-29.6(1.5)

res. 0.67 (T.)

em. -36.5 5.2 M

GY Aql 19 47 25

IRC -10524 -07 44 30

not detected

(8)

+30(6)

+40(6)

res. 3.6 (8)

not detected

(2)

+ 35.0 4.6 SR

X Cyg 19 48 37

IRC +30395 +32 47 12

not detected

(1)

not detected

(1)

not detected +9(+7,+l1)

res. 0.70 (.-')

c s . +1.8

em. +2.3

abs. +18.3

; is)

7.5 M(S)

RR Sgr

IRC -30419

19 52 50

-29 19 06

not detected

(1,7,IS)

+104(4)

+1/2(3)

res. 1.8 (7)

not detected

(2)

em. +89.2 +108.0
' • n )

5.0 M

RR Aql 19 54 58 +22.8(+21.2,+24.0) +24.1(+23.4,+27.7)

IRC +00458 -02 01 12 +32.3(+31.8,+34.6) res. 0.56 (1)

res. 0.29 (I)

28.0(+26

res. 2

.5

.3

, + 29.

(5,1

1) +30(+25,

+32(+32,

res. 0.70

+ 31)

+ 35)

(3'i

era. +15

(51)

.9 +27.6 4.6 M

Z

IRC

SY

IRC

r-yg

+50314

Aql

+10450

20

+49

20

+ 12

00

54

04

48

00
06

43

10

-156(0.9)

-151.6(0.5.)

res. 0.19 (•!)

-51(2)

-58(2)

res. 0.19 (4)

-148.0(1.3)

res. 0.67 (2)

-48.5(2.4)

res. 2.2 (2)

em. -155.7

;ra. -66.3 -54.5

(,••::)

5.1



IRC -10529

OH 2026+38

ON-4

UX Cyg

IRC +30464

V Mic

IRC +40483

21

-06

20

+38

20

+ 30

21

-40

21

+36

07

24

26

57

53

13

20

55

25

29

46

42

40

01

00

24

37

12

23

00

' (-32.0,-2^.9)
-29

-7.3C-8.-5)

res. 0.29 (1)

-50.7
(-51.2,-47.6)

-49.4

-27.9(-3l.5,-26.5)

res. 0.58 (1)

->1.5(-12.8,-.0.4)

res. 0.58 (1)

-4.0(-4.5,-2.4)

+7.3(+5.4,+8.0)

res. 0.19 (12)

+30.0(1.4)

+58.8(+56.9,+60.0)

~3'-'(-32.9,-27.8)
-28.5

-18.t(-18.9,-16.4)

(-6.5,-2.7)

res. 0.28 (1)

not detected

(1)

-8(3)

-2(3)

+17(5)

res. 1.8 (4)

(+4.5,+7.5)

res. 0.18 (12)

not detected

(1)

not

not

+2.

res.

not

(2,

not

1

de tec ted

detected

(b)

1(2.5)

2.2 CV

detected

21,22)

detected

2 ,5)

detected

C i)

not detected

(S)

not detected

IS)

em. -4.0

(iS)

-18 .5 6.4 M

r e s . 0 .58 (1)

sv
IRC

RV

IRC

R

IRC

Peg
+40501

Peg

+30492

Peg

+10527

22

+35

22

+30

23

+ 10

14 31

06 39

23 16

13 12

h04 m08 s

°16'22"

not detected

(1)

not detected

(1,7)

not detected

(1,8)

-29(6)

-20(7)

res. 1.8 (?)

+21(6)

+28(6)

res. 3.6 (8)

+1.9(2.5)

res. 2.2 (2)

not detected

(2)

+23.5(2)

res. 0.67 (b)

detected

(cl)

em.

(;•

em.

C

-34.8

•'Z)

+ 1 1.9

12)

+44.4

5.0 M

8.9 H

4.5 SR

-24.3 5.5 M

+24.5 3.8 M

<

o



Table IV.1 continued

Name

(O

a(1950)

6(1950)

(2)

1612 MHz OH

(3)

1667 MHz OH

(4)

22.2 Ghz H,0

(5)

43

+ 24

+ 27

+ 28

+ 3

res

. !

.0

.2

i

GHz

(6)

( + 23,

0.35

SiO

, + 34)

'' S

Opt. 1

(7)

em. +

c . s . +

abs. +

ines

16

21

31

. 5

.0

.0

Var.
1-K

tral vel. type

(8) (9) (10)

R Cas

IRC +50484

23h55m52s

+51°06'37"

not detected

(6,lé)

i-20.8( + 19.7, + 24.3)

+ 29. I ( + 27.8,+ 32)

res. 0.56 (C)

+25.9(1) + 24.7 4.9 M

The data refer to the 1665 MHz OH line; the 1667 MHz line was not observed.

The data refer tr the 86.2 GHz SiO line; the 43.1 GHz line was not observed.

Column (1) gives the name of the object, column (2) the right ascension and declination (1950.0), and columns 1.3) to (.6) the velocity data of the

1612 MHz OH, the 1667 MHz OH, the 22.2 GHz H O and the 43.1 GHz SiO lines, respectively. Given are the velocities (LSR) of the emission peaks and

between parentheses the velocity interval of emission (tuo entries) or the linewidth (one entry), the velocity resolution and in italics the

reference. Column (7) gives the velocities (LSR) of the photospheric emission (em.) and absorption (abs.) lines and sometimes the circumstellar

(c.s.) lines; the reference is given in italics. Column (8) gives the central velocity that will be discussed in paragraph IV.2.3, column (9) the

color index I-K and column (10) the variable type: M = Mira, SR = semi-regular, Irr = irregular, (S) = S-type star. The references are given below.

(1) Wilson and Barrett (1972)

(2) Dickinson (1976)

(3) Snyder and Buhl (1975)

(4) Dickinson et al. (1975)

(5) Dickinson et al. (1973)

(6) Wilson et al. (1972)

(7) Fillit et al. (1973)

(8) Fillit et al. (1972)

(9) Pataki (1973)

(10) Wilson and Riegel (1973)

(11) Robinson et al. (1971)

(12) C.jswell et al. (1971)

(13) Dickinson and Chaisson (1973)

(14) B.îchis et al. (1973)

(15) Rieu et aí. (1971)

(16) Wlnnberg et al. (1973)

(17) Hardebeck and Wilson (1971)

!-.-.) Reid ex 'il. (1976)

(19! Wallerstein (1975)

'"0) Johansson et al. (1976)

i'il.1 Johnston et al. (1972)

(ÍZ) Lapine ùt ai. (1976)

île-' Schwartz et al. (1974)

(Z4) Baudry and Welch (1974)

'Si,' Schwartz and Barrett (1970)

,':>'.) Cato oi .;:. (19751

C:.~) Turner and Ruhin (1971)

(':>•,) Dickinson and Blair (1976)

OS) Spencer and Schwartz (1975)

(,<0) Kaifu et al. (1975)

(il) Spencer et al. (1976)

ir:.) Feast (1963)

(Só) Wilson (1953)
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supergiant sources: VY CMa, NML Cyg, VX Sgr, S Per, TW Peg and PZ Cas.

SiO. Snyder and Buhl (1975) and Kaifu et al. (1975) searched for SiO emission in 37

IR stars including six supergiants. They detected SiO emission from fifteen giants and

four supergiants. All the giant/SiO stars are in table IV.1. Two of them, both S-type stars,

do not show OH or H-O emission. Recently, SiO emission has been reported from another five

objects in table IV. i. The table gives only data for the 43.1 GHz line (v = 1 , J = 1 -* 0)

or the 86.2 GHz line (v = 1 , J = 2 ->• 1 ) if the former line was not detected.

Table IV.1 summarizes the velocity data of 61 IR/maser stars. The "central velocity"

given in column 8 will be discussed in paragraph IV.2.3. The color index 1(0.84p) - K(2.2|j)

given in column 9 is taken from the 2.2u sky survey (Neugebauer and Leighton, 1969). For

some stars that are clearly variable in the infrared this catalogue gives separately the

I and K magnitudes on different dates. For these objects I give the mean of the I-K index,

rather than the difference of the mean I and K magnitudes.

IV.2.2 Maser line profiles

OH. The OH emission of IR/OH stars is concentrated in two radial velocity ranges less

than 4 km/s wide and the peaks of emission are separated by between 7 and 40 kra/s (Dickinson

et al. , 1975). This property, in fact, is the main reason why several OH sources without

infrared counterparts have been classified as IR/OH stars. Peak separations less than 7 km/s

are not observed. This lower limit probably is real, because the velocity resolutions used

are high enough to measure much smaller peak separations. For some IR/OH stars only a single

emission feature has been found, but this probably means, that the other feature is too weak

to be detected. Observations with high enough resolution reveal that each emission feature

consists of several narrow components with half power widths of less than 1 km/s. The

absolute and relative intensities of these components vary in time resulting in variable

feature profiles and strengths. The integrated intensity of the OH emission sometimes varies

by a factor four in phase with the infrared brightness (Wilson and Barrett, 1972; Wilson et

al., 1972; Harvey et al., 1974a).

Wilson and Barrett concluded from their observations that the high and low velocity

1612 MHz OH features of type lib IR/OH stars have similar shapes and strengths. The outside

edges of the features are abrupt, while the inside edges taper down gradually. Johansson et

al. (1976) surveyed a region along the galactic plane and found a large number of type lib

OH sources. They averaged separately the low and high velocity ió12 MHz OH features and

found a striking symmetry in both form and strength. Their mean profile shows most clearly

the characteristics mentioned by Wilson and Barrett (1972). The main-line OH lines of some

type I and type lib IR/OH stars have the same type of profiles as the 1612 MHz type lib

lines (e.g., U Ori and W Hya). In general, however, the main-line profiles are much less

regular than the 1612 MHz ones and it is not clear whether they have the same profiles. The

same can be said about the 1612 MHz features of type I IR/OH stars.

i/nO. Most H_0 profiles appear to consist of a single feature with a half power width

of less than 2 km/s. This simple structure could be a consequence of insufficient velocity

resolution, but the velocity range is certainly small. R Aql is the only object known with

a clear double-peaked H^O feature (separation 2.4 km/s). H,,0 emission from NML Tau, R Crt

and W Hya is found over a range of 10 km/s and consists of several components. NML Tau shows



IV. 13

an additional peak separated from the main feature by 20 lan/s. The strenghts of the

individual HjO components vary independently of each other. The total flux in the i^O line

varies in phase with the infrared brightness and the amplitudes appear to be larger than

those of the OH variations (Dickinson et al., 1973; óchwartz et al., 1974; Dickinson, 1976).

SiO. Nearly all SiO emission lines are asymmetrical or show two or more peaks. The

total velocity range of emission is between 5 and 10 km/s Spencer and Schwartz (1975)

published high resolution profiles (0.35 km/s) of the SiO emission from o Cet and R Cas.

They found again that the features consist of several narrow components that vary

independently of each other on a time scale that corresponds to the infrared period. The

amplitudes of the SiO variations appear to be even larger than those of the H O variations.

IV.2.3 Velocity eliaraeteristics of maser emission

In this paragraph I shall try to illustrate how the velocity characteristics of OH,

H_0 and SiO emission are mutually related in the individual objects. At the same time I

shall show that these characteristics depend on the color index 1(0.84u) - K(2.2p). In the

past several correlations have been found between the velocity separations of the OH peaks

and other properties of the stars: period, amplitude of variation at 2.2p, color index

L(3.5u) - N(10.4p), and color index I-K (Harvey et al., 1974a; Dickinson and Chaisson, 1973;

Dickinson et al., 1975). Of these quantities I-K has a relatively simple meaning: it is a

measure of the total optical depth of the envelope for direct stellar radiation (section

IV.3).

As I mentioned in the previous paragraph the OH emission profiles of IR/OH stars are

often symmetrical, so that a velocity of symmetry can oe defined. I have done so for 31

stars of table IV.1 and listed the velocities in column 8 under the heading: central

velocity. I have determined the central velocity from the OH profiles (if possible I used

the 1612 MHz line). This choise may be slightly subjective due to the lack of an obvious

symmetry in many objects. For two stars, R Leo and R Cas, I have chosen the central velocity

of the vibrational ground state SiO emission (Reid and Dickinson, 1976). In section IV.4 I

shall argue that the central vplorit-y represents the line of sight component of the space

velocity of the IR/maser star.

To illustrate the velocity characteristics and the dependence on I-K more clearly I

constructed the histograms of fig. IV.1. I divided the 31 IR/maser stars with a known I-K

index and central velocity into two groups according to I-K value. Group 1 consists of the

19 stars with I-K < 6 and group 2 consists of the 12 stars with I-K _> 6. The abscissa of

fig. IV.1 gives the velocity relative to the central velocity (a negative relative velocity

corresponds to a region moving towards the observer). The vertical scale gives the number

of stars in each group that show emission in a specific line at the relative velocity

indicated on the abscissa.

Note that the "line profiles" obtained in this way are not real mean profiles, because

I did not take into account the intensity structure of the individual profiles; I merely

counted the presence of emission at each velocity, weak or strong. Of course, it would be

better to construct real mean profiles, but this is impossible with the data presently

available, mainly because of the var' y of velocity resolutions (0.2 to 4 km/s) and

sensitivities used. The profiles in fig. IV.1 contain much less information, but they are
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Fig. IV.1. The velocity structure of the maser emission for two groups of IR/maser stars. The histograms

give the number of stars with emission in a specific line, N, at the relative velocity, vrel- The

contributions of WX Ser to the histograms of group 2 are shaded.

relatively insensitive for resolution and sensitivity effects. They make it possible to draw

conclusions that are rather unbiased by the inhomogeneity of the material:

(i) The IR/maser stars of group 1 show more often OH emission at 1667 MHz than at 1612

MHz, while the stars of group 2 show more often emission at 1612 MHz than at 1667 MHz.

According to the classification of Turner (1970) this means that the stars of group 1 are

type I OH sources and those of group 2 are type lib OH sources. This correlation between OH

type and color index was already noticed by Wilson and Barrett (1972) and Wilson et al.

(1972) for a smaller number of IR/OH stars. I shall come back to this in paragraph IV.2.4.

(it) The velocity characteristics of the maser emission in the OH and H-O lines are

clearly different for both groups. I also constructed separately the histograms of IR/maser

stars with I-K < 5 and those with 5 £_ I-K < 6. The histogT-'.ims of these subgroups of group 1

are nearly identical. The total range of OH emission in group 2 is about 20 to 40 km/s,

while the emission in group 1 is limited to ranges of 10 to 20 km/s. This correlation

between total velocity width and color index or OH type was already noted by Wilson and

Barrett (1972), Wilson et al. (1972) and Dickinson and Chaisson (1973).

The H O emission in group 1 is concentrated in a narrow interval around the central

velocity, while in group 2 it occurs at absolute relative velocities of about 10 km/s, close

to the velocities of the OH emission. As far as I know this correlation between H«0 velocity

characteristics and color index has never been mentioned before. Note that WX Ser falls in

group 2 because of its high color index (I-K = 6.11, but shows the velocity characteristics
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of group 1. Maybe its I-K index is too high. The contributions of WX Ser to the histograms

o£ group 2 are shaded.

{iii) Although the central velocity was chosen on the basis of the 1612 or 1667 MHz

features, the histograms of both lines are essentially the same. This confirms the

conclusion of Wilson and Barrett (1972) that the main-line emission has no preference for

the high or low velocity, and occurs at about the same velocities as the 1612 MHz emission.

iiv) The velocity structure of SiO appears to be identical for both groups.

Unfortunately, the SiO searches are fairly complete only for IR/maser stars with 1-K < 5.

The SiO histogram is the only one that is asymmetrical: the emission is concentrated around

relative velocities 0 and +5 km/s. There may be emission around -5 km/s as well, but it is

definitely less common than emission around +5 km/s. The histograms of SiO correspond

closely to the profiles of the individual objects.

There is one velocity characteristic that is relatively unaffected by the inhomogeneity

of the data and that can be measured quite accurately: the total width of the interval of

OH emission, Av. This quantity should be a good indicator of the dependence of the velocity

structure on other properties of the IR/maser stars. Dickinson and Chaisson (1973) found a

correlation between the velocity separation of the OH emission peaks, which is about equal

to the Av defined above, and the period of optical variation. Dickinson et al-. (1975)

confirmed this correlation for more IR/OH stars and also mentioned a similar correlation

between the velocity separation and the I-K index for the giant IR/OH stars. It is not clear

which of the two correlations is the more fundamental one. I-K is a measure for the total

optical depth of the envelope for stellar radiation and, thus, for the mass loss rate M. In

chapter V I shall show that variation of M alone can explain the range in Av. The mass loss

rate is ultimately determined by the structure of the central star (luminosity, mass and

temperature), and so is t'm_ period. Both quantities, M or I-K and period, are probably

directly related for a homogeneous group of objects like the late M-type Mira variables that

show maser emission. Note, that the supergiant/maser stars appear to obey the same Av —

period relation as the giant/maser stars, but a different Av — I-K relation (Dickinson et

al., 1975).

In fig. IV.2 I have plotted |Av against I-K for i 6 i 2 aim 10&7 MHz emission for the

31 IR/OH stars with a known I-K index and central velocity. I did not take half the total

velocity width, but the maximum value of the absolute relative velocity of OH emission. The

latter quantity can be determined even for objects that show only one emission feature. Both

quantities must be the same if the OH profiles are complete (i.e. double-peaked) and the

central velocity is correct. Fig. IV.2 is similar to the Av — I-K plot of Dickinson et al.

(1975) (their fig. 2). The uncertainty in the value of Av is about 2 km/s, but the

uncertainty in I-K can be of the order of one magnitude or more (see section IV.4).

Again it is clear that the stars of group 2 (I-K _> 6) show OH emission over a larger

velocity range than the stars of group 1 (I-K < 6). An approximately linear relation might

exist between Av and I-K as suggested by Dickinson et dl. (1975), but the large uncertainty

in I-K and the gap around I-K = 6 make it impossible to confirm this suggestion. The

infrared data, which I shall summarize in section IV.3, indicate that the group 2 IR/OH

stars are very similar to the group I stars. This is the mam reason why I believe that a

continuous relation exists between Av and I-K. In chapter V I shall show that variation of

the mass loss rate alone can produce this relation. I do not exclude the possibility that
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Fig. IV.2. The halfwidth o£ the OH emission interval, jAv, plotted against the I-K color index. Filled

circles refer to the 1612 MHz OH emission and open circles to the 1667 MHz OH emission. When both lines

are detected in one IR/OH star, the corresponding circles are connected by a thin vertical line.

the scatter in fig. IV.2 is partly due to real effects such as small differences in

luminosity and temperature, or period, but I do not think that these effects cause the main

trend in fig. IV.2.

It is interesting to speculate whether the gap in the distribution around I-K = 6 and

^Av = 10 km/s is real or merely the consequence of selection effects. There are two

indications for the reality of the gap. In the first place, the objects searched for OH

emission by Wilson and Barrett <1972) are fairly continuously distributed over the interval

4 < I-K < 8. Nevertheless, they did not find type lib OH emission from stars with

5.2 < I-K < 6.1, while they detected three sources in the interval 4.5 < I-K < 5.2 and tan

in the interval 6.1 <_ I-K £ 6.8. Secondly, in all but one of the type lib OH sources

discovered during the Onsala survey the velocity separation of the OH peaks exceeds 20 km/s

and the number distribution shows a clear cut-off at that value (Johansson et al., 1976).

IV.2.4 Absolute intensities of maser emission

The data on the intensities of the maser emission are even more chaotic than those on

the velocity structure, mainly due to the strong variability and the lack of simultaneous

observations of all maser transitions. There are at least two ways to compare the intensities

in the various lines: using the intensity ratio's or the detection percentages. The poor

quality of the available material allows only to extract the most obvious properties.

Wilson and Barrett (1972) found a strong correlation between the 1612 MHz OH emission

and the I-K index, in the sense that they detected an increasingly higher percentage of

1612 MHz OH sources with increasing I-K. Wilson et al. (1972) found that H.O emission occurs

mainly in the type I IR/OH stars. This means a decrease in the detection percentage of HjO

with increasing I-K, but Dickinson (1976) observing vith higher sensitivity could not

confirm this correlation ; he only concluded that all IR/H.O sources are remarkably red

(I-K > 3.8).

Table IV.2 gives the detection percentages for each line for two groups of IR/maser
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Table IV.2

Uetuccion percentages from tjble IV, I

I.i ne

Id 12 MHz

H)h7 MHz

H ,0

SiO

1 h 12 MHz

I6b7 MHz

11,0

SiO

OH

OH

OH

OH

Number

ohsir rvud

29

28

31

15

14

U

U

S

Nuirber

deli'Ctet1

1 !

2'i

y,

II

! j

9

b

h

detoett-'d

jfa

S2

81

73

9J

h4

4 Î

75

group

I-K

group

I-K _

1

6

2

b

stars from table IV.1 : those with I-K < 6 (group I) and those with I-K >_ 6 (group 2). I

excluded the two S-type Mira variables, R Hya and x Cyg. The detection percentages in the

table refer only to objects that are known to emit in at least one maser line, but they

show the same trend as the detection percentages for all stars searched for maser emission.

The numbers do not change significantly if the semiregular and irregular variables are left

out. For each maser transition the IR/maser stars of table IV.1 have been searched down to

about the same limit, if they were observed at all. Of course, the detection limits differ

from line to line; typical values are: 0.3 Jy (1612 and 1667 MHz OH), 6 Jy (H.O) and 50 Jy

(SiO).

The percentage of 1612 MHz OH detections in group 2 is much higher than in group 1,

the percentage of 1667 MHz OH is somewhat lower and the percentage of KLÜ is much lower.

The numbers for SiO are the same in both groups. The table also shows that the 1612 I>fHz OH

emission is more often detected than the 1667 MHz OH emission in group 2 (type lib OH

sources), while it is less often detected in group 1 (type I OH sources).

Wilson et al. (1972) and Hyland et al. (1.972) estimated the distances of the IR/maser

stars on the assumption that they all have the same maximum bolometric luminosity. They

found that the type lib OH sources (group 2) are on the average more distant than the type I

OH sources (group 1). Wilson et al. (1972) used these distances to calculate -be absolute

integrated intensities of the 1612 and 1665/7 MHz OH emission. Their results show no

correlation between these two absolute intensities. While the 1612 MHz intensity varies over

a factor 1000, the main-line intensity varies only over a factor 30 from star to star. They

concluded that the absolute integrated intensity of the main-line emission is about the same

for all IR/OH stars. This implies that the distance-independent intensity ratio's

I(0H 1612)/I(OH 1667) and I(H20)/I(0H 1667) are proportional to the absolute intensities of

the 1612 MHz OH and the H_O emission, respectively.

In figs. IV.3 and IV.4 I plotted these intensity ratio's against |Av. I have also

plotted them against I-K, but these plots show even less structure, probably due to the

large uncertainty in the I-K index. In the figures I included sc:..̂  objects of table IV. 1

that were not included in fig. IV.1 and table IV.2 because no I-K value is known (most of

these sources are type lib OH sources without an infrared counterpart). When simultaneous
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Fig. IV.3. The ra t io of the integrated in tens i t ies of the HjO line and 1667 MHz OH l ine ,

I(H^O)/I(OH 1667), plotted against the halfwidth of the OH emission in terval , JAv. Fil led c i rc les refer

to IR/maser s tars with H,Û emission near the central velocity and open c i rc les refer to s tars that show

H70 emission near the veloci t ies of the OH emission.
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Fig. IV.4. The ra t io of the integrated in tens i t i es of the 1612 and the 1667 MHz OH l ine ,

I(OH I6I2)/1(OH )667), plotted against the halfwidth of the OH emission in terval , iAv.

observations were available I used the intensity ratio's of these measurements. If only peak

fluxes are given, or upper limits £or the peak flux, I assumed a profile width of 2 km/s,

which is about the average value for the published profiles.

In Fig. IV.3 the filled circles refer to objects with HJ3 emission only near the central

velocity (group 1), while the open circles refer to objects that show H-0 emission near the
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OH peaks (group 2). Fig. IV.3 shows very littLe structure. Only the stars of group 1 and 2

are clearly separated in Av. Maybe, the mean ILO intensity of group 2 stars is slightly

lower than that of group 1 stars as suggested by the ratio's of the detection percentages

of H90 and OH 1667 in table IV.2. A correlation might exist between H?0 intensity and Av

within group 1, in the sense that stars with a larger Av have a lower H_0 intensity. The

uncertainty in the intensity ratio is very large due to the strong variability of H O and

because most ratio's are calculated from intensities at different phases of the light cycle.

Simultaneous observations in OH and H_0 at a fixed phase are needed to lower the scatter in

fig. IV.3 and possibly reveal meaningful correlations.

Fig. IV.4 shows that the IR/OH stars of group 2 have stronger 1612 MHz OH emission

than tliose of group I. This was already clear from fig. IV. 1 and table IV. 2. It is not

possible to decide from the figure whether a linear relation exists between the intensity

ratio and Av due to the large scatter and the gap around \hv = 10 km/s. Note, that some

IR/OH stars of group 1 are not strictly type 1 OH sources, because the 1612 MHz OH emission

is stronger tnan the 1667 MHz OH emission. Most group 1 stars, however, are type I OH

emitters and all group 2 stars are type lib OH emitters.

IV.2.5 VLBI observations

The symmetrical appearance of the «laser lint profiles suggests that the emission

originates in stellar envelopes with well defined dynamical properties. Several models

involving contraction, expansion and rotation have been proposed. In principle, the spatial

structure of stellar masers can be determined with VLBI techniques and the results should

provide a critical test for the proposed models. Most VLBI programs have concentrated on

the large, bright supergiant/maser stars (Moran et al., 1973; Masheder et al., 1974; Harvey

et al., 1974b). Only recently VLBI data on the 1612 MHz OH emission from some giant/maser

stars have been published by Reid and Muhlep.an (1975) and Reid et al. (1976).

They found that the 1612 MHz OH emission comes from regions with linear sizes larger

than 3* 10 cm. These sizes were calculated with the assumption of a circular gaussian

brightness distrinution. It is very difficult to distinguish between a single gaussian

component and a spectral blend of many spatially isolated small components. In the first

case the derived size refers to the real size of the component, while in the second case it

refers to the spatial extent of the group of components. So, the observations can be

explained by a continuous brightness distribution as well as by a collection of small maser

spots. For three objects, U Ori, R Aql and IRC +10011, Reid et al. (1976) found evidence
1414

for a complex structure which could be of the core-halo type; core size "vlO cm, overall

size 'v 3» 10 cm.

For IRC +10011, the only observed 16)2 MHz OH source where both the high and low

velocity feature:-, are comparable in strength, the two emission regions seem to coincide.

IV.2.6 VI Canis Majopis

VY CMa is the best studied of the six late-type supergiant/maser stars. It is an

irregularly varying supergiant of spectral type M3-M5 with a strong infrared excess. The

associated OH emission at 1612, 1665 and 1667 MHz was discovered in 1969 by Eliasson and
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Fig. IV.5. The profile of the 43.1 CHz SiO emission line of VY CHa taken from Snyder and Buhl (1975).

The thick vertical lines at the bottom of the figure indicate the velocities o[ Lhe central H-0 peaks as

given by Cato ci al. (1975). Two velocity scales are given: at the bottom the velocity relative to the

local standard of rest, v. - , and at the top the velocity relative to the central velocity, v
L o K r e I

Bartlett (1969) and Booth (1969). fLO emission at 22.2 GHz was detected by Knowles et ai.

(1969). SiO maser emission in three lines was found in 1974 by Kaifu et al. (1975), Buhl et

al. (1974)- and Snyder and Buhl (1975). In January 1975 Buhl et al. (1975) discovered a broad

thermal SiO emission feature from the vibrational ground state.

The strong 1612 MHz Oil emission shows the same characteristics as that of the giant

IR/OH stars. Only, the widths of both features (about 20 km/s) and the total velocity

interval of emission (-15 to +55 km/s, LSR) ara much larger. The main-line OH emission is

weaker and occurs at velocities corresponding to the inner sides of the 1612.MHz features.

Contrary to the 1612 MHz OH emission, the main-line emission is strongly polarized and

variable both in intensity and polarization characteristics (Booth, 1969; Robinson et al.,

1970).

The earliest H-O observations yielded two emission features at about the central

velocity of the OH emission range (at +14 and +18 km/s, LSR) and a weaker one at +35 km/s

(LSR). Recent H^O observations with very high velocity resolution yielded a remarkably

symmetrical emission profile (Cato et al., 1975; Knowles and Batchelor, 1976): a central

feature around +19 km/s (LSR), which itself is very symmetrical around the central velocity,

and two outer features near the velocities of the main-line OH emission. The individual

components vary strongly and it seems that the intensities of the central peak at +19 km/s

and both outer components are anticorrelated. Thus, in this object, we find both the H»0

characteristics of group 1 and group 2 giant maser sources, and a very precise velocity of
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symmetry.

OH and H^O VLBI measurements indicate linear sizes of the emission regions of 4* 10

cm (1612 MHz OH), IO16 cm (1665 and 1667 MHz OH) and 3*10 1 5 cm (HO central components)

(Moran ct at., 1973; Masheder at al. , 1974; Harvey et al., 1974b).

The SiO maser profiles, especially that of the v=l, J = 1 •* 0 line (see fig. IV.5), also

have a fairly symmetrical appearance: a broad peak from +8 to +17 km/s (LSR) and narrower

satellite peaks at + 5 and +24 km/s (LSR). The same structure might be present in he SiO

lines of the supergiant/maser stars NML Cyg and S Per, and of the giant/maser stars NML Tau,

RR Aql and R Cas. This symmetry led van Blerkom and Auer (1976) to their model of a

rotating equatorial disk seen nearly edge-on. In this model the central peak comes from the

frontside of the disk where the line-of-sight velocity is zero, while the satellite peaks

originate near the periphery of the disk where the line-of-sight velocity is close to the

rotation velocity. The observed profile of VY CMa can be reproduced with a rotation velocity

of 10 km/s and an additional expansion velocity of 2 km/s. I do not think the model is

tenable in view of the more recent data: The rotation model implies a central velocity of

+14 km/s (LSR), while the K-0 data indicate a central velocity of +19 km/s (LSR). The broad

thermal vibrational ground state SiO emission indicates a central velocity of +17.6±1.5

km/s (Reid and Dickinson, 1976). A recently discovered molecular cloud associated with VY

CMa also has a radial velocity of +18 km/s (Lada and Reid, 1976). If the central velocity

is assumed to be +19 km/s (LSR) the SiO profile shows another "symmetry" (see fig. IV.5):

the +24 km/s feature could be the remnant of a broader feature similar to the +12 km/s

feature. In chapter V I shall argue that this is the consequence of partial obscuration by

the central star.

IV.3 Optical and infrared observations

IV.3.1 Spectrophotometry

Optical and infrared spectra show that the central stars of IR/maser stars are oxygen-

rich M-type supergiants or giants (mainly Mira—type variables with a spectral type later

than M5). Hyland et al. (1972) and Hyland (1974) studied the 2.0- 2.5p spectra of about

forty stars, of which twenty show OH and H O maser emission. This spectral region lies

between the broad H_0 absorption bands at I.9y and 2.7u and contains CO, CN and C. bands.

Hyland et al. concluded that all IR/0H/H_0 stars are late type Mira's or supergiants with

photospheric temperatures between 1800 and 2300 K (Mira's) or around 2500 K (supergiants).

No carbon stars, where 0/C< 1, or S-stars, where 0/C ^ 1 , show OH or H O emission. They also

stated thet there are no specti'al features in this wavelength region that allow a distinction

between type I OH, type lib OH, VLS> maser sources and the oxygen-rich stars without maser

emission. It is not clear whether the derived temperature range implies a diversity of

central stars, because temperature variations of 600 K are observed over one period in most

Mira's.

Merrill and Stein (1976a,b) studied a nun.ber of infrared stars from the 2.2u sky survey

and cool stars of the conventional spectral sequence in the wavelength regions 2 — 4u and

8 — 13u. They found that the infrared stars show the same characteristics as the normal

late-type stars but possibly have a slightly lower surface temperature. In the 1 OJJ region



IV.22

they observed clearly different features for oxygen-rich and carbon-rich stars: broad

features centered at 9.7p, ascribed to silicates, in the former type and narrower features

around 1 I.5p , ascribed to silicon carbide, in the latter type of stars. They also found

evidence for intermediate and large optical depths around lOu in the infrared stars, whereas

low optical depths characterize the normal late-type stars. This confirms the suggestion of

Hyland et al. (1972), that the infrared stars with OH and H_0 emission are normal late-type

stars with thicker dust envelopes.

IV.3.2 Photome try

Photometry of normal M-type stars and IR/maser stars from 1 to 3 0M have been published

by several authors (e.g., Hyland et al., 1972; Dyck et al., 1974). The energy distribution

of the normal stars follows roughly a blackbody of about 2000 K (I-K^4). The main-line

emitters show little infrared excess, while the 1612 MHz emitters show moderate to large

excesses (I-K> - ) . These infrared excesses are generally explained as reemission of absorbed

stellar radiation by dust grains in the envelopes around the stars.

Hyland et al. (1972) constructed a simple model consisting of a central star with the

spectroscopically determined temperature surrounded by a dust shell that absorbs the stellar

radiation (K «A ) and reiidiates this energy in the infrared. They assumed that the dust
À

particles radiate as grey bodies at a uniform temperature. Their mode] spectra agree

reasonably well with the observed spectra. The shell temperatures are about 600 K and tha

total optical depths of the shells at 1.65u range from 0 to 2. In general, the direct

stellar radiation dominates shortward of 3p and the reemission longward of 3u.

Harvey et al. (1974a) studied the infrared and maser variability of OH sources from

1. 25(J to 1 Op and Schwartz et al. (1974) did the same for the H.O sources. Their main

conclusion was that the maser intensities vary with the same period and phase as the infrared

intensities. They concluded that the OH and H,0 masers are probably pumped by infrared

photons. Hyland (1974) showed that pumping in the 2 — 40M region is consistent with all the

observations; OH can be pumped by 2.8p and 35p and H-0 by 2.7u photons. The scarce

variability data of SiO seem to indicate the same correlation, and Kwan and Scoville (1974)

found that 4 and 8y photons can pump the SiO masers.

Harvey et al. (1974a) also found that the amplitude of the infrared variations is

nearly constant between 3.5 and lOu, but increases with decreasing wavelength between 3.5

and 1.25|j. The amplitudes at 2.2u range from 0.5 to 2.5 magnitudes and the reddest objects

exhibit the largest variations. The amplitude-rise towards shorter wavelengths continues to

0.4y (Lockwood and Wing, 1971)- As a consequence the I-K color indices for the reddest stars

may vary over more than two magnitudes. This is confirmed for the few infrared stars in the

2.2u sky survey for which detailed data are given in the catalogue.

Harvey et al. (1974a) suggested that the observed behaviour of the infrared variations

can be explained by the variations of both the effective temperature of the star and of the

molecular band strengths. Shortward of 3u the observed flux comes from the central star and

the contribution of the reemission in the envelope is unimportant. The energy distributions

of blackbodies with temperatures of the order of 2000 K peak at a wavelengtu of 1.5u. The

near infrared magnitudes are therefore very sensitive to temperature variations. The

amplitude of the variations shortward of 3u are approximately given by ampl(X)= 1.6AT/(XT ),
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where AT and T are the amplitude of the variation in effective temperature and the mean

effective temperature, respectively. AT and T are given in degrees Kelvin and À in cm. Thus,

the amplitudes increase towards shorter wavelengths as is observed. The amplitudes are

larger for stars with larger temperature variations and lower mean temperatures.

The observed correlation between 2.2p amplitude and color index suggests that the

reddest stars (i.e., those with the highest mass loss rates) have a slightly lower mean

temperature or a larger temperature variation than the less reddened stars. Merrill and

Stein (1976b) suggested a lower temperature for the IRC sources than for the normal Mira's

and a correlation between mass loss rate and amplitude of temperature variation is reasonable.

For a star with T= 2000 K and T= 600 K I find the following amplitudes: AK(2.2p) = l̂ l ,

AI(0.84p) = 2.8 and Ara (0.42u) = 5.6. The value for the photographic amplitude is typical for

Mira variables. The I and K amplitudes imply an amplitude in I-K index of 1.7. Molecular

band absorptions further enhance the variations, especially at the shorter wavelengths.

Longward of 3M the contribution of the direct stellar light to the observed flux is

unimportant and we see essentially the reradiation of the envelope. The color temperature

of this radiation does not vary much; Harvey et al. (1974a) estimated an amplitude of

AT< 80 K for envelopes with a temperature of 600 K.

IV. 3. 3 Polarisation measwemetiis

Recently, Sh.iwl (1975) and Materne (1976) published polarisation measurements of Mira

variables at wavelengths shortward of Ip. The polarization increases rapidly at phase 0.8

of the light cycle and its wavelength dependence indicates a particle radius of 0.05u. The

particle radius increases 'o 0.07u at phase 1.0 (maximum light) and grows to 0.09 — 0. lp

just before the next phase 0.8. From this the authors conclude that a large number of small

particles is ejected at phase 0.8. These particles then grow while moving away from the

star.

IV.4 The stellar velocity

Wilson and Barrett (1972) and Wilson et al. (1972) found for the few IR/OH stars with

known velocities of the optical emission and absorption lines, that the high velocity OH

feature coincides with the absorption line and the low velocity OH feature with the emission

line. Because, at that time, one assumed that the absorption line velocity represents the

stellar velocity, this had far-reaching consequencies for models of IR/maser stars. It meant

that the region where the high velocity OH feature originates must have the same line-of-

sight velocity as the central star, while the other OH feature originates in a region that

moves towards the observer. Several models have been developed to explain these velocity

characteristics.

In particular, the model of Davies et al. (1972), in which one OH feature comes from

the frontside of an expanding envelope and the other from the periphery of the envelope,

looked reasonable because it seemed confirmed by the VLBI measurements of NML Cyg and VY CMa

(Davies et al., 1972; Herbig, 1974; Masheder et al., 1974): the low velocity OH emission

features cover a smaller area than the high velocity components. However, I do not think

that the VLBI maps of NML Cyg and VY CMa are very convincing evidence. Especially the NML
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Cyg map of Masheder et ai. < 1974) can be used equally well as counter-evidence: several high

and low velocity components nearly coincide spatially.

A more profound difficulty of Davies' model and similar ones is that thfy cannot

explain the high degree of symmetry of the maser profiles (see also: Caswell, 1974).

Recently, conclusive evidence has been given for placing the stellar 'elocity between the

two OH maser features. Reid and Dickinson (1976) derived the stellar velocity of four IR/

maser stars from the broad thermal vibrational ground state SiO emission and found that it

lies between the optical emission and absorption line velocities near the midpoint of the

OH velocity pattern (the central velocity defined in section IV.2.3). Reid (1976) critically

examined the optical and microwave velocity data and reached the same conclusion (see also

section IV.2.6).

If the stellar velocity is identical with the central velocity, simple models are

possible that explain the symmetry in a natural way: a symmetrically expanding envelope, for

instance, where the OH emission comes from the front- and backside (Kwok, 1976; Elitzur et

al. , 1976).

IV.5 Conclusions

The central stars of all IR/maser stars are oxygen-rich supergiants or giants (long

period variables) with photospheric temperatures around 2000 K for the giants and 2500 K for

the supergiants. The stellar temperature varies typically over 600 K during one period.

All these stars appear to be losing mass which forms a circumstellar envelope. In this

envelope silicate particles condense with radii between ,0.05 and O.lOu. These particles

absorb part of the stellar radiation and reemit this energy in the infrared. The color

temperature of this radiation is about 600 K. The total optical depth of the envelopes range

from 0 to 2 at 1.65M .

In this envelope the OH and 1L0 maser emission originate. The scarce VLBI data of the

1612 MHz OH emission indicate that masering in this line takes place at a distance of about

100 stellar radii from the central star. The OH and H,0 maser profiles are symmetrical

around the stellar velocity, the SiO profiles that are formed much closer to the star are

not. The strength of the main-line OH emission, the velocity structure and perhaps the

strength of the SiO emission are roughly equal for all IR/maser stars. The 1612 MHz OH

emission from the IR/maser stars with the thickest envelopes (group 2, I-K^6) is stronger

and the velocity width of the OH emission is larger than that from stars with thin envelopes

(group 1, I-K< 6). Most of the group I stars are type I OH emitters (1612 MHz emission is

weaker than main-line emission), while all group 2 stars are type lib emitters (1612 MHz

emission is stronger than main-line emission). The H.O emission is concentrated near the

stellar velocity in group 1 stars, while it occurs close to the OH emission peaks in group

2 stars. The maser intensities vary in phase with the infrared intensity, which could mean

that the OH, H_0 and SiO masers are pumped by infrared photons.

In supergiants the main-line OH emission occurs at velocities closer to the stellar

velocity than the 1612 MHz OH emission. In giants both emissions occur at roughly the same

velocities.

In the next and last chapter of this thesis I shall attempt to give at least a

qualitative explanation of the maser properties summarized in this chapter.
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CHAPTER V: INTERPRETATION OF THE OBSERVATIONS OF IR/MASER STARS

V. 1 Introduction

In the previous chapter I have summarized the observational data of the IR/maser stars

and I have suggested a dependence of the maser characteristics on the color index

1(0.8410 - K(2.2p). The most important result of the infrared speccrophotometry is tne

conclusion that the central stars of the giant IR/maser stars form a very homogeneous group

with an intrinsic color index I - K % 4 . The fact that the observed indices are often larger

is a consequence of Lhe absorption and reemission of starlight by the dust particles in the

surrounding envelope. Thus, the I-K index is a measure of the total effective optical depth

of the envelope for stellar radiation.

In chapter III I presented a simple model calculation of the velocity field in a

spherically symmetrical Just-driven envelope, in which the effect of non—zero optical

thickness plays an important role. In this chapter I shall use this model to discuss and to

interpret the systematic trends found in chapter IV.

I shall calculate the velocity fields in the envelopes of IR/maser stars on the

assumption that only one parameter is variable: the mass loss rate M. This may look a very

strict assumption but it appears to be justified by the fact that only two quantities are

observed to vary over a wide range: the terminal flow velocity and the total optical depth

of the envelope (which in turn is determined by the velocity field and the mass loss rate).

The period is not a model parameter and, therefore, does not play a role in the discussion.

As I mentioned in paragraph IV.2.3 the range in period of the giant IR/maser stars probably

reflects the range in mass loss rate. Because the supergiants are clearly different from

the giants, and do not form a homogeneous group, I shall not include them in the main

discussion. Only in section V.6 I propose a sketchy explanation for the H_O/SiO problem of

VY Canis Majoris (see paragraph IV.2.6).

In section V.2 I give values for the parameters derived from the infrared and maser

data. The model velocity field calculated with these parameters is given in section V.3. In

section V.4 I explain how the velocity structure of the maser lines depends on the velocity

field using a simple homogeneous-shell model, and in section V.5 I indicate how the observed

line profiles can be explained with the velocity field of section V.3.

V.2 Choice of model constants

V.2.1 The central star

Spectrophotometry from 2.0 to 2.5y has shown that the central stars of all IR/maser

sources are oxygen-rich Mira-type variables with surface temperatures close to 2000 K. Many

articles have been published about the bolometric luminosity and mass of the Mira1s and the

given values differ considerably. Eggen (1975) derived a maximum luminosity of 0.6x 10 L
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(period 200 days) to 1.3x10 L (period 500 days) for the cooler Mira's. His result is in
0

good agreement with the luminosities given by Smak (1966) in his review article:

1 ± 0.2 > 10 L . The stellar mass is presently estimated at about 1 M (e.g., Keeley, 1970).
0 0

This estimate is based on the observations of two Mira's with a companion (o Cet and X Oph)

and on more general considerations of lifetime and galactic distribution. I shall assume
the values T = 2000 K, L= 10 L and M= M for all central stars of the giant IR/maser stars.

* o e 13

If the star radiates like a blackbody, this implies a stellar radius of 6 » 10 cm. The same

choice of parameters has been made in previous model calculations (Kwok, ï 976; Goldreich and

Scoville, 1976).

V.2.2 The envelope

The existence of circumstellar gas/dust envelopes around late M—type Mira variables

is demonstrated by the presence of emission lines, circumstellar absorption lines and broad

emission features around 1 Op. Although it is certain that these envelopes are a consequence

of mass loss, we do not know the mechanism(s) that drive(s) this mass out of the stellar

atmosphere proper; presumably the pulsation of the star plays an important role.

If the ejected mass reaches a certain distance from the star, dust particles may

condense. This critical distance depends on the stellar properties (temperature, luminosity),

the dust properties (absorption and emission coefficients, sublimation temperature) and the

local density and kinetic temperature of the gas. This process of condensation is not very

well understood. Gilman (1969), among others, investigated which types of dust particles

might condense around late—type stars. He found that injoxygen-rich envelopes silicates,

especially olivine, are likely condensates. The lOu emission features observed in the

infrared spectra of these stars make it certain that silicates indeed condense.

I shall assume that silicates are the only dust particles present in the envelopes of

IR/maser stars. The presence of dust particles has two effects. In the first place, they

absorb part of the direct starlight and reemit this energy at longer wavelengths; so, they

change continuously the spectral composition of the radiation flux in the envelope.

Secondly, the radiation pressure on the dust particles is so strong that it can easily drive

tht grains away from the star. The momentum gained by the dust grains is very effectively

transferred to the gas molecules and, as a result, the whole envelope is accelerated away

from the star. As far as we know this driving force is much stronger than any other force

we can think of. In that case the velocity field in the envelope is completely determined

by the balance of radiation pressure and gravitational attraction (chapter III).

For simplicity I assumed in chapter III that the flux at each point in the envelope

consists of two components: the weakened stellar radiation and the radiation emitted by the

dust particles, where the color temperature (T ) of the latter component is constant

throughout the envelope. Hyland et al. (1972) found that the observed infrared energy

distributions can very well be reproduced by the same two-component model, and they derived

values of T., close to 600 K. Therefore, I choose T = 600 K for all maser envelopes.

V.2.3 The dust comvosition

Woolf and Ney (1969) proposed olivine, iO, , as the silicate that reproduces



V.3

best the observed 10ii feature. Oilman (1969) found that olivine is a very likely condensate

in the envelopes of oxygen-rich late-type stars. For these reasons olivine is one of the

best known silicates in the astronomical literature, which, however, does not m<;an that it

is proven to be the dominant dust constituent in these envelopes. Because I assume that the

energy distribution throughout the envelope can be considered as the sum of two blackbody

distributions, 1 only need to know the Planck mean of the radiation pressure efficiency.

This Planck mean is roughly the same for all terrestial types of silicates. Because these

particles absorb very efficiently radiation around lOu and very inefficiently radiation at

other wavelengths, the Planck mean has a maximum at 300 K, at which temperature a blackbody

peaks at I Ou. At lower and higher temperatures the peak wavelength shifts out of the J OJJ

band and the mean absorption efficiency decreases. For high enough temperatures, depending

on the particle size, the scattering becomes rapidly more efficient than the absorption and

the mean pressure efficiency, that is approximately the sum of absorption and scattering

efficiencies, rises again.

Recently, Jones and Merrill (197o) and Bedijn (1977) have calculated model spectra of

late-type stars surrounded by fairly thick silicate dust envelopes. If a significant fraction

of the stellar radiation is absorbed and reemitted by the silicate grains, the optical depth

at 10p must be very high. Comparing their model I On features with the observed ones they

found that such large optical depths at 10u do not occur in objects where a large fraction

of the stellar energy is absorbed in the envelope. They concluded that the silicates around

these stai"s must absorb radiation shortward of 6|i much more efficiently (at least a factor

ten) than the terrestial silicates. This would mean that the dip in the Planck mean around

2000 K is much shallower for these circumstellar silicates.

I shall use the Planck mean efficiencies for olivine as given by Gilman (1974). Fig.

V.] gives the Planck mean of the radiation pressure efficiency, Q (T), divided by the

particle radius, a, as a function of a for four temperatures. I derived this figure from the

one given by Gilman. The ratio is independent of the particle radius for small enough

10' -
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I'ig. V.I. The Planck menu of the r.id i ;ir , on pressure efficiency, Q (T), of olivinc for four Temperatures

(derived from the cl.Hn of (ülmíln, 1(J7A). .) denotes the r.'idius of the pnrLides.
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parcicles, but rises steeply as soon as the scattering becomes important. Q>(T_)/a =

~Q (,600)/a = 4 * 103 /era for all particle sizes of interest, but <} (T )/a = ~Q (2000)/a =
p P * P

depends strongly on the particle size. For very small particles, a< 0.03u, Q (600)/Q (2000) =

10, but for large particles, a^0.3p, this ratio is close to 0.1. If indeed the circumstellar

silicates absorb much more efficiently radiation shortward of 6u than olivine does, the ratio

Q (600)/Q (2000) is much Lower and could come close to 1. This would mean that the radiation
P P

pressure efficiency is much less sensitive to the spectral composition of the radiation flux,
which makes the optical depth effects much less important.

V. 2 . í I hi. other1 constants

According Co the model of chapter III the velocity field in the circumstellar envelope

depends on six parameters:

16iïascGM

3<5Qp(Tf)L

BM

L
r. , v.

where s denotes the specific weight of the dust particles, 6 the dust/gas r~tio by mass, 6

the ratio Q (T )/Q (T ), M the mass loss rat.->, r. the inner radius of dust envelope
cl D S X D S 1

and v. the flow velocity at that radius. I already specified the values of T , M, L and
_ 1 3 *

Q (T£)/a. The specific weight of v livine s equals 3.8 g/cm . The mass abundance ratio 6

equals . * 10 if Che olivine contains all available silicon and if the solar abundance of

silicon is used. The ratio C /C_ is then fixed and equals 3.14. Only three more parameters

have to be chosen: r., v. and a (or, equivalently, C ?); M is the free parameter.

£_,.. If essentially all silicon is locked up in the silicates, the SiO abundance must

be low once the silicates have been formed. This means that the SiO maser is confined to

the dust free shell close to the stellar surface. The velocity structure of the SiO maser

lines then should give us some information about the flow velocity in that shell. In

chapter IV (fig. IV.1) I showed that SiO emission is observed out to a velocity of +8 km/s

relative to the stellar velocity. Because this is a line-of-sight velocity, the flow

velocity in the SiO shell may be even higher. The fact that we see emission from the

backside of the expanding shell indicates that the flow velocity decreases fairly r ipidly

outward; I shall clarify this statement in section V.5. Thus, a reasonable estimate of the

flow velocity at the inner radius of the dust envelope (that is the outer radius of the SiO

maser shell) is v.<_8 km/s.

r_.. In chapter III I have shown that the terminal velocity for a very thick envelopei s

2

given

2

by:

2GM,

Ti
i'C

vc
2_ _

2

The basic assumption in my model is that the mass loss rate (or the total optical depth of

the envelope for stellar radiation) is the only free parameter in the problem. Fig. IV.2

then gives the observed dependence of the terminal velocity for increasing optical depth.
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From that figure I estiriate the terminal velocity for envelopes with very large optical

thickness: v v. 25 km/s. If v. ••-• 8 km/s the first term on the right hand side of the equation

can bo neglected, and r• remains the only unknown parameter. Substitution of the parameter

values given above yield r. = 10 cm.

There is another way to estimate the value of r.. Silicates evaporate once their

temperature rises above 1000 K. One can calculate the "melting radius" and this will give

a lower limit to the condensation radius. Using the absorption efficiencies of Oilman (1974)

and assuming only heating by direct starlight one finds r = 5 * 10 cm. The melting

radius will be larger if the effect of additional heating by the reradiation of the dust

particles in the envelope is included. This "backwarming" certainly is important because

silicates absorb very efficiently low-temperature radiation due to the presence of the lOu
14

band. 1 shall assume that the inner radius oC the dust envelope < [uals r. = 10 cm for all

objects.

C,, gives the ratio of the strength of the gravitational force and the radiation

pressure force at tlie inner radius of the dust envelope. The terminal velocity in objects

with an optically thin envelope is mainly determined by this ratio. The fact that we observe

terminal velocities as low as 5 km/s for these objects (fig. IV. 2) implies that C^ > 1. On

the other hand, C^ must be smaller than 3, because C./C 9^ 3 and the contrast factor C < 10

for olivine (fig. V.I). If the circumstellar silicates absorb more efficiently radiation

siiortward of 6M than does olivine, the contrast factor C. will be "lower and therefore the

upper limit of C, will be lower. Note that C > 1 implies ~Q (2000)'a< 1300 /cm for the chosen

values of H, L, s and <5; this gives an upper limit to the particle radius as 0.085u» which

is consistent with the values derived from the polarization measurements (paragraph IV.3.3).

V.3 Model calculation of the velocity field

Let me summarize the values chosen for the model constants.

L = 4 x îo37 erg/s

M = 2 x 1O33 g

r. = 10 1 4 cm

v.< 8 km/s
l

s = 3.8 g/cm

& = 5 * 10~ 3

T = 2000 K 600 K Q 'JE)/a=Axl0 /cm

3 x 1O2< Q (T )/a< 1.3 x 103 /cm
P *

In terms of the parameter combinations used in the model calculation this means:

C,/C2--=3.14 1 s C 2 < 3 BM: free parameter

I have calculated the velocity field for several values of C. and v.. Fig. V.2 gives

the relations between the terminal velocity v and the total optical depth for stellar

radiation T t o t for four models: (I) C, = ! , v.. = 4 km/s, (lia) C 2 = 1.5, v. = 7 km/s, (lib)

C2 = 1.5, v. = 5 km/s, (III) C« = 2, v. = 7 km/s. The curves converge approximately towards the

same velocity for infinite optical depth. Of course, I forced them to do so by choosing the
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Fis- •'•-. i'lie terminal flow volorily, v , :m ;i function uf Lho total optical depth, I , for Cour

m o d e l s , fhc curves I, il and III ;iro characterized by the C o values 1, 1.5 and 2, respectivel/. The

appropriate values of tlif initial velocity aru 4 km/y tcurve I ) , 5 km/s (curve lib) and / km/s (curves

li.i ,jnd 1 1 ! ) . Ihe other model parameters are r he same for all models and are given in the text.

same ratio's Cj/C.̂  and M/r.; the. terminai velocity depends only weakly on v. as long as v.

is small enough and the total optical depth large enough. The interpretation of this

convergence is clear: In an infinitely thick envelope the stellar radiation (2000 K) is

instantaneously converted to radiation of 600 K at the inner radius of the envelope. The

velocity field is tiien completf-iy determined by the ratio of gravitational force and

radiation pressure force due to 600 K radiation (C /Cj) which is the same for all models.

The corresponding ratio for the direct stellar radiation (C?) does not play a role.

As the total optical depth decreases €„ plays an increasingly important role, because

ut some fixed distance more and more of the total flux is contained in the stellar component.

The radiation pressure efficiency for the stellar component is lower than chat for the

tnvelope component in these mode's (3.3< C < 6.6). Consequently, the flow velocity at some

íixtíà distance decreases steadily for models with a lower total optical depth and the value

of v. becomes more and more important: the curves in fig IV.2 are wider apart for smaller

tot.ii optical depth.

In .-node! I the radiation pressure force due to the stellar photons at r. just balances

thd gravitational force (C =1). For infinitely thin envelopes this equilibrium holds
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throughout the whole envelope. The flow velocity is , therefore, constant and equal to the

initial velocity v.. For thicker envelopes Che flow is everywhere accelerated. In models

II and III the gravitational attraction at r. dominates and the flow is initially retarded.

If the total optical depth is high enough and, thus, the conversion of stellar radiation

into radiation of longer wavelengths rapidly enough, the increasing radiation pressure

force overtakes the gravitational force at some point in the envelope and the flow is

accelerated from there on. For certain combinations of C , v. and T (or H) the conversion

is so slow that the flow velocity becomes zero: a stationnary flow is impossible, the mass

cannot escape. So, for each choice of C_, and v. there is a lower limit for T (which might

be zero, as in model I). This critical value is higher for a lower initial velocity v.

(fig. V.2 curves lia and lib) and a higher value of C7 (curves lia and III). In the first

case the flow has less momentum at the inner radius of the dust envelope and in the second

case the net retarding force is stronger.

The four curves are remarkably similar in form. A small shift along theTt axis makes

them nearly coincide, except for the lower limit of the terminal velocity. Therefore,

comparison of these model curves with the jAv — I-K plot (fig. IV.2) will not give enough

information to justify a specific choice of C_ and v.. For this purpose one could consider

using the observed lower limit of jAv= 5 km/s, but it is very well possible that envelopes

with a lower terminal velocity do exist but cannot produce OH maser emission because they

are not massive enough.

I have chosen model H a (C, = 1.5, v. = 7 km/s) for a more thorough discussion of the

characteristics of the velocity field in the masering envelopes and the consequences for

the maser line profiles. T want to stress that this specific model is only one of the

models that are consistent witti the observations. The following discussion is primarily

meant as an illustration hi) of the changes in the velocity field as a consequence of the

optical depth effects, and (ii) of the corresponding changes in the properties of the-

maser lines.

In order to see wether model lia provides a reasonable fit with the observed jAv — I-K

relation I have to relate i and Ï-K. Let me assume that the star radiates like a
tot
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r(10ucm)
10 13

P" i g . V . -4 . Tht1 f 1 ow ve loi: i t y , v , a s a î une t ion of d i s L a n c e , r , f o r <i number of lia model s . The c u r v e s a r e

1jbo11d w i t h t h e Li j p p r n p r i jL f v a l u e s of t h e t o t a l o p t i c a 1 d e p t h » i , and t h e mass l o s s r a t e , >1 in

un 1 t s 01 IU M / y r . 1 he numbers a t t h e end of e a c h c u r v e g i v e t h e c o r r e s p o n d i n g t e r m i n a ] v e l o c í t y i n

k m / s . Thf dashvd c u r v e r o t e r s t o t h e l i m i t of i n f I n i t e op t i c a I dep.th and mass l o s s r a t e .

blackbody at a temperature of 2000 K and that the surrounding dust absorbs the stellar

radiation according to a K a A law. Note that a constant refractive index leads to n = l.
A

If the contribution of the reradiation of the envelope to the observed flux in the 1(0.84p)

and K(2.2y) bands is négligeable (Hyland et al., 1972), the I-K index is given by:

I-K = (I-K) + 1.086(T - T ), where (I-K) =4.0 is the color index of a blackbody of 2000 K.

TT and 7 are the total optical depths of the envelope in the I and K bands, respectively.
i t\

Remember that T is equal to the Planck mean at temperature 2000 K of T,, the total
tot A

optical depth at wavelength À (chapter III). With the assumed absorption law TT and T,,

can be given as functions of T . For n = l and n = 2 I find:

n = 1 : T = 2.23T
I tot

0.85T
tot

I-K= 4.0 + 1.5T
tot

I-K = 4.0 + 3. 6T
tot

The curve H a in fig. V.2 can now be transformed into jAv — I-K curves. In fig. V.3 I have

drawn these curves for n=l and n = 2 together with the observed points (fig. IV.2).

Fig. V.4 gives the flow velocity, v(r), as a function of the distance to the central

star, r, for a number of lia models. The computational scheme is such that T is used as

the free parameter rather than the mass loss rate M (see chapter III). For each value of

T I find the velocity field and a value for IBM. As I mentioned in chapter III an

ambiguity might arise for very low optical depths: two different values of (3M, each with
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its own velocity field, correspond to the same value of i . The value of 6= Q , (T )/Q (T )
tot abs x p x

is determined by the adopted model parameters and the Planck means of Gilman (1974). The

chosen value of C, implies Q (T )/a = 850 /cm; for T = 2000 K the corresponding particle

radius for olivine is a= O.O72u (fig. V.I); this gives Q 3 b s ( '
r
) : ) /

a = 3 1 Ü / c m a n d> t n u s>

fi= 0.365. If the circumstellar silicates absorb more efficiently at the shorter wavelengths

than olivine the value of \i approaches 1, because the scattering is less important. So, if

these circumstellar silicates are used instead of olivine and if the chosen value of C ? (1.5)

is still possible , the velocity fields remain the same as in fig. V.4, but the values of

the mass loss rates in the figure become a factor three lower: The same amount of silicates

leads Lo a higher total optical depth for stellar radiation.

The curves in fig. V,4 are labeled with the appropriate values of T , M and v . The

lowest curve corresponds with the lowest mass loss rate possible: at some point in the

envelope the flow velocity just becomes zero. Around that point the density is very high
9

due to the very low velocity |r"p(r)v(r) " M = constant|, the optical depth towards the star

increases steeply and the stellar radiation is rapidly converted into radiation of longer

wavelengths. Consequently, the mean pressure efficiency rises sharply and the flow is just

in time accelerated, l-'nr slightly higher mass loss rates the flow velocity remains higher

due to the higher mean pressure efficiency and the congestion at the point of minimum

velocity is less severe. This causes the optical depth to increase slower at this point and

the result is that the total optical depth of the envelope and the terminal velocity

decrease (see curve lia of ^ig. V.2). For still higher mass loss rates the local congestion

effect becomes gradually less important and the overall effect of more rapid conversion of

stellar radiation stars to dominate: the total optical depth and the terminal velocity

inciease with increasing mass loss rate. The competition between the local and the overall

effects cause the ambiguity in the M — 1 relation mentioned before.

As can be seen in fig. V.4 I doubled the mass loss rate for each next higher curve. The

dashed curve refers to the limiting case of infinite optical depth and mass loss rate. The

extent of the deceleration regime decreases rapidly with increasing optical depth. The

reason for this strong optical depth effect is that the radiation pressure due to 2000 K

radiation is only slightly weaker than the gravitational attraction (C = 1.5), while the

pressure efficiency of 600 K radiation is fairly high (C?/C. =0.3). Consequently, only a

small percentage of stellar radiation has to be converted before the mean pressure

efficiency is high enough to make the accelerating force stronger than the attracting force.

A common property of the velocity fields in radiation-pressure-driven envelopes is that

the acceleration and deceleration are very much higher close to the star than at a larger

distance, because both the gravitational force and the radiation pressure force decrease

proportional to l/r". In the present model a higher total optical depth does not only

result in a more complete, but also in a more rapid conversion of the stellar radiation.

So, in thicker envelopes the acceleration is not only higher at some specific distance but

also sets in closer to the strr. Both effects enhance each other and cause the strong

dependence of the velocity fields on the total optical depth, or mass loss rate.

V.4 Profiles or maser lines from homogeneous shells

In this section 1 in ejtigate the effect of the velocity field in the maser region on
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the line profiles using a very simple model. I assume that population inversion between the

maser levels and, thus, maser amplification occurs within a sharply defined spherically

symmetrical shell around the star. This shell is homogeneous in the sense that the volume

absorption and emission coefficients are constant throughout the shell. The flow velocity

at any point in the shell is given by:

v(r)

where r is Che radius of the inner boundary of the shell and v the flow velocity at that

radius. The power p can assume negative as well as positive values. It gives the steepness

and the sign of the velocity gradient. At a kinetic temperature of 1000 K, which is a good

estimate near the inner boundary of the dust envelopes around IR/maser stars, the thermal

velocities of SiO and OH/VLO molecules are 0.6 and !.O km/s, respectively. The kinetic
i c i / :

temperature in the region of the 1612 MHz OH maser (10 to 10 cm from the star) can be

as low as 100 K (Goldreich and Scoville, 1976) resulting in a thermal velocity of only

0.3 km/s for the OH molecules. Recause the flow velocities are typically much higher

(̂ 10 km/s) the absorption and emission profiles can be replaced by rectangular profiles

with velocity widths equal to the thermal velocity. I shall discuss the line profiles in

terms of velocities rather than frequencies: the emission from a volume element moving with

a line-of-sight velocity v (the observer is located on the z axis) is observed at a

frequency u with: (v- VQ)/V)Q = v /c, where v>_ is the rest central frequency of the line.

Emission at some velocity v can only arise from molecules in the maser shell that

move with a line-of-sight velocity v , and the emission of those molecules can only be

amplified by molecules along the same line of sight with velocities in the interval

v î iv , .. So, the lines of equal line-of-sight velocity limit the coherence or

amplification pathlength. I shall call these lines isobach.es. The situation is illustrated

in fig. V.5, where a cross-cut through the shell is sketched. The two curved lines within

the shell are isotaches labeled with their respective v values. Emission at v originates
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in the ring segment formed by rotating the hatched region around the z axis. The coherence

pathlength, !i.(p,v ), for radiacion of velocity v_ along the line of sight with impact

parameter p is indicated by the thick line.

If the shell only amplifies its own radiation, the contribution of one specific line-

of-sight segment to the maser intensity at v is proportional to exp{-x(p,v )} and to

-i(p,v ) for unsaturated and saturated amplification, respectively. The (negative) opLical

depth in the maser line along this line of sight, t(p,v ), is proportional to £(p,v ).

The line profile is symmetrical around v = 0 because the isotaches -v and +v are
z z z

symmetrical with respect to the z= 0 plane. In particular for unsaturated masers the

contributions of the lines of slclil with the longest coherence lengths dominate the

structure of the line profile.

Fig. V.6 gives the isotaches in a shell and schematic profiles in the upper right

corners for three different velocity laws. The observer is located at the negative end of

the z axis. The flow velocity at the inner radiut of the shell is 10 km/s for all three

cases and the isotaches are labeled witli their v values. Note that the ooints where the
z

isotaches intersect the inner radius are the same in the three pictures. The isotaches curve

upward (in the direction of the positive z axis) from fig. V.6a to V.6c as p changes from

+1 to -1.

In fig. V.6a (Ve r) the coherence pathlengths are equal for all v values: the line

profile will be essentially rectangular with a halfwidth of 15 km/s. Due to the integration

over the ring segment the profiles will gradually fall off from 10 to 15 kin/s. For a

constant-velocity field (fig. V.6b) the isotaches lie along the radius vectors. The

pathlengths increase continuously from v = 0 to v =10 km/s: the line profile will show a

peak at v =10 km/s and, of course, a similar peak at -10 km/s. If the velocity decreases

with distance as in fig. V.6c (v^i/r) the pathlengths again increase continuously from

v = 0 km/s to higher values, but the maximum length is now reached at v % 6 km/s. For still

higher values of v the coherence length decreases: the line profile shows again two peaks

but at a lower value of Iv I.

The coherence lengths for velocities around the line centre (v = 0) are not determined

by the shell thickness but by the isotaches, and the pathlengths are about the same for all

velocity laws: SL1^ rnvt.|1/
vn- !f tlie flow velocity is constant or decreases with distance,

the maximum coherence length possible for any value of v is determined essentially by the

thickness of the shell: £%Ar. Thus, the contrast in the maser line is determined by the

ratio of the relative thickness of the shell, Ar/r_, and the relative thermal velocity,

v /v_. For saturated masers the line contrast is given by:
peak intensity

central intensity v . /v~

For unsaturated masers the contrast is much higher due to the exponential gain factor. If,

on the other hand, the flow velocity increases with distance the situation is more

complicated: if the thermal velocity is high, while the shell thickness is small and p not

too large, the maximum coherence length again is about equal to the shell thickness. If the

thermal velocity is low, while the shell is thick and p large (as in fig. V.6a), the
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Fig. V,6. Isotaches within a cross-cut through

the maser shell for three different velocity

laws: (a) v " r, (b) v = constant and (c)

v •• l/r. In all three cases the flow velocity

at the inner radius of the shell is 10 km/s.

The isctai-hes are labeled with their line-of-

.sight veloritif.- in km/s. In the upper right

corners of the figures schematic line profiles

are drawn.
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maximum cohorenoe length is limited by the isotaches, and thus smaller than the shell

thickness.

1'nder certain condition the double-peaked structure of the line profiles disappears.

If v /v -•• r/rQ the longest pathlengths occur at v ^ 0 for all velocity laws and the

intensity at the line centre will be higher than elsewhere: the double-peaked structure

disappears and u maser line centered at zero velocity will be observed. The emission

comes from the periphery of the shell (tangential mode). This situation might occur close

to the stellar surface, where the thermal velocity is relatively high and the local

conditions change so rapidly that the population inversion is confined to a very thin shell.

[•'or 0- p- I the maximum coherence length is reached along the central line of sight

(,•= 0, radial mode). It is important to note that this de ••s not imply that the dominant

maser emission from the backside of the shell is obscured by the stellar disk as has been

suggested a few times in the literature. As is shown most clearly in fig. V.6b the projected

area of the shell segment" that produces this emission is fairly large. Tims, the occultation

effect is only important if the maser shell lies very close to the stellar surface. Because

the 1612 MHz OH maser region is thought to be at a distance of about 100 stellar radii, less

than one percent of the peak emission from the backside is obscured. Thus, the observational

fact that the 16.^ MHz OH emission at the high velocity is as strong ás the emission at the

lower velocity cannot be used as evidence again the model of an expanding envelope. The

same conclusion was readied by Kwok (1976) in his model calculations. The occultation effect

becomes even less important if the velocity decreases with distance (p< 0), because then

the maximum coherence length is reached at lines of sight with fairly large impact

parameters (quasi-radial mode); see fig. V.6c.

V. 5 Discussion

V.5. I 'The 161:) I'iHr. OH nnsev lines

The results of the VLBI observations indicate that at least the type lib 1612 MH;. OH

maser emission originates far from the star, typically at 100 stellar radii. For any model

where the mass outflow is driven by radiation pressure the flow velocity at that distance

is essentially constant. The observed line profiles can be easily understood with the

homogeneous-shell model (fig. V.6b). The flow velocity in the maser region of type lib

1612 MHz OH is about 2Ü km/s, the thermal velocity is about 0.3 km/s. Even for saturated

amplification the intensity contrast in the lines can be very high as is observed. Because

of the low thermal velocity the isotaches that limit the coherence lengths lie closer to

each other than in fig. V.6b. This limits tiie velocity region of maximum pathlength

considerably, which results in the narrow features observed.

Elitzur et al. (1976) argue that the 1612 MHz OH maser in typical type lib OH sources

is pumped by 35ii°photons produced by the reradiation of the envelope. In a typically

massive envelope enough 35M photons are availahle. However, the 1612 MHz OH masers

observed in type I Oil sources cannot be pumped by 35u photons, simply because not enough

of them are produced in the thin envelopes. These masers might be pumped by near infrared

photons (A=2.8u) as suggested by Litvak and Dickinson (1972). This mechanism only works

for high OH column densities (Elitzur et aí. , 1976) and the maser shell should li-_ much



V. 14

closer to the scellar surface, say at 10 stellar radii distance, where the flow velocity

is already close to its terminal value (see fig. V . 4 ) . The line profiles should then be

similar to those of the type lib 1612 MHz OH lines. VLBI measurements have not yet been

done for these kind of objects, but here, at least, a direct observational test is

possible. The transition from one pumping mechanism to the other might produce a gap in

the J A V - I-K and I ( 1612)/!(1667) - ^Av plots (figs. IV.2 and IV.4) and it might cause the

apparent dichotomy between stars of group I (I-K< 6) and group 2 (I-K>^6).

V . 5. 2 The 1065/1667 MHz OH maeep Lines

I'l giant IR/UH stars the main-line OH emission occurs at the same velocities as the

1612 MHz OH emission. This does not mean that both maser regions coincide because of the

very flat velocity curves at distances greater than 10 stellar radii. One generally assumes

that the main-line emission is produced much closer to the star than the satellite-line

emission. This assumption is confirmed only for the supergiants where the 1665/7 MHz OH

emission occurs at slightly lower relative velocities and is spatially confined to a smaller

area tnan the 1612 MHz OH emission.

The pumping mechanism for the main-line masers is not known, but pumping by 2.8u

photons is frequently mentioned as a good possibility. An important property of the 1665/7

MHz OH masers is that their intrinsic strength seems to vary little from type I to type lib

OH sources. In this context it is interesting to note that the 2.b\i intensity at some fixed

distance from the star varies little from one object to another, because this wavelength

lies between the peaks of the stellar energy distribution and the energy distribution of

the envelope radiation, so that variation in optical depth from one object to another has

minimal effect on the pump strength.

V.5.3 The H'0 maser lines

Because the maser levels of H O lie 450 /cm above the ground state, a strong excitation

is needed to get these levels sufficiently populated. Consequently, the H^O maser region

should lie relatively close to the star as compared with the OH maser regions. On the other

hand, if the local gas density is too high, collisions will thermalize the population of

the maser levels.

The H O emission of group 1 stars (I-K< 6, v <9 km/s) is confined to a narrow velocity

interval around the central velocity (fig. IV.1). According to section V.4 such profiles

can only be produced in the tangential mode: Ar/r < v , /vn; radial or quasi-radial

amplification always give double-peaked profiles. Thus, the H_0 maser region in group I

stars must be very thin and the local kinetic temperature must be quite high. The most

pnbable location then is the innermost part of the dust envelope, perhaps even the dust-

free region inside the dust envelope. In model lia the H_ density at r. for a typical group
9 3 . . l

! star (v = 7 kîii/s) is 2 * 10 /cm (fig. V.4) and the flow velocity there is about inversely
proportional to r, which implies p"l/r.

10 3
However, for a typical group 2 star (v = !6 km/s) the H9 density is 2x10 /cm at r. and

3 c l x

v a r, p«l/r . Due to the steeper density gradient the adiabatic cooling of the gas is much
stronger than in a group I envelope, which makes the thermal velocity lower. The H. density
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may well be high enough to quench the population inversion. Both effects make tangential

masering near the inner boundary of the dust envelope less probable. The H, density in

these envelopes reaches the value 10 /cm at ri3» 10 cm, where the flow velocity

v is about 12 km/s and the velocity gradient relatively small. If the H^O maser region lies

at that distance in group 2 maser stars, radial amplification occurs and the observed ^ 0

velocity characteristics of the group 2 stars are reproduced (fig. IV.1).

V.5.4 Thu SiO musav lines

The maser levels of SiO (the lowest rotational levels in the first and second

vibrational states) lie 1220 /cm or more above the ground state. The SiO maser thus needs

an even stronger excitation than the H?0 maser and should be located even closer to the star.

As 1 mentioned before the SiO abundance is likely to drop sharply at the inner radius of the

dust envelope where the silicate particles are formed. Therefore, the most likely region for

the SiO maser is the thin shell between the stellar surface and the dust envelope. The fact

that the velocity characteristics of the SiO lines seem to be independent of the thickness

of the envelope (fig. IV.1) gives additional evidence for this conclusion.

My model for the velocity field does not cover the dust-free region. The observed

velocity characteristics, however, can be used to deduce something about the velocity

structure of this region. The most remarkable property of the SiO emission is that it occurs

at positive velocities up to +8 km/s. Therefore, the emission originates in the backside

of the dust-free shell. But this shell lies so close to the rellar surface (from 1 to 1.7

stellar radii) that a significant part of its backside is obscured by the stellar disk.

Thus, the +8 km/s emission must be produced in a region where the line of sight makes a •

considerable angle with the radius vector from the star. Hence a flow velocity much higher

tiian 8 km/s must exist. If the concentration of SiO emission around +6 km/s, demonstrated

in fig. IV.1 is real, fig. V.6 shows that a velocity law of the form v« 1/r is most

probable. Then, the flow velocity near the stellar surface must be of the order v "^ 16 km/s.

Such a velocity structure exists if the gravitational attraction dominates by far any other

force at work outside the stellar atmosphere. In this picture the mass is driven out of the

star by some mechanism that is confined to deep in the stellar atmosphere.

It is difficult to explain why we do not observe SiO emission at -8 km/s or even ir :>re

negative velocities. Perhaj^, the population inversion changes rapidly with distance in

such a way that it is maximal near the outer SiO radius (the inner dust radius). Emission

from that distance will be amplified in directions towards the star, where there is some

inversion, and not in directions towards the dust shell, where there is no SiO left.

Thermal SiO emission has been observed from the vibrational ground state by Buhl et

al. (1975) in three type I OH giants and in the supergiant VY CMa. Reid and Dickinson (1976)

derived expansion velocities from the line profiles and found that these are about equal to

the terminal flow velocities derived froio the OH maser lines. This thermal radiation,

therefore, appears to originate in the dust envelope. This would mean that the SiO abundance

there is still high enough to produce the thermal SiO emission.
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V.6 The SiO and H O maser profiles of VY CMa

The previous sections dealt with the giant IR/mascr stars. The supergiant IR/raaser

stars are different in some aspects, but very similar in other aspects. Their maser lines

have roughly the same structure as those of the giant sources; the main difference is the

velocity scale: the separation of the OH peaks is about twice as large and the features^

are much broader in the supergiants. The strong similarity suggests that the structure of

thfi envelopes around supergiants is very much like that of the giant envelopes.

In this section I want to discuss the SiO/H,0 problem in VY CMa (see paragraph IV.2.6)

using the velocity characteristics I derived for the giant envelopes. In principle, it is

possible to construct a model for the supergiant envelopes analogous to that for the

giants, because the same processes are at work in both objects. However, the superg-ants

do not form such a homogeneous group as the giants and it is far more difficult to

estimate the appropriate model constants. For those reasons 1 choose to discuss the SiO

and H?0 profiles of the supergiant VY CMa in a semi-qualitative way.

The H?0 profile shows the characteristics of both group 1 and group 2 giants at the

same time: two emission features near those of the 1612 MHz OH and a central feature in a

10 km/s wide velocity interval around the stellar velocity. Just as in the giant sources

the central feature should arise near the inner boundary of the dust envelope. The central

peak of this feature is caused by tangential maser amplification and the presence of the

satellite peaks in this feature indicates quasi-radial amplification in a region where the

flow is retarded; the velocity at the inner radius of this H;0 taaser region should then be

of the order of 10 km/s. The outer features originate at a somewhat larger distance from

the star, where the flow velocity is about 20 km/s and the velocity gradient small enough

to make radial amplification possible in the accelerating flow.

The SiO profile is clearly different from those of the giants: the emission is

concentrated at negative relative velocities. This implies that we see predominantly the

fronts ide of the maser shell and only weakly the backside. The main peak is centered at -7

km/s relative velocity (fig. IV.5) and the high velocity satellite peak lies at +4.5. This

suggests that this satellite peak is the remnant of a stronger feature similar to that at

-7 km/s relative velocity, but decreased in strength because most of the backside of the;

shell is obscured by the stellar surface. The second satellite peak at -15 km/s relative

velocity indicates that the maximum flow velocity in the SiO maser shell is about 15 km/s.

If the velocity runs like ï«l/r as in fig. V.6c we can use this figure in the following

discussion; all velocities should be multiplied by 1.5 to make the flow velocity at the

stellar surface equal to 15 instead of 10 km/s. The maximum coherence pathlength is reached

near 8 km/s line-of-sight velocity and the emission from the backside is obscured for line-

of-sight velocities larger than +6 km/s. If the thickness of the SiO shell in VY CMa is the

same as in fig. V.6c (Ar/r ^ 0 , 5 ) , the flow velocity at its outer boundary is about 10 km/s,

consistent with the velocity at the inner radius of the H_0 shell derived before.

Therefore, the H.O and SiO line profiles can be explained by a model in which the flow

velocity just outside the stellar atmosphere is 15 km/s, then decreases like v = 1/r uue to

the predominance of the gravitational attraction, and somewhere in the envelope starts

rising steeply because the radiation pressure has taken over. Thereafter, the acceleration

gradually slows down and the velocity reaches its terminal value of about 35 km/s deduced

the 1612 MHz OH line.
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V. 7 Concluding remarks

In this chapter 1 have discussed the properties of the different masers associated

with late type giants by comparing the observed characteristics of the rcaser lines,

summarized in chapter IV, with the line profiles predicted by a homogeneous-shell model

with a velocity field that is determined by a model of an envelope driven by radiation

pressure on solid grains (chapter III). Especially, I have shown where the maser regions

should be located in order to reproduce the observed characteristics. These locations were

essentially determined by a geometrical quantity: the coherence pathlength. Whether

masering in a specific line is possible at all at the distance derived is an open question.

The next step should be the calculation of the population inversion mechanisms to fill this

gap in our knowledge of the masering envelopes around late-type stars. Up till now such

calculations have been made without enough knowledge of the velocity, density and radiation

fields. Because all pumping mechanisms are very sensitive to these properties of the

envelopes, the significance of existing calculations is difficult to estimate. Only the

model of Elitzur ev at,. (1976) for the 1612 MHz OH maser in type lib IR/OH stars contained

the relevant information on the envelopes.
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SAMENVATTING

'lot in de dertiger jaren moesten de astronomen zich een beeld vormen van het heelal op

grond van waarnemingen in een zeer beperkt spektraalgebied. Zij konden slechts straling

opvangen waarvoor het menselijk oog en fotografische emulsies gevoelig ziji:. Er is eigenlijk

maar één klasse van kosmische objekten die op deze golflengten voldoende energie uitzenden

om zichtbaar te zijn vanaf de aarde: sterven. Toch vond men steeds meer aanwijzingen voor

liet bestaan van materie tussen de sterren en rond 1930 was men ervan overtuigd dat intev-

si.cil,.iii'L maicrlc bestaat. Vrijwel tezelfdertijd opende Karl Jansky een nieuw venster: hij

ontdekte dat ons melkwegstelsel een bron is van radii Jtraling. Door de snelle ontwikkeling

van de radioastronomie en de opkomst van d<> infrarood astronomie in de jaren zestig is onze

kennis van liet Lnterstel Laire medium sterk vergroot.

Het werd steeds duidelijker dat interstellaire-materie en sterren aauw met elkaar

verbonden zijn: sterren ontstaan uit interstetlaire materie en geven een gedeelte van hun

massa weer terug aan het interstellaire mediuir. in de laatste fase van hun ontwikkeling. Om

de evolutie van sterren beter te kunnen begrijpen is het nodig om dat deel van de inter-

stellaire materie te bestuderen dat dynamisch gebonden is aan individuele sterren: civexm-

szellaive mazc'i.,::. In dit proefschrift bfispreek ik welke informatie radiowaarnemingen kunnen

geven over zulke ciicumstellaire mantels.

In de '.loofdstukken 1 en II behandel ik de optisch zichtbare sterren die omgeven zijn

door gas en stof en die heet genoeg zijn om de omringende waterstofatomen te ioniseren. Dit

geioniseerde gas zendt kontinue radiostraling uit door het Bremsstrahlung mechanisme.

De samenhang tussen diohtheidsstruktuur en radiospekr.rum wordt besproken in hoofdstuk

I. Aan de hand van de resultaten van deze berekeningen verklaar ik de radiogegevens van de

eerste bekende radioster, MWC 349. In het algemeen verloopt het laagfrekwente gedeelte van

het radiospektrum steiler naarmate de dichtheid in de mantel naar buiten toe sneller afneemt.

Het radiospektrum van MWC 349 is rechtlijnig met een helling 0.7; voor een homogene bol is

deze helling 2.0. De dichtheid in de mantel van MWC 349 neemt naar buiten toe af omgekeerd

evenredig met het kwadraat van de afstand. Zo'n dichtheidsverdeling bestaat in een mantel

die expandeert met een konstsnte snelheid. De dichtheid in het binnenste deel van de mantel

moet zeer hoog zijn, want de radiobron blijft tot op hoge frekwenties ondoorzichtig.

':?t waarnemingsprogramma dat vervolgens uitgevoerd werd om meer van dergelijke radio-

sterren op te sporen leverde enigszins teleurstellende resultaten op. Geen van de dubbel-

sterren zond radiostraling uit. Van de 56 emissielijnsterren uit onze lijst, die allen veel

lijken op MWC 349 in het visuele en infrarode spektraalgebied, bleken er zeven radiostraling

uit te zenden. Recente waarnemingen cp hoge frekwenties laten zien d?t verschillende radio-

sterren spektra hebben die veel op dat van MWC 349 lijken (addendum hoofdstukken I en II).

In de hoofdstukken III, IV en V bespreek ik de koele reuzensterren die radio'J ijnstraling

uitzenden afkomstig van molekulen in hun circumstellaire mantels. Onder gunstige omstandig-

heden leidt het zogeheten nasereffekt tot zeer heldere emissielijnen. Men heeft tot nu toe

zeven maserovergangen gevonden in de mantels van koele reuzen. Vier lijnen van OH, H O en

SiO worden hier besproken. Iedere lijn ontstaat in een andere laag van de mantel zodat deze

lijnen .nis sondes kunnen worden gebruikt. Het profiel van een maserlijn geeft informatie

over de snelheidsstruktuur van de laag waarin hij gevormd wordt.

De mantels worden van de ster weggeblazen door de druk die de stralingsflux uitoefent



op het gas via de stofdeeltjes in dat gas. In hoofdstuk III ontwikkel ik een methode om het

snelheidsveld te berekenen in de mantels rond koele reuzen, waarbij ik bijzonderp am,'lacht

besteedt aan de invloed van de grootte van het massaverlies. Naarmate de centrale ster meer

massa uitstoot per tijdseenheid wordt de mantel minder doorzichtig voor de sterstraling. De

stofdeeltjes absorberen steeds meer sterlicht en zenden deze energie weer uit op langere

golflengten: de sterstraling wordt geleidelijk omgezet in straling van langere golflengten.

Omdat de efficiëntie van de stralingsdruk op de stofdeeltjes sterk afhangt van de spektrale

samenstelling van de stralingsflux, neemt deze toe of af naarmate de afstand tot de ster

toeneemt, afhankelijk van het soort stofdeeltjes in de mantel. Daardoor verandert de snel-

heidsscruktuur van de mantel als het massaverlies groter wordt, en hóe de struktuur verandert

hangt af van het soort deeltjes. In zuurstofrijke mantels kondenseren silikaatdeeltjes en

een groter massaverlies 'leidt tot een grotere stralingsdruk-efficiëntie en dus tot hogere

stroomBnelhedeu (type I). In koolstofrijke mantels kondenseren grafietdeeltjes en een groter

massaverlies leidt tot lagere snelheden (type II).

In hoofdstuk IV geef ik een overzicht van de waarnemingen van sterren met maserlijn-

emissie. Deze sterren zijn alle zuurstofrijk en ze hebben dus type I mantels. Er blijkt een

verband te bestaan tussen de eigenschappen van de maseremissie en de kleurindex in het

nabije infrarood, die een maat is voor de totale optische diepte van de mantel voor direkte

sterstraling en dus voor de grootte van het massaverlies. Zoals verwacht voor type I mantels,

korrespondeert een grotere kleurindex en groter massaverlies met hogere stroomsnelheden in

de buitenlagen.

De in hoofdstuk IV gevonden eigenschappen worden in hoofdstuk V besproken aan de hanJ

van een specifiek type I model voor het snelheidsveld. Ik vergelijk de waargenomen profielen

van de maserlijnen met de profielen die voorspeld worden door een eenvoudig model van een

homogene maserschil met verschillende snelheidsstrukturen. Zo bepaal ik in welke lagen van

de mantel de verschillende maserlijnen gevormd worden. De SiO-lijn ontstaat in de dunne

schil die begrensd wordt door het steroppervlak en de binnenkant van de stofschil. De H„0-

lijn wordt iets verder naar buiten gevormd en de H„O-schil beweegt verder naar buiten als

het massaverlies toeneemt. De OH-lijnen zijn afkomstig van lagen op een afstand vati 10 tot

100 sterstralen van het steropparvlak, waar de stroomsnelheid zijn uiteindelijke waarde

heeft bereikt.
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Na het behalen van het einddiploma Gymnasium 3 aan het Sint Ignatius College te

Amsterdam, begon ik in 1963 mijn studie aan de Universiteit van Amsterdam. In februari

1967 behaalde ik het kandidaatsexamen Sterrenkunde en Natuurkunde met bijvak Wiskunde.

Tijdens mijn doktoraal studie volgde ik de colleges van Prof. G.B. van Albada en deed

enige praktische ervaring op met spektraalanalyse onder leiding van Dr. D. Koelbloed.

Het laatste jaar van mijn doktoraal studie bracht ik gedeeltelijk door op de Leidse

Sterrewacht, waar ik kennis maakte met de radioastronomie en mijn doktoraalscriptie

voorbereidde over de radiostraling van Antares. Op 28" juni 1972 behaalde ik het

doktoraalexamen Sterrerkunde met bijvakken Wiskunde en Mechanica.

Madat ik tot januari 1973 als bureau-redakteur bij de Noord-Hollandso Uitgevers

Maatschappij had gewerkt, kreeg ik een tijdelijke aanstelling als wetenschappelijk

medewerker bij de Leidse Sterrewacht. Daar zette ik het onderzoek van circumstellaire

materie voort, dat in dit proefschrift beschreven staat. Gedurende anderhalf jaar werd

dit onderzoek gesteund met een beurs van de Nederlandse Organisatie voor Zuiver

Wetenschappelijk Onderzoek (Z.W.O.).

Sinds 1 januari 1977 ben ik verbonden aan het Max Planck Institut für Radio-

Astronomie te Bonn, West-Duitsland.
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