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1. Het voor silicaatstofdeeltjes karakteristieke infraroodexces

van koele reuzensterren kan slechts op bevredigende wijze

worden verklaard, indien de stofdeeltjes de Stellaire stra-

ling op golflengten korter dan 7.5 micron sterker absorberen

dan silicaatstofdeeltjes met absorptieëigenschappen zoals

die in aardse laboratoria zijn bepaald.

2. Verwaarlozing van dichtheids- en temperatuurgradienten in

cireumstellaire stofschillen leidt tot bepaling van een fou-

tief profiel van de 10 micron resonantie van silicaatstof-

deeltjes uit de waargenomen emissieprofielen.

3. De door Taam en Schwarz gegeven verklaring van het infrarood-

exces van de ster VY CMa is gebaseerd op de foutieve veron-

derstelling, dat verschillende soorten stofdeeltjes eenzelfde

temperatuurverdeling hebben.

Taam R.E., Schwarz R.D., 1976,

Ap.J., 209, 842

4. Het is gewenst te onderzoeken of maseremissie van siliciummon-

oxide moleculen behalve in de richting van het Becklin-Neuge-

bauer infrarood object ook voorkomt in de richting van andere

soortgelijke infrarood objecten, waarvan men vermoedt dat het

pasgevormde sterren zijn, nog steeds omgeven door uitgebreide

stof- en gasschillen.

5. Pottasch concludeert op te losse gronden, dat de correlatie

tussen waargenomen infrarood flux en waargenomen radioflux

van H II gebieden het gevolg is van de correlatie tussen de

temperatuur en de lichtkracht van de centrale ioniserende

ster.

Pottasch S.R., 1974, Astr. and Ap.

2£, 371



6. Het weglaten van een instrument ora de electronencomponent van

de kosmische straling met energieën in het GeV gebied te de-

tecteren in de ruimtesondes Pioneer 10, Pioneer 1I en MJS is

te betreuren. Het is te hopen, dat een dergelijk instrument

wel aanwezig zal zijn in de geplande Out of the Ecliptic Probe.

7. In toekomstige berekeningen van de dynamische respons van het

interstellaire gas op de stellaire dichtheidsgolf ir spiraal-

stelsels dient de zelfgravitatie van het gas in rekening te

worden gebracht.

8. Indien het grootste deel van de op een rekencentrum te ver-

werken jobstream niet gebaat is bij een vijziginp van een be-

staand operatiesysteem op dat centrum is dit een reden zo'n

wijziging niet in te voeren.

9. Op wetenschappelijke instituten zouden regelmatig populair-

wetenschappelijke voordrachten over het aldaar verrichtte

onderzoek moeten worden georganiseerd voor het niet-weten-

schappelijk personeel.

10. Het is opmerkelijk, dat door professionele instellingen veel

aandacht wordt besteed aan de sociale en psychische begelei-

ding van leerlingen van het kleuter- en basisonderwijs, ter-

wijl een dergelijke begeleiding vrijwel ontbreekt op middel-

bare scholen.

11. Bij iedere bushalte in de Merenwijk zouden wijkplattegronden

moeten worden geplaatst, waardoor onnodig gezoek naar de juis-

te weg overbodig wordt.
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CHAPTER I: RADIATION TRANSPORT IN SPHERICAL DUST SHELLS.

Abstract:

In this chapter radiative transfer in a spherically symmetric dust shell that contains

several species of dust (assumed to absorb, to emit and to scatter radiation isotropically)

is formulated and a method of solution is presented. Radiative equilibrium is assumed through-

out the shell. The method of solution consists of the derivation of an expression for the

monochromatic mean intensity, contributed by the thermal emission and by the scattering of

the dust in the shell, which has a form similar to the Schwarzschild-Milne equation for

plane-parallel radiative transfer; an expression for the monochromatic Eddington flux is

also derived. These equations are solved numerically. In practice flux constancy for a dust

shell in radiative equilibrium is obtained with an accuracy better than 3 percent. Theoreti-

cal infrared spectra of shells containing graphite and silicate dust particles are calcula-

ted. From these examples it can be seen that as the optical depth of the dust shell increa-

ses the 10 pm spectral feature of silicate grains goes from emission into absorption; at the

same time the peak in the infrared spectrum shifts to longer wavelengths.

I.1 Introduction

The existence of small particles of solid material (henceforth called dust) in the in-

terstellar medium has been recognized since about 1930. Their distribution throughout the

galactic disk has been revealed by the observation of the general interstellar extinction

and polarization of starlight; also the diffuse galactic light is attributed to the scatte-

ring of the general stellar background radiation by dust particles. Larger concentrations

of dust (and gas) are seen as dark patches all over the Milky Way. When such concentrations

are close enough to a bright star, they can be seen as reflection nebulae due to the scatte-

ring of the starlight by the dust particles inside them (see the reviews on interstellar

grains by e.g. Greenberg, 1968 and Aannestad and Purcell, 1973).

Only comparatively recently it has become evident that dust exists on a much smaller

scale around a variety of stellar objects. The development of observational techniques in

the infrared has led to the detection of grains, sufficiently close to the stars to radiate

significantly at near and middle infrared wavelengths (X £ 20 um). This radiation is seen

in addition to that expected by extrapolation of the known short wavelength stellar radia-

tion.

Those stellar objects, which show this excess infrared radiation, vary considerably in

their properties- Observations of a large number of supposedly young stellar objects, such

as T Tauri stars, have revealed large infrared excesses, attributed to circumstellar dust

(Cohen, 1973a, b, c, d, 1974). But also old objects, giants and supergiants of late spectral

type, such as semi-regular variables and Mira type variables, show excess infrared emission

at wavelengths longer than about 5 pm, which is attributed to circumstellar dust. The form

of the 8 to 13 um excess emission of a number of Mira variables and semi-regular variables
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resembles the 8 to 13 Um emission feature observed from the Trapezium region in the Orion

nebula. This type of excess emission has been attributed to thermal emission of silicate

type dust particles (Gillett et al., 1968; Woolf and Ney, 1969), although other types of ex-

cess infrared emission around late type stars have also been found. The amount of the infra-

red excess emission varies considerably. In those infrared sources, that have been identi-

fied with optically bright stars most of the infrared radiation is produced in the stellar

photosphere. However a number of objects, discovered in the Caltech infrared survey at 2.2 um

(Neugebauer and Leighton, i 96^) do not show up at optical wavelengths or ars so faint opti-

cally that a good spectral classification is very difficult. They have been identified as

late type stars on the basis of photospheric absorption bands in the 2 Um spectral region

(e.g. Hyland et al., 1972) and show strong infrared excess emission; up to 80 percent of the

total observed luminosity is reetnitted by dust in the circumstellar shell (see for an ex-

cellent review of sources of infrared radiation Neugebauer et al,, 1971). It is presently

believed that late type stars are a major source of interstellar dust particles. They con-

dense in the cool extended envelopes of those stars and are subsequently blown off due to

the pressure of the stellar radiation field.

Last but not least, there is another class of point-like sources that emits the bulk

of their energy at near and middle infrared wavelengths (X . *> 5 to 10 um). A recent re-

view of such sources has been given by Wynn-Williams (1977). These sources can be found in

the vicinity of H II regions (observed optically and/or at radiowavelengths) and in regions

of molecular line emission. Invariably these sources show an absorption feature between

X = 8 um and A = 13 urn of varying strength, attributable to silicate dust. A likely expla-

nation of the nature of these sources is that they are recently formed luminous stars, which

are completely obscured in the visible by dense extended envelopes of dust and gas, still

falling in on the star.

The study of the infrared emission of circumstellar dust in all those objects offers

new perspective to gain more knowledge about such topics as (¿) the composition of the dust,

(•£•£) their optical properties, (iii) their formation (around late type stars) and destruc-

tion (around newly formed stars), (tv) the dust density distribution around stars, (u) the

role, which dust grains play in the interaction of stars with their environment; that is

the dynamical role, which dust grains play in the outflow of matter around late type stars

and in the inflow of matter around newly formed stars. Also the emission of infrared ra-

diation of dust grains forms an essential basis for the interpretation of the observations

of cocoon stars, in which case the central star is completely hidden from direct observation.

In order to obtain such information from the observations in the infrared it is neces-

sary to treat the transfer of radiation through dusty shells as complete as possible. In

this chapter a method is given for solving the transfer of infrared radiation in spherical

dust shells. Although in the calculated examples of infrared spectra we have assumed that

the dust density distribution has a power law dependence on r, this assumption is not essen-

tial for our method. In fact we could choose any density distribution that we like. In sec-

tion 2 the basic equations of radiative transfer in spherical symmetry and an outline of

the method of solution are presented. In section 3 the numerical evaluation of the method

is discussed. In section 4 a scaling law is derived, that holds for model dust envelopes,

in which the dust density distributions follow a power law dependence on radius an in which
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the ratio of outer to inner shell boundaries is kept constant. In section 5 we specify the

properties of graphite and silicate dust grains. Some examples of theoretical infrared spec-

tra are presented in section 6 for a shell containing these types of grains. Finally some

conclusions are summarized in section 7.

1.2 Basic equations and method of solution

The equation of radiative transfer in a spherically symmetric medium, which contains

absorbing, thermally reradiating and isotropically scattering dust grains can be written as

3Ix(r,u)

3r a p
(0

+ P(r)l

+ 1

Here I, (r,y) is the specific intensity of radiation with wavelength X at position r in a

direction given by y (the cosine of the angle between the outwardly directed radius vector

and the direction of photon propagation); p(r) is the mass density of the medium, Ka(X"> and

K (X) are the mass absorption and scattering coefficients of the medium due to the i kind

of dust; B,(T.) is the Planck function for temperature T.(r) of the i
A 1 . ' 1

i dust species. We

(2)

assume, that both K (X) and K (X) are independent of r.

The n moment of the axisymmetric radiation field at position r is defined by

+ 1 •

M]J(r) = y í IA(r,p)u
ndM

-1

We shall use only the first two moments: the mean intensity Jj,(r) = M, (r) and the Eddington

flux Hx(r) = Mx(r).

Integration of eq. (1) with respect to U from -1 to +1 leads to the following moment

equation

(3)

In all further calculations in this chapter and in the following chapters, dealing with ra-

diative transfer in envelopes around various types of stars, it is assumed that no sources

and sinks of energy inside the atmosphere exist; radiative energy is provided by a central

source of luminosity L and this same luminosity is ultimately radiated away with a modified

spectrum at the surface of the atmosphere. Thus at every position in the atmosphere the

Eddington flux of radiation obeys the relation

ƒ'.(r)dX = constant
(4*)'

(4)

We shall speak of flux conservation in this case, although the Eddington flux, integrated
_2

over wavelength, has an r dependence due to geometrical dilution. Combining eqs. (3) and

(4) we find
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dr

Fig. 1 Geometry and mathematical symbols used in the derivation of the mean intensity J, and the

Eddington flux H, . f f

k

for all r (5)

The various kinds of dust particles in the atmosphere gain energy by absorbing radiation

and through collisions with surrounding gas molecules; they loose energy by radiating it away

and again by collisions with gas molecules. Since we assumed that no sources and sinks of

energy exist inside the atmosphere, detailed balance of energy gains and losses for the dust

particles must hold (it is implicitly assumed that absorption and emission of radiation by

the gas in the atmosphere can be neglected all together). It can be shown that in all cases

of interest energy gains and losses of the dust particles through collisions with gas mole-

cules can be neglected compared with energy gains and losses through absorption and emission

of radiation. In that case energy balance for each kind of dust particle becomes

ƒK1(X)(J,(r)-B.(T.)ldX = 0 for all i, r
Ja. * A Ál

(6)

If this condition of thermal balance is fulfilled for each individual dust particle, the

flux of radiation obeys eq. (4). So if we subsequently speak, of conservation of radiative

flux, we mean that eq. (6) is fulfilled.

Our problem is thus to solve eqs. (1) and (6) simultaneously. As usual this has to be

done in an iterative way by choosing first temperature distributions T.(r), then calculate

J,(r) with eq. (1) and then check whether eqs. (6) are fulfilled. If this is not the case,

the temperature distributions T.(r) have to be adjusted and the whole procedure must be re-

peated until the solution converges.
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Various methods exist to solve eq. (1) and to iterate on the temperature distributions

until thermal balance, eqs. (6), is reached. One way of solving eq. ()) is by means of a ray

tracing method to find a solution of the radiation field and then the correct solution is

obcained by iteration on the so-called variable Eddington factor (see e.g. Hummer and Rybicki,

1971; Leung, 1976). In this method the angular dependence of the specific intensity of the

radiation fieid is explicitly determined. Another method of solving eq. (I) in order to ob-

tain the mean intensity J^(r) (and also the Eddington flux H^(r)) is formulated below. This

method avoids the explicit determination of the angular dependence of the radiation field

and turns out to be rather similar to the one published recently by Scoville and Kwan (1976).

We calculate the contribution of a spherical shell of radius r' and thickness dr' to the

mean intensity (and the Eddington flux) at a point P(r). By summing all contributions from

different shells (equivalent to integration for an infinite number of infinitely thin shells)

the mean intensity (and the Eddington flux) of the radiation field at P due to the entire

atmosphere is obtained. The contributions to the mean intensity (and the Eddington flux) of

the central source have tc be calculated separately.

Consider for the moment the case that P is located outside the spherical shell r',

r'+dr' (see figure 1). The contribution to the specific intensity at P along the ray RQP

from the line element ál at Q is given by

dl = p(r') [e~TdZ (7)

Here the optical distance between P and Q, T, may be calculated numerically (and in certain

cases analytically), once the density distributions and dust absorption and scattering pro-

perties have been specified. In eq. (7) and all further equations in this section the suffix

and argument X has been dropped for clarity.

All points, which make up the infinitesimal annulus on the sphere with radius r',

spanned by the angles a and a+da, are at the same optical (and geometrical) distance from

P due to axial symmetry around the line PC. The contribution to the mean intensity at P from

the volume element between r', r'+dr1, which is seen projected on the annulus when looking

from P, is obtained by multiplying dl with the solid angle dü under which the annulus is

seen from P. From the geometry in figure 1 it follows that

2
, _ 2 i r r ' s i n ( c t ) c o s ( g )da

y ( r , r ' , a )

with
2 2 2

y ( r , r ' , a ) = ( r 1 ) +r - 2 r r ' cos(ct )
Combining eqs. (7) and (8) gives

dldR
4TT

1 s i n ( c t ) c o s ( ß ) d Z e ~ da

y ( r . r ' . o )

(8)

(9)

(10)

It is now straightforward to obtain the contribution to the mean intensity at P by the

shell r', r'+dr': the contributions of the volume elements, seen from P projected against

all annuli, which together make up the spherical surface r', have to be summed. For an in-

finite amount of infinitely thin annuli thus becomes



1-6

dJ(r,r')dr' • j-p (r ' ) r ' 2 £ { ^ B ( T . ) + ** J (r ' ) } ƒ sin («)cos ( e ^ í e ^ d a (, ( )

i ¿ y (r.r'.a)

Eq. (10) can be written somewhat differently by using the relation dl = dr'/cosß, which holds

to order dr'

dJ(r,r--)dr' = U (r ' ), ' 2 I{<^B(T ) + **! (r ' )} f si^ (a> e"T(ia
2 .1 a i s j y ¿ ( r ) r . ) C t )

(12)

It can be shown in a similar manner, that eq. (12) is also valid, when P is situated

inside the shell. Integrating over all parts of the atmosphere we obtain the following ex-

pression for the contribution of thermal emission and scattering by dust in the atmosphere

to the mean intensity at P

r r
, OUt , .OUt 0 • • , on

J(r) =ƒ dJ(r,r')dr' = jj p (r ' )r • 2 I { *a*iT . ) + ^ J (r ' )} E*
P (r '-r )dr '

(13)

r.
in

rin

where r. and r denote respectively the inner and outer boundaries of the dusty atmosphere.

It should be noted here, that the J occurring in the left-hand side of eq. (12) is not the

same as the J occurring in the right-hand side. The latter J includes the contribution of

the central source of radiation, while the former only accounts for the contribution of

thermal emission and of scattering by dust-particles in the atmosphere. Eq. (13) can be con-

sidered as the spherical analogue of the well known Schwarzschild-Milne equation for plane-

parallel radiative transfer (see e.g. Mihalas, 1970, p. 21). The weijjht function E. (r'-*r),

defined as

ss P ( r , _ r ) = /sin(«)e da

I y'(r,r',a)
(14)

is the spherical analogue of the first exponential integral used in plane-parallel radiative

transfer. E. only depends on the density distributions of the various dust particles. Further-

more tne function is symmetric with respect to interchanging r' and r.

A well known method of checking the accuracy of the calculations is to determine the

variation of the Eddington flux, integrated over wavelength, as a function r, since this
„2

should go as r , when thermal balance (eqs. (6)) is fulfilled. We shall derive an expression

similar to eq. (13) for the monochromatic Eddington flux at P due to thermal emission and

scattering of dust in the atmosphere. Assume for the moment that P lies outside the spherical

shell r', r'+dr'. The contribution to the Eddington flux from a volume element of the shell,

seen from P projected on the shaded annulus of figure 1, is dl dfl COS(Y)/4TT, where dl and dfi

are given in eqs. (7) and (8), y is the angle QPC as indicated in figure I. Summing over all

annuli, which make up the spherical surface with radius r' (a integration), we get the con-

tribution to the Eddington flux at P of the spherical shell between r' and r'+dr'

dH(r,r')dr' (r' )r ' J (r ' (r '-r)dr • (15)
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The weight function

•_r) = f sj-n(a)C0S(T)e
/ y

2(r,r',a)

)e"Tda (16)

is the spherical analogue of the second exponential integral used in plane-parallel radiative

transfer. Note that this weight function is not symmetric with respect to interchanging r*

and r; when r' < r the angle y ranges from 0 to arcsin(rVr), when r' > r the angle ranges

from ir (for a = 0) to 0 (for a = IT) .

Summing the contributions to the Eddington flux at P of all shells between r. and r

we find

H(r) = { ) + K* J (r ' ) } E ^ (r '- r) dr ' (17)

r.
in

Again J in the right-hand side of eq. (17) includes the contribution of the central source

of radiation to the mean intensity.

1.3 Numerical evaluation

The calculation of the contributions of the dust envelope to the monochromatic mean

intensity and Eddington flux at a position r with eqs. (13) and (17) has to be performed

numerically. This can be done by evaluating the integrands in eqs. (13) and (17) at a number

of radial grid points r., i = 1, ..., N (r. = r. , r„ = r ).

First the weight functions E1 (r.-T.) and E_ (r.-T.) for i, j = 1,..., N have to be

calculated once the dust opacities and density distributions have been specified (it should

be noted that the weight functions are also functions of the wavelengths and thus must be

calculated at a number of suitably chosen wavelengths). These weight functions can be stored

away and are (re-) used during the process of iteration, when mean intensities and Eddington

fluxes for corrected temperature distributions T..(r.) are calculated. The actual numerical

calculation of E."(r.-*T.) and E^ír.-í-r.) is performed using equations of a form, slightly

different from eqs. (14) and (16). These equations can be found in appendix A.

Having calculated E. (r.-T.) and E_ (r.-T.) for i, j = 1,..., N at a suitable number of

wavelengths the integrands in eqs. (13) and (17) can be determined at grid points r.. Inte-

gration over r by means of power law interpolation between the grid points is then performed

and results in monochromatic mean intensity and Eddington flux contributions of the dusty

envelope at each grid point. By integrating over the chosen wavelength interval it can be

checked, whether thermal balance, eqs. (6), is fulfilled for a certain choice of T.(r). If

not the temperature distributions are adjusted by performing a A iteration and the whole

procedure of calculating Ji(r) and H,(r), integrating over the wavelength and checking,

whether eqs. (6) are fulfilled, is repeated until thermal balance is fulfilled with the re-

quired accuracy. It should be mentioned here that the wavelength interval must be chosen

such, that a negligible fraction of the integrals J->(r)dX and H,(r)dX is lying outside

the chosen interval for all positions r in the envelope.

Finally we discuss how we have numerically treated the singularity in E ^ (see appendix

A). First an extra number of grid points are inserted around the point on the r-interval,
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where the singularity occurs. The weight functions and the integrands are calculated at

these extra grid points. Then the singularity is ignored by interpolating over the singular

point between the two extra grid points, that are closest to the grid point, in which the

singularity occurs. Of course, an error in the determination of the mean intensity is intro-

duced in this way, but with a suitable choice of the location and number of extra grid

points it can he kept tolerably small. The accuracy of this procedure can be checked by

calculating the monochromatic Eddington flux (since E„ does not contain a singularity) and

checking upon flux conservation. In all spectra calculated in this Chapter and in Chapters

II and III the total flux is conserved with an accuracy better than 3 percent.

1.4 Spectral shape invariancy in model envelopes with power-law density distributions

In all subsequently calculated spectra of this Chapter and of Chapters II and III we

use power-law density distributions for dust and gas in the envelope: p(r) = p r , with

p being a mass density scale factor of all matter (it is implicitly assumed that the dust

to gas mass abundance ratio does not depend on positisn). For this type of density distri-

bution it can be shown that the spectral form of the radiation emerging from the envelope

is invariant under changes in the total luminosity, provided that the products of the den-

sity scale factor p and the various abundance ratios of dust to gas 6. is varied proportio-

nal to L ; in other words, L,/L is invariant under changes in h, when p ó_.L

are kept constant. In the case that two kinds of dust are present in the atmosphere this

implies keeping the quantities p 6.L and ö„/ö constant. It must be said that the in-

variancy is only strictly valid, provided that (i) the spectral distribution of radiation

of the central source remains unchanged and (•£•£) the ratio of the outer to inner radius of

the model envelope is kept at a certain constant value. However, the second restriction is

not so strong for those density distributions, in which it does not matter where the exact

position of the outer boundary occurs, as long as the total optical depth is not greatly

changed by a different choice of the outer boundary.

The above conditions for invariancy will be demonstated in case, that only one dust

species is present. First consider how the inner radius r. of the dust shell changes with L.

In our model envelopes r. is determined by the condition that at this position the dust

is at its melting temperature. Grains within r. would be hotter and would thus soon melt.

When heating of the dust grains at r. is mainly produced by their absorption of radiation

of the central source, r. can be found from
in

(18)

I:

where (L,/L) is the normalized spectral distribution of radiation from the central source

and T is the dust melting temperature, chosen to be a fixed quantity for a particular kind

of dust. In reality the actual grain temperature at rin will be somewhat higher than T due

to backheating effects; usually this effect is so small that it can be neglected, but if

backheating becomes important we should choose a value of T , somewhat lower than the actual
l/2m

melting temperature. Eq. (18) shows that r. scales as L ,

For power-law density distributions the total optical depth of the shell at a wavelength
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A is

T(X) =
(1+n)

,1+n -I (19)

where K (A) is the jum of the absorption coefficient and the scattering coefficient of the

dust per unit mass of dust material and all other quantities are as defined earlier. The

first term inside the square brackets of eq. (19) can be neglected for n < -1 =md

r /r. » 1. From eq. (19) it can be seen, that T(A) varies proportional to L
out in
r /r.
out in L )(via r. a L ), if p , 6 and r ¡r. are kept constant. In order that the spectral form

of radiation remains invariant under luminosity changes the total optical depth at each

wavelength must be invariant. Thus p 6 must be varied proportional to L .or

p ÓX ' must be kept constant. When this is done, it can be shown that at a certain
o

relative position in the envelope, r/r. , the contribution of the central source to the

mean intensity and Eddington flux

is invariant under changes of L throughout the envelope.

As a final step we have to prove that under such a condition the invariancy also holds

for the contribution of dust reemission and scattering to thi: mean intensity and the Edding-

ton flax at r/r. . Now the envelope contribution to the mean intensity and the'Eddington

flux depends on the temperature distribution T(r) of the diist, which in turn is determined

by the mean intensity of the radiation field. If upon assuming invariancy of T(r/r. ) and

of the mean intensity of the radiation field at r/r. for all r e [r. , r J it may be

shown that the envelope contribution to the mean intensity and the Eddington flux is in-

variant indeed, we have proved our point. To this aim consider eq. (13) and (17) of section
-1/2

2. It can be seen that the integrands in both expressions vary proportional to L (the
-1

term p(r)r varies proportional to L and E^p vary proportional to L ). The extent
1/21/2

of the r-integration interval in eqs. (13) and (17) varies as L . Thus in total invariancy

of the envelope contribution to the mean intensity (and the Eddington flux) at a relative

position r/r. is established via eqs. (13) and (17). Since it has been shown previously

that also the contribution of the central source to the mean intensity is invariant under

the condition p 6L = constant, the total mean intensity is thus invariant and this

confirms the ad hoc assumption, that T(r/r. ) is invariant under luminosity changes.

1.5 Dust properties

Before we present some theoretical infrared spectra, which were calculated with the

method just described, we first specify the properties of the dust grains, assumed to be

present in the dust envelope i.e. graphite and silicate grains. To calculate the infrared

absorption properties of graphite the data of Taft and Phillipp (1965) on the optical

constants have been used. It was assumed that the graphite grains are spherical with radius

a = 0.02 um. However, the exact size of the dust.grains does not matter, as long as

2ira « A, since then the absorption efficiency Q , (A) divided by a is independent of a.
3.DS

The dashed curve in figure 2 shows Q°, (A)/a as a function of A: Q®. (A)/a can be approxi-
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Fig. 2 Adopted infrared absorption efficiencies of graphite ( ) and silicate ( ).

mated with reasonable accuracy by

A ¿ 9.5 ym

X > 9.5 ym

(20)

with
-1

in c m > an<i ^ in cm- ^ e mass absorption coefficient can be calculated with

36 g

4p a
g

where 6 is the dust to gas mass abundance ratio of graphite and p the specific weight of
-3 ^

graphite taken to be 2.5 g cm .
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The absorption efficiency of graphite for radiation of the central source, assumed to

be emitted in the ultraviolet, is taken to be unity, independent of wavelength and particle

size. It can be shown that this is quite a reasonably value for the average efficiency in

the ultraviolet. The ultraviolec mass absorption coefficient derives from

g 3<5
,(UV) = i . 5 10 6

g
(cm"/g)

with a = 0.02 um and p = 2.5 g cm .We have assumed, that all graphite particles have the

same size. The effect of a size distribution would be, that particles of the same material,

but of different sizes would have different temperatures in that part of the dust shell,

where heating of dust grains by the central source dominates. Finally it is assumed that

graphite melts instanteneously at a temperature T = 2000 K.

The- absorption efficiency of silicate grains in the infrared has been calculated in the

wavelength range A = 0.3 um to A = 50 Mm using the optical constants of terrestrial andesite

published by Pollack et al. (1973). Although different kinds of silicates possess somewhat

different infrared optical properties, they all exhibit the following properties: the ab-

sorption efficiency between A ̂  3 um and A % 7 pm is very low and there are a number of

resonances of varying strength between A % 8 Um and 30 um; Q , (10 ym)/a is a factor of the

order of 30 larger than Q , (1 Um)/a. Figure 2 shows, for an adopted particle radius of

a = 0.05 Mm, Q (A)/a as a function of A. Just like for the graphite grains Q (A)/a is
¿IDS 3DS

nearly independent of a as long as 2iTa « A .

We have used a form of the 8 UE, to 13 pm silicate resonance different from that, which

can be calculated using Pollack et al. 's optical constants. None of the silicate materials,

for which optical properties were measured in the laboratory, exhibit a 8 Um to 13 Um re-

sonance profile, which fits the observed interstellar 8 Um to 13 um emission and absorption

profile. Therefore Pollack's 8 Um to 13 Um andesite profile was replaced by one, derived

from the observed 8 Um to 13 Urn emission profile of the Trapezium region in the Orion Nebula,

after this was deconvolved with a Planck function of temperature T - 250 K (see e.g.Gillett

et al.j, 1975). The .equivalent width of the resonance profile

J

13u,

(

8y

is the same in our adopted profile as in the one of Pollack et al. Like in the case of

graphite we assumed a silicate ultraviolet absorption efficiency of unity. The resulting mass

absorption coefficient becomes

3<5
(UV) = 6.07 10 6 (cm2/g)

with p = 2.47 g/cm , a = 0.05 Urn and ó being the dust to gas mass abundance ratio for sili-
s s

cate grains. The silicate melting temperature was taken to be 1000 K.

1.6 Theoretical infrared spectra of spherical dust shells
In this section theoretical infrared spectra are presented for a spherical shell around

a central source of radiation. The shell contains two different species of dust, graphite
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and silicate. Due to the differing absorption properties of the dust species, they will each

have different temperature distributions. Spectra are calculated for several cases with large

variations in total optical depth.

It is assumed that both dust species and the gas have the same density distribution,

proportional to r . Scattering is ignored. This probably is not too far wrong in the in-

frared, since we assume dust particle sizes, which are small compared to the wavelength of

infrared radiation. Scattering can in principle not be neglected at ultraviolet wavelengths.

However, in the ultraviolet the particles are comparable in size to the wavelength, so that

scattering is highly forward peaking (van de Hulst, 1957). In the limit that perfect forward

scattering occurs, it can again be neglected.

The inner boundaries of the graphite and silicate density distributions were calculated

with the assumption that absorption of the radiation of the central source at the respective

boundaries is equal to the thermal re-emission of both dust species at their respective mel-

ting temperatures. The melting radius of silicate grains turns out to be the largest in all

cases calculated. Due to backheating effects, which become increasingly important and even

dominant with growing optical depth of the dust shell, the actual temperatures of the dust

grains at their respective melting distances are somewhat higher than the above given values

of the melting temperatures. In order that the actual temperature does not exceed the mel-

ting temperatures too much at the melting distance, a somewhat lower value for T must be
m

chosen. The outer boundary of the dust shell, r , has been taken 1000 times larger than

the graphite melting radius.

In the numerical calculations a radial grid of 32 points between r. and r was cho-

sen. Five equally spaced grid points were located inside the silicate melting radius; the

remaining 27 grid points were arranged such, that a smooth increase in the separation be-

tween adjoining grid points, A. = r. - r., is established upon approaching r

To carry out the integration over wavelength of the infrared mean intensity and Edding-

ton flux at all radial grid points with sufficient accuracy, a grid of some 60 to 80 wave-

length points was chosen between X = 0.5 ym and X = 30 ym to 40 ym, spaced logarithmically.

The upper and lower boundaries of the wavelength interval were chosen such, that the con-

tributions to the mean intensity and the Eddington flux from outside the wavelength inter-

val are negligibly small throughout the dust shell.

The mean intensity J^ and the Eddington flux H^ of the radiation field between A = 0.5(Jm

and X' = 30 ym to 40 Pm were determined as described in section 2 (eqs. (13) and (17)) at

each radial grid point. In the thermal balance for each individual dust particle and in the

conservation of total flux, the direct radiation of the central source was accounted for as

follows

(21)
(4rrr)

and

-T(UV)

ir

(22)
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For the spectra as shown below, thermal balance was achieved with an accuracy of 2 percent.

Flux is conserved with an accuracy better than 3 percent.

The firte parameters for our model dust shell are L, P , 6 and 5 . However, as we have

shown in section 4 the form of the spectrum of the emerging radiation depends on the para-

meter combinations P <5 L and 6/6 (for n = -1.5). Figure 3 shows normalized theoretical
g

infrared spectra (L^/L) at A < 20 Urn for six different values of PO6 L
-1/4

L.-1/jj.) au i - ¿u Hm jior six a m e r e n t values oi v u L. and 8 /Ö - 3.
o -1/4 g S

Values of P_°„L are given in Table 1. For the calculations we arbitrarily assumed
38 -4

L = 10 erg/s and <S = 10 . Figure 4 shows the corresponding temperature distributions of

graphite and silicate grains. The dashed curves show the silicate temperature distribution,

the fully drawn curves sliOW the graphite temperature distributions. For convenient display

the spectral curves in figure 4 for cases 1 to 5 have been shifted up by a factor 5 with

resr^ct to each other.

'fable I Values of the scaling parameter p.ö L
-1/4

and dust shell optical depths at

several wavelenghts for the calculated infrared spectra in Fig. 3.

Spectrum
no

1

2

3

4

5

6

-3/2
gem

2.85

5.69

1.27

6.32

1.26

3.16

-1/4
erg s

.O"8

io-8

.o"7

.o"'
lO"5

10"6

1/4

2.

5.

8.

8.

1.

4.

T(UV)

53

43

22

09

67

26

101

.0*

io2

1

3

8

4

7

2

T(1U)

.87

.77

.38

.25

.96

# 2

10

10

10

10

-1

-1

-1

1

4

1

2

0

4

1

TU

. 1

.9

.3

. 12

peak

-2

lo'1

!0-i

io1

9

1

4

9

1

1

T(IOU)

.6

.92

.28

.5

.19

.8

I0"2

.o'1

• o ' 1

.o"1

In Table 1 the total optical depths in the dust shell for UV radiation and for infra-

red radiation at different wavelengths are ?iven for the six cases calculated. The six ex-

amples cover a wide range in dust shell optical depth. In figure 4 one sees that the sili-

cate melting radius approaches the graphite melting radius with increasing optical depth,

because the silicate grains become more strongly shielded from the central source of radia-

tion by graphite grains present w: M n the silicate melting radius.

For small infrared optical depths, cases 1 and 2, the spectra clearly show the 8 um

to 13 vim silicate resonance in emission. In these cases the silicate grains are heated

mainly by radiation of the central source over most of the dust shell, despite the fact

that most of the UV radiation has already been converted into near-infrared radiation by

graphite trains withing the silicate melting radius. This is due to the fact that QS, (A)
SOS

at wavelength between ^ 0.5 um and 'v 5 um, is much smaller than Q . (UV). Only in the outer

parts, where the temperature distribution approaches a constant slope, heating by infrared

radiation becomes important. The dust shell is completely optically thin at absorption of

all infrared wavelengths for cases 1 and 2. The fact, that the spectra peak at A ̂  1.5 urn

arises because the maximum 'attainable grain temperature is 2000 K, the melting temperature
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Fig. 3 Theoretical infrared spectra of shells containing graphite and silicate dust for 6^/6 « 3

and values of Che scaling parameter p 6 L
-1/t

given in Table I. Spectra # I to 5 have

been displaced upward by a factor 5 with respect to each other for convenient display.
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Fig. 4 Temperature distributions of graphite ( ) and silicate ( ) grains for the spectra

shown in Fig. 3. Curves 1 to 5 have been displaced upward by a factor 5 with respect to

each other for convenient display.
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of graphite.

As the optical depth of the dust shell increases (cases 2 and 3) the silicate grains

get progessively more shielded from the central source because (i) the density scale fac-

tor p increases and (i£) the silicate melting radius moves further inwards. Now in a large

part of the dust shell the silicate grains are heated by absorption of infrared radiation.

Because of the very low Qs. (X) at wavelengths between .5 Um and 7 um silicate grains can-

not be heated as efficient as graphite grains and throughout the dust shell (except very

close to the melting radius of silicate grains) the silicate temperatures drop relative to

the graphite temperatures. As a result the 10 Um resonance feature of silicates is seen

less strongly in emission in cases 2 and 3, compared to case 1 in spite of the fact that there

is relatively more silicate dust in the shell compared to the amount of graphite (due to

the fact, that the silicate melting radius gets closer to the graphite melting radius). Note

that this is not an optical depth effect, since T._ << 1 for cases 1 to 3.

In cases 4 to 6 not only the optical depth for the UV radiation from the central source

becomes very large, but also the optical depth at infiared wavelength between about 1 um to

4 um and around A = 10 um becomes appreciable. Several interesting effects may be noticed.

First, due to the increase in optical depth at near infrared wavelengths the inner parts of

the dust shell become increasingly invisible from outside, so that the peak of the emergent

infrared radiation shifts to longer wavelengths. In Table 1 we give for each model spectrum

the optical depth of the shell at the wavelength of maximum emerging flux.

Secondly, the 10 urn silicate resonance feature now appears more strongly in absorption.

This is understandable, because between X - 8 Um and 13 Um the inner parts of the dust shell

are more invisible from the outside than at wavelengths just outside this range. However,

the apparent optical depth at X = 10 pm, that is derived from the depth of the absorption

feature is an underestimate of the true optical depth. For example, in case 6 an apparent

optical depth T.Q = 1.85 is found, whereas the true optical depth is 11.2. This indicates

that deep inside the dust shell, the 10 Urn silicate resonance feature can be found in emis-

sion.

It is interesting to investigate which kind of dust, graphite or silicate, is mostly

responsible for the emission at A = 10 Um seen from outside the dust shell. Grains having a

temperature of about 300 K are mostly responsible for the emission at X = 10 um, since a

Planck function for this temporature peaks around 10 um. In case 6 silicate grains of 300 K

occur at an optical depth T,_ = 3.5, while graphite grains of 300 K occur at an optical

depth f^Qy- = 2.2. The latter value is closer to the empirical value T, = 1.85. Therefore

we conclude that the radiation emerging from the dust shell at X = 10 Um is mainly due to

the graphite grains in the dust shell.

Finally we note that in cases 4 to 6 the silicate temperature approaches the graphite

temperature with increasing optical depth. This is due to the increasing amount of trapping

of the infrared radiation field. In the limit of complete trapping of the radiation field

both dust temperatures and the local temperature of the radiation field should all become

equal (LTE). In cases 4 to 6 a sharp radial gradient in the silicate and graphite tempera-

ture distributions exists close to their respective melting radii. This arises, because the

heating by the central source varies rapidly with r near the melting radii.
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1.7 Summary and conclusions

(i) We have presented a numerical method to solve the transfer of radiation through a

spherical envelope around a central source of radiation, that contains various types of

dust grains, each having different temperature distributions. This method can successfully

be used to calculate infrared spectra of dust envelopes around various types of stellar

objects (see Chapters II and III).

(ii) We have derived a condition on the spectral shape invariancy under luminosity chan-

ges in case that the dust density distributions in the envelope have a power-law dependence

on radius, provided that the spectral shape of the radiation of the central source is in-

variant under luminosity changes and that the ratio of the outer and inner radius of the en-

velope is kept constant.

(Hi) We have calculated some infrared spectra of model envelopes, that contain graphite

and silicate dust grains. The 10 pm feature of silicate can be seen in emission as well as

in absorption, depending on the total optical depth of the envelope. In case it is seen in

absorption the apparent absorption optical depth at X = 10 yim is shown to be much smaller

than the true optical depth. Of course this depends on the adopted absorption properties of

the dust grains.

Appendix A

E^C.) and E^Cr.^-r.) we use expressionsIn computing values for the weight functions E

of a slightly different form compared with eqs. (14) and (16) of section 2. First, when

r. Í r, the integration over the angle a does not have to performed over the full range

(AD

a e [O,TT]. It can easily be shown that E ^ can be obtained using

amax _T , _T„
s p . v _ F s p f i - I sin(a)(e +e )da

i t rí~ rr " i trj""ri; ~] 2, .
0 y <r.,r.,a)

where T1 is the optical distance between P and Q, x" the optical distance between P and R,

y the geometrical distance between P and Q (see figure 1) and where the angle <* is given

by

arceos
m i n ( r i , r . )

max(r . , r . )

The expression, with which E."(r.-*r.) can be calculated, differ in the cases that r.<r.

and r.>r.. When r.>r. i t can be derived that

max
. _ Í sin(q )cos(y)(e ~T")dct (A2)

y (r-.r^.o)

with
r. sin(ot)

and all other quantities as given above. On the other hand, when

can be obtained from
"max

sin(q)cos(g)(e )da

the weight function

(A3)



1-18

E^with ß=ot+Y (see figure 1). It can be seen from eqs. (A2) and (A3) that E^d^+r.) £ 0,

whenever r. £ r., since T">T'. Physically this means that a spherical shell gives a net

contribution to the Eddington flux at a certain position P, which is positive (negative),

when P is lying outside (inside) the shell.

Eqs. (Al) to (A3) cannot be used to calculate E^P and E ^ , when r.=r.(P = Q in figur

In this case the integration over the angle a has to be performed over the full range

a e [O,TT]. We could obtain E^ P with

El (ri^ri) " ƒ
o

sin(ct)(e +l)dct

y ( r . , a )
(A4)

where a is the angle QCR, T the optical distance between P(Q) and R and y = 2r. sin(a/2) the

geometrical distance between P and R. However, eq. (A4) cannot be used in practice, since

E^P(r^->r^) * °». Close to a=0 the integrand in (A4) can be well approximated with 2/r^a. This

makes it immediately clear that integration over a between 0 and TI does not give a finite
2 2

result, because the primitive of 2/r^a is 21n(a)/r^. But the integration over the radial

interval, eq. (13) of section 2 to obtain the mean intensity still leads to a finite result,

because the singularity in E.. is only of a logarithmic nature.
It can easily be shown that E„ (r.-*r.) can be calculated with

(g)sin(g/2)(e"T-l)d

y2(r,,a)

(A5)

In this case'E„ is not singular at r.=r.. The integrand in eq. (A5) can well be approximated

with -T/2r. for a«l (T-K) for a-K)) and becomes zero at a=0.
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CHAPTER II: SILICATE DUST SHELLS AROUND LATE TYPE STARS

Abstract:

Infrared spectra have been calculated for spherical silicate dust envelopes around late

type (super)giant stars with the method given in Chapter I. Comparison of the theoretical

spectra with observed spectra indicates that the absorptivity of circumstellar silicates at

wavelengths around A = | ym must be of the same order of magnitude as the absorptivity of

the 10 Pm silicate resonance feature. Good fits to the observations of some stars with large

dust excess emission have been obtained. Comparison of theoretical and observed 10 ym emis-

sion profiles further shows that the intrinsic shape of the 10 urn silicate resonance differs

substantially from the one, which has been derived earlier by Gillett et al. (I975) on the

basis of silicate absorption features, observed towards H II regions. Finally we have also

compared theoretical spatial distributions of the dust reemission with available observa-

tions for IRC 100II. It is shown that of the presently investigated dust density distribu-

tions the one with density proportional to r (r is the distance to the star) gives the

best agreement with the observations.

II.1 Introduction

Since about 1965 spectral date of late type (super)giant stars at infrared wavelenghts

have been accumulated in increasing quantity and quality. Infrared spectra of some well

known late type stars at wavelengths between 1 ym and 3 ym with resolution AX "V 0.1 ym were

obtained as early as 1964 by Woolf et al. (1964). Near infrared observations with higher

spectral resolution were reported by a.o. Thompson et al. (1969a, b) and Frogel and Hyland

(1972). These near infrared spectra show the preserve of deep photospheric absorption bands

attributed to molecules such as H,0 and CO. The presence of such bands in late type stars

proved to be useful in classifying infrared sources for which visual classification crite-

ria can not be used, because the visual counterparts of the sources are either too weak or

even undetectable.

Spectroscopy at longer wavelengths (up to X ̂  14 ym) was first reported by Gillett

et al. (1968) with a resolution AX/X ^ 0.02 for some six stars. They showed that the emis-

sion observed at longer wavelengths was in excess of a blackbody extrapolation of observa-

tional data at shorter wavelengths. This excess emission has been attributed to circutnstel—

lar silicate grains (Woolf and Ney, 1969; Gilman, 1969). More evidence for silicate ex-

cess emission at wavelengths between 8 ym and 14 ym was obtained by a.o. Forrest et al.

(1975) and Merrill and Stein (1976a). The evidence that the circumstellar grains consist

of silicate material has been further strengthened by observations with high spectral re-

solution of excess emission peaking around X = 19 ym for some stars (Treffer and Cohen,

1974).

All observations refered to above show only a moderate amount of dust excess emission,

often onl> cisible at wavelengths between 8 ym and 14 ym. Recently Merrill and Stein (1976b)
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have published spectrophotometry between X = 2 Um to 4 Um and X = 8 Um to 14 Um for a num-

ber of objects, having much larger excess emission. The sources were originally discovered

in the Caltech 2.2 uni Sky Survey (Neugebauer and Leighton, 1969). They were classified as

late type (super)giants on the basis of molecular absorption bands in the near infrared (e.g.

Hyland et al. 1972) and/or on the basis cf visual spectra (Vogt, 1973; Hansen and Blanco,

1973, 1975). The data of Merrill and Stein (1976b) on oxygen-rich late type stars (HjO and

CO bands present in the spectrum around X ̂  2 Um) show a correlation of increasing reddening

oí the spectrum between 2 um and 4 urn with an increasing amount oí dust excess emission be-

tween X = 8 um and 14 um. At the same time the silicate emission feature begins to show

signs of self absorption in the reddest spectra.

Besides the late type oxygen-rich stars that show 8 to 13 um excess emission typical

for silicate dust excess emission of an entirely difEerent nature has been observed in the

case of late type carbon-rich stars. The 8 to 13 Urn spectrophotometry as well as photometry

at other wavelengths show a smooth excess emission over the expected stellar blackbody spec-

trum with a blackbody temperature of the order of 1000 K. In addition a spectral feature

centered at 11.5 pm is observed in nearly all late type carbon stars, that has been attri-

buted to solid SiC by Gilra (1972) on the basis of observations of Hackwell (1972). The

smooth excess emission could be due to solid graphite particles around these stars. It has

been suggested long ago by Hoyle and Wickramasinghe (1962) and more recently by Gilman (I969)

and Salpeter (1974) that polyatomic carbon in a form such as graphite can condense in atmo-

spheres of cool stars. More evidence for this type of excess emission has been-given by a.o.

Forrest et al. (1975) and Merrill and Stein (1976a, b).

The distinct division of dust excess emission into two classes (on the one hand sili-

cate excess emission, on the other hand graphite plus silicon carbide excess emission) can

be explained quite naturally on the basis of abundances. When the oxygen to carbon abun-

dance ratio [o/c] is larger than 1 (oxygen-rich late type stars) all carbon is bound in the

form of CO. The remaining oxygen can occur in various chemical constituents such as H2O,

SiO etc. In low temperature circumstellar shells circumstances may be favourable for the

condensation of solid silicate particles, which are subsequently driven away from the star

under the influence of the pressure of the stellar radiation field. On the other hand, when

[o/CJ < 1 all oxygen is bound in form of CO. The remaining carbon could condense out in

the stellar atmosphere as solid graphite and/or silicon carbide.

It has recently been arg<;ed by Schmidt-Burgk and Scholz (1976) that it is doubtful,

whether any definite information on the properties of circumstellar grains (their absorp-

tion characteristics, density distributions etc.) can be obtained from observed infrared

spectra. However, this statement is based on the assumptions that the dust particles have

a smooth wavelength dependence of absorption and that the optical thickness of the dust

shell is small. In the remainder of this chapter we shall demonstrate that in the case of

silicate emission around oxygen-rich (super)giants one can still learn something about the

infrared absorption characteristics of the silicate dust from the observations, because

(•£) silicates have pronounced spectral features at infrared wavelengths and (•££) in some

cases self absorption of the 10 ym feature is observed.

The remainder of this chapter is organised as follows. In section 2 a description of

the model is given together with an outline of the method for solving radiative transfer

in a spherically symmetric dust shell. The absorption properties of the silicate material
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are discussed in section 3. In section 4 results of model calculations are compared with

observations of stars with moderate 8 Mm to 14 |Jm excesses. Theoretical spectra using "mo-

dified" silicate properties are fitted to observed spectra with large dust excesses in sec-

tion 5. The spatial distribution of the dust emission is also discussed in this section.

Finally section 6 summarizes the results obtained.

II.2 Model description

In our calculations we assume spherically symmetric dust density distributions around

the star. In most of the calculations to be presented we have assumed that the density dis-

tribution of the dust can be adequately described by an r dependence on the astrocentric

distance (this corresponds to steady outflow of dust with a constant outflow velocity).

The studies by Kwok (1975) and by Olnon (1977) on the radiation driven mass loss of late

type stars suggest that this is quite a reasonable assumption at least for the outer parts

of the dusty circumstellar shell. However, in the inner parts of the shell, where the dust

first condenses out of the gaseous material, acceleration of the dust p tides by radia-

tion pressure (and subsequently of gas through momentum coupling to the grains) takes place

and as a result a steeper density distribution may be expected there. On the other hand

according to Olnon (1977) in some cases deceleration of dust and gas may occur in the inner

parts of the flow, resulting in less steep density distributions. To cover both cases some

theoretical infrared spectra were calculated assuming density distributions proportional to

r (steady outflow of dust with outflow velocity <* r '; and proportional to r (steady

outflow with outflow velocity a r).

The central star of luminosity L is assumed to radiate like a blackbody with a tempera-

ture T* (in the range 2000 to 3000 K). As can be seen, e.g., from Woolf et al. (1964) the

actual spectra of late type (super)giants deviate substantially from a blackbody spectrum

due to the presence of strong molecular absorption bands. However, we do not intend to give

detailed fits to the stellar infrared spectra. The actually observed spectra of these stars

and the blackbody spectra used have in common that the bulk of the energy is concentrated

between wavelengths A ̂  0.5 Mm and 3 Pm.

We adopt a dust free cavity around the central star. The radius r. of this cavity

is determined by equating the absorption of stellar radiation and the thermal reemission

of the dust grains at temperature T :

Ar?
in
h •í'. O)

4,1/2
with r^ = (L/4TTOT ) being the stellar radius,<a(A) the mass absorption coefficient of

the dust and T the melting or sublimation temperature of the dust (of the order of 1000 K).
2 7

The factor r+/lu-n in the left-hand side of eq. (1) takes account of the geometrical atte-

nuation of the stellar radiation field. In determining r^ with eq. (1) backheating effects,

i.e. absorption of radiation, generated in the dust shell, have not been accounted for. The

neglect of backheating will have the effect that the actual grain temperature of the dust

grains at r^n will be somewhat higher than Tm> In order to assure that the grain tempera-

ture at r. will be of the order of 1000 K a somewhat lower value for T must be chosen.

in m
The outer radius rQut of the dust shell is taken 1000 times larger than r. . Actually it
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does not matter, where the outer boundary is situated precisely, as long as matter, possi-

bly present outside r t, adds little to the total optical depth of the dust shell.

We assume that radiative equilibrium holds throughout the dust shell; no sources and

sinks of radiative energy are present except at the inner and outer boundaries of the shell.

Taking account of the absorption of stellar radiation we get

2

,(r)-B,(T.) dX = 0 (2)

where
cut

JX ( r )
= {ƒ (3)

r.
in

is the mean intensity of the radiation field, that is generated in the dust shell by thermal

reemission and isotropic scattering of the dust, and T(X) is the radial optical distance in

the dust envelope between r. and r. In eqs. (3) ̂ i(^) is the total mean intensity, i.e. the

sum of J,(r) and the mean intensity of the stellar radiation at r and K (X) is the mass
A S

scattering coefficient of the dust.

As an independent check on the accuracy with which eq. (2) is evaluated numerically flux

conservation throughout the shell may be checked upon with

?(r)dA = L „ • (4)

where

H x ( r ) = Y ƒ
out

P(r' MX)Bx(Td.)

(4irr)'

: s ( X ) V (5)

r.
in

is the Eddington flux of the radiation field that is generated in the dust shell by thermal

reemission and isotropic scattering of the dust. The total Eddington flux is the sum of
d 2 2

H^(r) and the flux from the central source at r. Again the factor %/4r occurring in the

left-hand side of eqs. (2) and (4) takes account of the geometrical attenuation of the

stellar radiation field. A derivation of eqs. (3) and (5) and the weight functions E^p and

E 2
P is given in Chapter I for the more general case of a shell containing several kinds of

dust.

In order to evaluate J^(r) and H^Cr) numerically with the method described in Chapter

I the r interval between r,. and rQut was divided into a grid of 32 points. Five points were

equidistantly placed between r. and (1.5 to 2) x r. . The. remaining 27 points were arranged

such that the difference A-+1 =
 r- + 1 ~

 r- between adjacent grid points increased smoothly
d d

with increasing r. J, and H, are calculated at all grid points at 80 values of the wavelength,

logarithmically spaced between X = 0.3 ym and X = 30 ym. The boundaries of the wavelength

interval were chosen such that upon integration of J^ and H^ over wavelength contributions

outside the interval could be safely neglected. After integration over wavelength it can

be verified whether thermal balance, eq. (2), and flux conservation, eq. (4), hold for an

initially chosen temperature distribution of the dust. If not a A iteration must be per-

formed to obtain a new temperature distribution and this is repeated until thermal balance

was achieved with an accuracy better than one percent. About six iterations on T^ were ne-
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cessary taking about 10 minutes computing time on the Leiden University IBM 370/158 compu-

ter. Flux conservation with an accuracy better than one percent was reached for all cases

presented.

Free parameters in our model calculations are the luminosity L, the total mass density

scale factor p , the dust to gas mass abundance ratio 6 and the blackbody temperature T #

O S

of the stellar radiation. In section 4 of Chapter I it has been shown that the spectral

form of emergent radiation only depends on the combination p <5 L of the first three

parameters. If only one dust species is present the optical depth of the dust shell at a

certain wavelength is as good a free parameter. All subsequently shown spectra shall there-

fore be characterized by T . and T .

II.3 Silicate dust properties

The optical properties of circumsi-ellar silicate as used in subsequent calculations

are based on laboratory determinations of the optical constants of terrestrial andesite by

Pollack et al. (1973) in the wavelength range A = 0.3 Pm to 50 pm with two modifications to

be explained later. Absorption efficiencies were calcualted with Mie theory for spherical

particles of radius a = 0.05 Pm (an upper limit of ̂  0.1 Pm has been suggested in the

literature, see below). The mass absorption coefficient is defined as

36

with p = 2.47 g/cm being the specific weight and 5 the dust to gas mass abundance ratio

of silicate. No detailed size distributions for the grains were used since Q , (A) /a is in-

dependent of the particle radius as long as 2Tla/X « 1. Figure 1 shows the resulting

Q , (A)/a plotted against A as the solid curve. The absorption efficiency of andesite for
3-D S

A ¿6 6 pm is, as can be seen, considerably smaller than at A = 10 um. This property is

common to all terrestrial silicate materials, which have been studied in the laboratory.

As a first modification we have replaced the 8 ym to 13 pm absorption profile of

andesite by a different one derived from the interstellar silicate profile as observed in

emission in the Orion Trapezium region. Gillett et al. (1975) and also other investigators

have shown that the 10 pm absorption feature observed towards compact H II regions can be

explained with a good accuracy by assuming that the intrinsic interstellar silicate profile

has the form of the Trapezium 8 pm to 13 Pm emission profile deconvolved by a Planck

function of a temperature of 250 K (which would be the temperature of the silicate dust in

tne Trapezium region). We also have adopted this profile. The equivalent width of the 8 Um

to 13 pm andesite profile, fQ , (A)dA/a, was conserved in this procedure. As discussed

later the calculated 10 pm emission profiles indicate that even this adopted 10 pm silicate

profile is not correct. Silicates with the absorption properties of andesite and the

modified 8 pm to 13 pm profile will be henceforth refered to as "normal" silicates.

As we shall show in section 4 the use of "normal" silicates in the calculation of

theoretical spectra give rise to self absorption effects at X - 10 pm that are in dis-

agreement with the observations. The reason is that the absorption efficiency around

A ^ 1 pm is too low compared to that at A ̂  10 um. Inpureties in the silicate dust could

possibly raise the absorption efficiencies at small wavelengths (by raising the imaginary

4 i
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Fig. I Optical properties of silicate dust grains calculated for spherical particles of radius

0.05 vm. The solid curve represents Q (A)/a for "normal" silicates. The dotted curve
abs

represents Q U)/a at X < 7.5 pm for "modified" silicates. The dashed curve
abs

represents Q (X)/a for both "normal" and "modified" silicates.

part of the index of refraction k which is ̂  10 for andesite between A í .3 (in to 7 pin).

Greenberg (1968) gives an upper limit on k of 0.05 for dirty ice due to metallic impureties.

Adopting rather arbitrarily this value k = 0.05 for silicate in the wavelength range

A í 7.5 pm we have calculated Q ^ g W / a for a » 0.05 ym. The results are given in figure 1

as the dotted curve. Using this "modified" silicate efficiency results in theoretical spectra

much better in agreement with observations.

It might be argued, that much larger particles sizes (a ̂  1 pm) also enhance the 1 um

absorption efficiency relative to the 10 um absorption efficiency. However, Woolf (1975)

and Kwok (1975) have argued that sputtering processes limit particle sizes to a ̂  0.1 Um in

the dust-gas outflow around the late type stars; larger particles will move with higher

velocities relative to the gas under the influence of radiation pressure and this increases

the sputtering rate.
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Although scattering of radiation by the dust grains does not seem to play an important

role we show, in figure 1, Q (A)/a for spherical grains with radius a = 0.05 lJtn a.¿ the
SCd

dashed curve. This curve holds for both "normal" and "modified" silicate grains. It is seen

that for the "normal" silicate grains the scattering efficiency is larger than the absorption

efficiency at i í 1 um.

Finally in all calculations we shall assume that the dust grains condense instanteneous-

ly at a temperature ^ 1000 K during outflow (see e.g. Gilman (1969) and Salpeter (1974) for

condensation temperatures of various solids under physical circumstances holding in cool

stellar envelopes).

II.4 Late type (super)giants with moderate 10 ym excess emission

In this section some theoretical spectra with relatively weak 10 ym excess emission

are presented. It is shown that the use of the "normal" silicate absorption properties leads

to disagreement between the theoretical and observed 10 Mm excess emission profiles.

Figure 2 shows the dust excess emission between A = 8 ym and 13 Mm for a number of

stars observed by Forrest at al. (1975). The excesses were derived from the observed flux

densities by subtracting a stellar contribution. This stellar contribution is obtained by

means of a blackbody extrapolation of observations at wavelengths sufficiently shorter so

that the dust contribution there is negligibly small. In this procedure it was tried to

take account of the presence of molecular absorption bands at near infrared wavelengths

that make the stellar spectrum significantly deviate from a blackbody, but the effects of

absorption in the 8 Mm to 13 Mm range by the dust shell could of course not be accounted

for (since the optical depth of the dust shell is not known a priori). All resulting excess

profiles have a similar shape, although there are some differences. These may partly be due

to the subtraction procedure. The shapes of the profiles show a remarkable similarity with

the emission profile observed from the Orion Trapezium region that is shown as the dotted

curve in the lower left corner of figure 2. Each observed excess profile is labeled with

a value for ß,0, the relative dust, excess emission at 10 Mm, defined by

F1()(obs)-F10( stellar)

10
F l o( stellar)

Figure 2 shows a considerable range in the values of ß 1 Q. Nevertheless none of the excesses

in figure 2 shows signs of self-absorption which indicates that the optical depth at the

peak wavelength (9.7 um) is smaller than unity.

The profiles of figure 2 have heen divided into three groups according to the average

temperature of the stellar continuum emission: (¿) starts of spectral type M, S with

T^ = 2000 K, {ii) Mira variables with T # - 2500 K and (Hi) semi-regular variables with

T^ - 3000 K. These temperatures are average values, because for one single star the

temperature may vary over a period by as much as 700 K. The semi-regular variables in figure

2 have on the average a larger dust excess emission. This is also the case for the semi-

regular supergiant variables that were observed by Merrill and Stein (1976a). However, this

does not imply that the relative dust contribution to the total observed flux is also larger.

On the average the semi-regular variables have higher effective temperatures than Mira

variables. Consequently the dust excess emission around 10 um stands out more clearly, since
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Fig. 2 Dust excess emission between ), = 8 p» and 13 pm according to Forrest et. al. (1975) for

various stars. The observations of pCep were obtained by Gillett et al. (1968). For a

guod display thn observations for different stars were drawn at an arbitrary position.

For reasons of comparison we also show the dust emission observed in the direction of

the Orion Trapezium rep ...

the stellar continuum is shifted to shorter wavelengths.

Figures 3 to 5 show theoretical infrared spectra of stellar radiation plus dust emission.

The spectra were calculated using the "normal" silicate absorption properties (solid curve
_2

in figure 1, scattering was ignored) for an r dust density distribution. For each of the

values of the temperature for the stellar blackbody, T^ = 2000, 2500 and 3000 K (the average

temperatures of the three categories of figure 2) three spectra with increasing optical depth

of the dust shell are given.

Table 1 lists the optical depth at A = 10 Pm (which is approximately the wavelength of the

peak of the silicate resonance), the ratio of the flux, emitted by the dust, to the total

flux and the ratio of the inner radius of the dust shell and the stellar blackbody radius.

All theoretical spectra exhibit absorption effects around X = 10 ym. These are caused

bj the strong absorption of stellar radiation by the dust shell in this wavelength region.

Because of the low absorption efficiency of the dust at the wavelengths, where most of the

stellar radiation is concentrated, the dust cannot absorb enough radiation to be reemitted

around X "v 10 pm and as a consequence absorption remains visible. It should be pointed out

that due to the large optical depth of the dust shell at wavelengths around 10 ym the dust
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10

_2
Fig. 3 Muslel spectra of stellar plus dust infrared radiation for p <* r

various 10 ym optical depths calculated with the use of "normal" silicates. Scattering

was neglected. Spectra 1 and 2 have been shifted up by factors 25 an 5 respectively

for convenient display. Insertion shows dust excess emission profiles between A = 7 urn

and 14 um, each curve being labeled with the value of the relative excess emission at

10 um, B , as defined in the text. These curves have been arbitrarily positioned in

the figure.
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Fig. 4 Same as f ig. 3 for T. = 2500 K.
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ig. 5 Same as f ig. 3 for TV = 3000 K.
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Table 1 Parameters for model spectra shown in Figs. 3 *.o 5

2000 K 2500 K

0.39

1.56

3. 1

0.014

0.051

0.095

1.26

1.26

1 .26

0.409

1.63

3.27

0.014

0.05
0.091

1.84

1.R4

1.84

0.422

1.69

3.38

3000 K

Spectrum
no

T(IOU)
Fdust

'tot

rin
T(IOU)

dust
Ftot

rin
T(lOll)

Fdust
Ftot

r i n

0.014 2.55

0.05 2.55

0.092 2.55

reemission itself suffers from self-absorption effects too. In the figures the dust excess

emission between X » 8 ym and 13 pm is also displayed. The theoretical excesses were

derived in the same way as the observational excesses. Each resulting theoretical excess

emission profile is labeled with the corresponding value of the relative dust excess

emission at A « 10 lim, ß,- (defined as before). In these curves the (self)absorption effects

can be seen even more clearly. The values of 3 1 0 are of the same order as those of the

observed excesses in figure 2 that do not show obvious self-absorption effects. The simplest

explanation of the differences of predicted and observed excesses is that the ratio between

the optical depths at X = 10 Um and around A = l ym (essentially Qabs('O v m O / Q ^ d ym)) is

much smaller than the one that holds for "normal" silicate. Thus it seems that circumstellar

silicates must have higher absorption efficiencies around X = 1 ]im.

However, before such a conclusion can be firmly drawn, other alternatives should be

considered such as (¿) including scattering or (•£•£) having a different density distribution.

' First we have calculated some spectra including isotropic scattering for dust particles

of radius a = 0.05 Um (as given in figure I). The resulting spectra hardly differ from the

ones that were calculated with pure absorptive dust, and are therefore not displayed. The

dust excess emission around A ^ 10 Um is only increased by a few percent. This is not sur-

prising; the scattering optical depth of the dust shell at X % 1 ym is about equal to the

absorption optical depth (because Qsca(l
 um) ̂  Q a b s(' U«)) which is ̂  0.1 for all spectra

displayed. Therefore the chance that a stellar photon with X «v 1 ym is absorbed by the dust

and is reemitted in the form of radiation of longer wavlength is not increased significantly.

We also have calculated some spectra assuming that the radii of the dust particles are 0.1 um

(the above mentioned upper limit). In that case the scattering efficiency at A ̂  1 pm is

increased by a factor 8 and the scattering optical depth then becomes of the order of i. But

even in this case the excess emission at 10 ym is only increased by about 10 percent. This

is insufficient to remove (self)absorption effects around A = 10 Urn.

Secondly, we have investigated the influence of the dust density distribution on the

10 um excess emission by calculating spectra with dust density distributions proportional
—1 5 —3

to r ' and r for a stellar effective temperature of T^ « 2500 K and a dust shell optical

depth TiOum * 3.27. The results are displayed in figure 6 together with the spectrum cal-

culated with Pd = r , T^ - 2500 K and T10pm 3.27. Although the form of the 10 Urn silicate

.''• \

feature differes substantially for the different cases, the amount of excess emission at
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Fig. 6 Model spectra of stellar plus dust infrared radiation for different density distributions.

= 2500 K and
m
= 3.27 calculated with the use of "normal" silicates (scatteri

ignored). Dashed curve: p ,

Insertion as in fig. 3.

ng

r , solid curve:p, = r" , and dash-dotted curven « r"3.
a a

A = 10 um is not changed appreciably. The shape differences can be understood quite well
qualitatively. For steeper (less steep) density distributions there are relatively more
(less) hotter grains in the dust shell and consequently the dust reemission i s concentrated
at shorter (longer) wavelengths. (Self-)absorption remains visible in a l l profiles. We con-
clude that the absorption efficiency at X <\» 1 ym must be enhanced.

Table 2 Parameters for model spectra shown in Fig. 7

Spectrum
no

T(IOu)

3.6

7.2

1.44 10

f2

-2

-1

dust
Ftox

2.4 10

4.7 10

9.1 10

f2
-2

-2

'in

7.14

7.14

7.14
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Fig. 7 The same as fig. 3 for T# = 3000 K and various 10 )Jm optical depths, given in Table 2,

but calculated with the use of "modified" silicates (scattering ignored).
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In figure 7 some spectra are shown that are calculated with the "modified" silicate

absorptivity, i.e. k = 0.05 at X < 7.5 ym (dotted curve in figure ])• Some relevant para-

meters are listed in Table 2. Figure 7 shows that high 10 ym excesses are easily obtained

for only a small amount of dust reemission and that the shape of the 10 um feature does

not vary with ß^..

II 4. I The shape of the 10 ym profile

We also investigated the dependence of the 10 ym profile shape on the dust density dis-

tribution in case that T

for p, = r ' and p.
Q d

« 1 . Spectra for T^ 3000 K and T,
1

0.144 were calculated„ « 1 . Spectra for T̂ . 3000 K and T,.,

r using the "modified" silicate absorption properties. Figure 8

shows the spectra and also the 8 ym to 13 ym excess emission including that for p^ <*• r ,

T^. = 3000 K and T^ «• 0.144. There is indeed a slight dependence of the shape on the

density distribution. Again for steeper (less steep) density distributions the peak of the

excess emission is shifted to shorter (longer) wavelengths, the slope of the emission pro-

file between X = 8 ym and 9 ym is less steep (steeper), and the reverse holds for the slope

between X = 10 ym and 13 ym.

Comparing the theoretical excess profiles of figure 8 with the observed ones of figure

2 we notice a marked difference in the shapes. The theoretical profiles are less steep be-

tween X = 8 ym and 9 ym and steeper between X = 10 ym and 13 ym than the observed profiles.

If the dust density distribution in the shells around late type (super)giants depends on the

astrocentric distance as r * to r as suggested by the dynamically consistent investiga-

tions of Kwok (1975) and Olnon (1977) we must conclude that the circumstellar silicate ab-

sorption profile is steeper (less steep) shortward (long ward) of the profile peak than the

profile that we used in the present calculations. This is due to the fact that Gillett et al.

(1975) have not taken into account the effects of temperature and density gradients in de-

riving the 10 ym silicate absorption profile from the emission profile observed in the

direction of the Orion Trapezium region.

In figure 9 we show a silicate absorption profile that would give theoretical emission

profiles in better agreement with observations as the fully drawn curve. The figure also

shows the absorption profile of Gillett et al. (1975) that we used in all our model calcu-

lations as the dashed curve. Note the already earlier mentioned shape differences. Also

the peak of the improved profile is shifted to longer wavelengths by an amount of *> 0.5 ym.

The improved profile was derived in the following way. From the Gillett et ál. silicate

absorption profile, K (X) and one of the theoretical excess emission profiles F(X), of

figure 8 we can find a wffght function W,
A

w
X K (X)

a

This weight function is determined by the dust density and temperature distributions in the

shell. In the case of a homogeneous, isothermal and optically thin dust shell we would have

W, = B,(T,) with T, the dust temperature. The weight function W, does not severely depend on

the particular choice of the density distribution (r~ ' , r or r~ ). Assuming that the

temperature distribution of the dust does not depend drastically on the shape of the 10 pm

absorption profile we can derive a better 10 ym profile by deconvolving the observed excess
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Fig. 8 The same as fig. 6 for T» = 3000 K and T = 0.144 calculated with the use of "modified"

silicates (scattering ignored). Dashed and solid curves have been shifted up with factors

4 and 2 respectively for convenient display.

emission profile of the Orion Trapezium region with W-̂ . We have taken the Trapezium profile

as shown in fig. 2 to be representitive for the observed excess emission profiles of late

type stars.

II.5 Late type (super)giants with large 10 um excess emission

It has been shown in the preceding section that the absorptivity between X t< 1 lim to

3 ym of circumstellar silicates must be larger relative to the absorptivity at X "x« 10 um

than that of terrestrial silicates. However, we cannot conclude on the basis of the observed

excesses in figure 2 that absorption efficiencies must be as high as indicated by the dotted

curve in figure 1. An increase of about a factor 5 of Qg^sO Um to 3 ym) as compared to that

given by the solid curve of fig. 1 would probably already give a sufficient amount of dust

excess emission at X = 10 ym without too strong self-absorption. In order to settle a value
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Fig. 9 Silicate absorption profiles

between A = 8 Mm and 13 vim.

Dashed curve is the profile

according to Gillett et al.

(1975), solid curve is the

presently derived profile.

of Q (1 ym)/Q , (10 ym) we need to consider cases with larger 10 ym excess emission.
3LD S 3D S

During the last few years observations of stars of late spectral type with significant-

ly more dust excess emission have been made. Some early known examples are NML Cyg and

NML Tau. Recently Merrill and Stein (1976b) presented 2 ym to 4 ym and 8 ym to 13 ym spec-

trophotometry with resolution AA/A ^ 0.015 together with br.ad band photometry of a number

of such sources, originally discovered in the Caltech 2.2 ym Sky Survey (Neugebauer and

Leighton, 1969). In figure 4 of Merrill and Stein spectrophotometric observations of oxygen-

rich stars of the 2 ym Sky Survey are shown. We have chosen two objects out of the sample

for comparison with model spectra to be calculated with the "modified" silicate absorption

properties. The first source IRC 40156 does not show obvious self-absorption at X = 10 ym,

while the second source, IRC 10011, has a 10 ym excess with clear self-absorption. The

larger optical depth of the dust shell around IRC 10011 is also indicated by the smaller

slope of the spectrum between A = 4 ym and X = 8 ym.

a. IRC 40156. In figure 10 the spectrophotometric observations are shown as black dots.

The 2 ym to 4 ym and 8 ym to 13 ym observations were usually obtained during different ob-

serving sessions. In order to establish the connection of the flux levels in both wavelength

regions broad band photometry was performed simultaneously. Broad band photometric fluxes

are shown as open circles.

The theoretical spectra, displayed in the figure, were calculated for T Ä • 2000 K,

2000 K, T 1 Q • 1.23 (dahsed curve). They are displayedT = 0.958 (solid curve) and

such that the calculated and observed 4.9 ym fluxes coincide. The dust reemission takes

account of 32.5 percent and 40 percent of the total flux in the two respective cases. There
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IRC 40156

Fig. 10 Observations and model spectra for IRC 40156 and IRC 10011. Black dots are 2 um to A um

and 8 um to 13 um spectrophotometric observations of Merrill and Stein (1976b). Open

circles are broad-band photometric fluxes given by the same authors. Triangles for

IRC 10011 are broad-band fluxes given by Zappala et al. (1974). The model spectra were

calculated for p, °= r using modified silicates (scattering ignored). For IRC 40156:

T. = 2000 K, !,„.._ = 0.958 (solid curve) and T. = 2000 K, T = 1.23 (dashed curve).2000 K, T m = 0.958 (solid curve) and T» = 2000 K, r 1Q

For IRC 10011: X» = 1800 -K, T1Q ^ = 3.87 (solid curve) and T, = 1800 T10um = 5" 1 5

(dashed curve). Model spectra are displayed such that theoretical and observed 4.9 um

fluxes are equal.

is reasonable agreement between theoretical and observed spectra. No detailed agreement can

be expected at shorter wavelengths, since the representation of a late type stellar spectrum

by a blackbody is poor. The theoretical 8 ym to 13 ym emission profiles are somewhat broader

than the observed one. This is partly due to saturation. The shape of the theoretical 10 pm

feature is however also influenced by the choice of the dust density distribution (for the

spectra of figure 10 p^ « r ). But the differences of the 8 ym to 13 um theoretical and

observed profiles can not be explained fully in this way. As explained in the preceding sec-
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IRC 10011
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10 20

Fig. II Model spectra for different density distributions and observations of IRC 10011.

"Modified" silicates were used in the calculations (scattering ignored). T.» = 1800 K
-2

and T lOum 3.87. Dashed curve: p. , solid curve: p. a r »and dash-dotted curvt;:

tion the silicate profile used in our calculations is not steep enough between X = 8 Urn and

10 um. Strong 10 um self-absorption would have resulted, if we had used the "normal" silicate

absorption properties.

b. IRC 10011. Hyland et al. (1972) identified this source as an oxygen-rich Mira variable

(period ^ 650 days) with a photospheric temperature T^ = 1800 K. Once again, the 2 ym to

4 ym and 8 poi to 13 Um spectrphotometric observations of Merrill and Stein are indicated by

the black dots in figure 10. Open circles are broad band photometric fluxes given by Merrill

and Stein. Broad band photometric fluxes reported by Zappala et al. (1974) are shown as

triangles. The spectrophotometric and broad band photometric fluxes are shown normalized to

the 4.9 \¡m broad band flux. The differences between open circle and triange broad band fluxes

in the figure could well be due to the fact that they are fluxes at different epochs during

the variability cycle of the source. Indeed a combination of variation of the dust shell op-

tical depth and variation of the stellar spectral appearance could produce the observed

differences.

Model spectra for IRC 10011 as shown in figure 10 were calculated for T^ « 1800 K,

T10um = 3' 8 7
-2and T^ = 1800 K, f10 - 5.15 (dashed curve) assuming Pd <* r

A value of the melting temperature T « 850 K was assumed so that the temperature of the
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Fig. 12 Fraction of total dust reëmission, contained within a circular surface of radius r (units

of rout' Pl°tted against r/rQut at X = 2.2 um, 10 um, and 20 um for different model density

distributions (spectra of fig. II). The curves for X = 2.2 vim and X = 10 um have been

shifted up by factors 100 and 10 respectively for convenient display. Dashed curves: p <* r ,
-2 -3

solid curves: Pd « r , dash-dotted curves: p^ • r .On the abscissa the stellar photospheric
radius is indicated as r̂ ,.
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dust at r. does not exceed 1000 K due to backheating (see section 2). Again the theoretical,

spectra are displayed such that theoretical and observed 4.9 Um fluxes are equal. The theore-

tical spectra show self-absorption at A = 10 ym in fair agreement with what is observed. Like

in the case of IRC 40156 the theoretical spectrum is too shallow between X = 8 pm and 10 lim

compared with observations. Dust reemission accounts for 71 percent and 79 percent of the

total flux in both cases considered.

T^ = 1800 K, T 1 Q = 3.87 and

r and r ) together with the

In figure 1 I we show model spectra for the parameters

T m = 850 K for different density distributions (pd <* r ,

observations of IRC 10011. Again the model spectra and the observations are displayed such,

that the calculated and observed 4.9 Um fluxes agree. No significant differences are visible

for 2 um < X < 7 um; around X « 10 um the differences between the different model spectra

are only about 30 percent, but at X > 16 um the differences are larger than a factor 2. The

spectrum for p, <* r ' gives not a very good fit to the observations. Actually the spectrum

for p. " r seems to be in best agreement with the observations. The overall slope of this

spectrum between A = 8 Mm to 13 urn is more like the one observed and the flux level at

X = 20 um is also in better agreement with the observed one.

Important additional information on the dust density distribution can be obtained, if

the spatial distribution of the emergent dust reradiation is known. For IRC 10011 Zappala

et al. (1974) have indeed obtained some information on the spatial distribution of the ra-

diation by means of lunar occultation observations at X = 2.2 urn, 10 Um and 20 Urn. Their

results can be summarized as follows. At X = 2.2 Um the disappearance curve can be fitted

by a model of two uniform brightness disks with a ratio of respective radii of 5(+1.3, -1).

The smaller disk assumed to be the stellar photospheric disk contains 65 percent of the to-

tal 2.2 um flux, the remaining 35 percent is attributed to dust reradiation in the 5 times

larger dust disk. At X = 10 Urn and 20 pm all flux is due to dust reradiation. At X = 10 Um

50 percent of the total flux is contained within a radius 1.4 times larger than the radius

of the 2.2 um dust disk; 85 percent of the total 10 urn flux originates from within a radius

3 times larger than the radius of the 2.2 urn dust disk. Finally at X = 20 um 50 percent of

the flux is contained within a region with a radius of 1.9 times the radius of the 2.2 Um

dust disk.

In figure 12 the theoretical spatial distributions of the dust reemission are shown

for the three model spectra of figure 11. The ratio of the flux, F,(r), contained within

a disk of radius r centered on the stellar source, and the total flux, contained with r

is plotted against the ratio r/ro(Jt for X = 2.2 um, 10 Um and 20 um. At all three wavelengths

the distribution within r/r = 10 resembles that of a uniform brightness distributionr
o u t

constant gives = 2ir Qf dr ^ r ). At larger values of r/rQ . the bright-
Q .

ness distribution deviates more or less strongly from a uniform brightness distribution

(limb darkening).

For X = 2.2 pm the flux density distributions do not differ appreciably for the dif-

ferent density distributions. This is not so surprising, since only the dust located very

close the inner radius of the dust shell contributes significantly to the 2.2 urn flux. The

radius of the approximately uniform brightness disk at 2.2 Um is about 3.5 times larger

than the stellar radius in fair agreement with the observed ratio of 5(+1.3 , -1). Also the

fraction of the total 2.2 Um flux emitted by the dust shell, about 30 percent for the theo-

retical spectra, is in good agreement with what Zappala et al. observed.
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Large differences in the flux distribution at X = iö lira and X = 20 ym occur for different

density distributions, because cooler dust situated at some distance from the inner radius

of the dust shell, contributes significantly to the dust reemission. Thus it then really

matters how much the dust is concentrated towards the inner part of the dust shell. For the

r density distribution 50 percent of the 10 ym dust flux is contained within a radius,

which is 1.5 times larger than the radius of the theoretical 2.2 ym dust disk; 85 percent

of the 10 ym dust flux is located inside a radius, three times larger than the radius of the

2.2 um dust disk and 50 percent of the 20 ym flux is situated inside a radius 1.23 times

larger than the radius of the 2.2 ym dust disk. These values are in good agreement with the

above given observational values. For the other density distributions the agreement between

theory and observations is less good. Therefore we conclude that the observational informa-

tion on the spatial distribution of dust reemission for IRC 10011 can best be explained by

a dust shell model in which the dust density distribution is proportional to r

We shall conclude this section by estimating the mass loss rate of IRC 10011 on the

basis of the above presented model fits. A value of 20 km/s for the outflow velocity can be

obtained from the observed velocity separation of the 1612 MHz OH maser emission peaks

(Wilson et al. 1970). Upon assuming that steady outflow is occurring with constant outflow
-2

velocity the model fits for pj <* r can be used to calculate the mass loss rate as

M _ = 4TT p v, p being the density scale factor of all matter in the circumstellar shell.

n

-2).

To obtain p we use the model for T^. = 1800 K, T = 850 K and T1n = 3.87. As discussed in
m(n+l)/2 m -1/2

section 2 an alternative model parameter is p 6 L (which becomes p 6 L for n =
-8 -1 -1/2 1/2 ° S

Its value for T. = 3.87 is 4.5 10 gem """erg s . From this value we can obtain p

if L and 6 are known. From the observed total flux F "v> 8.7 10 ergem s (Zappala

et al. 1974) and a distance of 500 pc (Hyland et al., 1972) we derive, that

L
2.61 10 erg s for IRC 10011. Assuming that virtually all silicon atoms in the dust

_3
shell are locked up in the grains we can find that 6 ^ 3 10 , if cosmic abundances are

13 -1 S

adopted. As a result p a. 7.7 10 gem and finally the mass loss rate becomes

"outfl
8 / s = 3

II.6 Summary and conclusions

Theoretical infrared spectra at X < 20 ym obtained for model dust shells around late

type (super)giants have been compared to observed spectra. We can summarize the main results

of the comparison as follows:

(¿) Theoretical 10 ym silicate excess emission profiles ol' late type (super)giants with

moderate excesses, that were calculated with the use of "normal" silicate absorption

properties, are inconsistent with the observed profiles. With the use of "modified"

silicate absorption properties model spectra were calculated, that could be fitted in

a satisfactory way to observed spectra of sources with large dust excess emission. There-

fore we conclude, that the absorptivity of circumstellar silicate grains between

X = 1 ym to 3 ym must be of the same order as that at X = 10 ym. This same conclusion

was independently reached by Jones and Merrill (1976).

(¿i) Comparison of theoretical optically thin 10 ym excess profiles with observed ones indi-

cates that our choice of the shape of the 10 ym silicate resonance feature (which was

derived from Gillett et al., 1975) was not the best. This is also indicated by the op-
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tically thick 10 Mm emission profiles. We have derived an absorption profile, that would

fit the observations better.

(Hi) Model spectra for different density distributions that were calculated with the use of

the "modified" silicate absorption properties have been compared to the observed spec-

trum of IRC 1001J. Some observational information on the spatial extent of the dust

emission has been compared to spatial distributions of dust emission resulting from the

model calculations. The model with the distribution of dust by mass proportional to r

fits the observations the best.
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CHAPTER III: INFRARED SPECTRA OF COCOON STARS

III.1 Introduction

During the last ten years an increasing number of point sources has been discovered,

whose emission peaks at near and middle infrared wavelengths (A < 20 pm). Many of these

infrared sources have been identified as warm dust shells surrounding (super)giant stars

of late spectral type (see Chapter II). However, a number of sources have hitherto remained

unidentified. They are generally seen in regions of the sky where young objects are found,

such as extended dark dust clouds, H II regions, regions of molecular line radiation, and

0-B and T associations.

At the time that only few of such sources were known it was argued that they could be

highly luminous stars of intermediate spectra type, accidentally observed through a fore-

ground cloud of cool dust with large optical depth (.e.g. Penston et al., 1971; Allen and

Pension, 1974). Since then more and more sources have been discovered closely associated

with young objects so that such an explanation has become more and more unlikely. We there-

fore prefer the suggestion first made by Becklin and Neugebauer (1967) that the sources are

young objects and possibly represent early stages in the evolution of massive stars.

Theoretical studies on the formation of stars through the gravitational collapse of a

cloud of dust and gas have shown that very soon after the onset of collapse a central stellar

core is formed {e.g. Larson, 1969a, 1972; Westbrook and Tarter, 1975). For large initial

cloud masses the central object may evolve into a massive main-sequence star while still

surrounded by a large amount of infailing dust and gas {e.g. Appenzeller and Tscharnuter,

1974; Kahn, 1974). The visual and ultraviolet radiation of the central star is completely

absorbed by this opaque dust cocoon and is reemitted at infrared wavelengths. It seems quite

probable that the infrared sources observed towards regions containing young objects, repre-

sent this stage in the formation of stars.

The first object of this kind found is the point source in the Orion Molecular Cloud 1

discovered by Becklin and Neugebauer (1967) and since then called the Becklin-Neugebauer

or BN object. At present some fifteen sources' of this type are known, although up to now

none of them have been observed in such detail as the BN object. It should be noted that it

is quite difficult to obtain reliable information on the spectral energy distribution of

these sources because of the presence of contaminating radiation of other similar sources and

H II regions in the immediate vicinity.

A common feature of all sources is the.presence of an absorption band around X = 10, pm

similar in shape to the silicate emission feature of the dust excess emission of late type

(super)giants. The absorption is commonly attributed to the presence of cool foreground -sili-

cate dust; in the actual source spectrum the silicate feature could be either in absorption

(see Chapter I) or in emission-(see e.g. Gillett et al., 1975). A combination of internal

emission and foreground absorption has observable influence on the profile shape. For a few

sources an absorption band centered on X » 3.1 urn has also been observed; this feature has

been attributed to solid particles containing water ice {e.g. Gillett.and Forrest, 1973;-
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Merrill et al., 1976).

An early comparison of the then known spectrum of the BN object with model infrared

spectra of dust cocoons has been made by Larson (1969). These model spectra were calculated

under á number of simplifying assumptions about the dust temperature distribution and the

wavelength dependence of the dust absorptivity. Since 1971 observations have become much more

detailed and our knowledge of the absorption properties of probable dust materials has im-

proved. Despite this progress and the fact that numerical techniques have been developed to

calculate radiative transfer in spherical envelopes, only few attempts have been made to fit

the observed spectra in more detail. Recently model spectra for cocoon stars have been cal-

culated by Yorke (1976), but he only discusses the agreement with observations in a quali-

tative way. Scoville and Kwan (1976) discuss model spectra in relation to objects whose

spectra peak at longer wavelengths (between 50 to 70 \im) such as the Kleinmann-Low nebula in

Orion. However they do not use realistic dust absorption properties; furthermore at longer

infrared wavelengths it is very hard to study individual sources due to the low spatial

resolution at these wavelengths. At shorter wavelengths a reasonable separation of individual

sources is possible thanks to the availability of higher spatial resolution.

In the present investigation we shall compare model spectra with observed infrared spec-

tra of cocoon stars at A i 20 ym: Basically our model is the same as the model of Larson

(1969b), but we make the following improvements and additions:

(¿) The transfer of infrared radiation in the spherically symmetric dust cocoon is treated

in a self-consistent way. Larson's approximate calculation of the dust temperature distribu-

tion in the envelope does not garantee flux conservation (or radiative equilibrium).

Hi) We assume that more kinds of dust are present in the cocoon (in our present calculations

graphite and silicate dust). Throughout the envelope each kind of dust has its own tempera-

ture distribution that is determined by the balance between absorption and emission of radia-

tion.

{Hi) The immediate surroundings of the central star will be free of any dust. When dust grains

come too close to the central star, their temperatures rise above the dust melting temperature

and they will therefore evaporate. The opacity of the gas is much lower and it is therefore

assumed that stellar radiation can freely flow through the dustless cavity.

(iv) The observed near infrared sources are found in regions of the sky, where there is

evidence of extended clouds of dust and gas. It is therefore likely, that the newly formed

star and their dust coco"ons are embedded in a more extended cloud. Radiation originating from

the cocoons will thus suffer from extinction of the dust cloud and this has to be taken into

account in a comparison of the model spectra with the observations (evidence for the "fore-

ground" extinction is also provided by the observation of polarization of radiation of the

BN object by Dyck et al., I973).

The outline for the remainder of this chapter is as follows. In section 2 the cocoon

model is described and the equations of radiative transfer are given. In section 3 we speci-

fy the properties of the dust in the cocoon and of the dust responsible for the "foreground" ex-

tinction. In section 4 we present and discuss some theoretical infrared spectra uncorrected

for "foreground" extinction. Section 5 describes the method with which model fits to observed

spectra are obtained. Fits to some observed sources are presented in section 6 with special

emphasis on the BN source. 'Finally conclusions are summarized in section 7.
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III.2 Cocoon model and radiative transfer

Extensive theoretical studies have been reported on the spherical collapse of an inter-

stellar cloud under its own gravity, neglecting efftcts of rotation and magnetic fields. The

calculations have been carried out up to the point that a central star has developed that is

either evolving along its radiative track towards the main sequence or that is already on the

main sequence. The later phases of an accreting main sequence star have been studied in de-

tail by a.o. Kahn (1974) and Yorke and Kriigel (1976). Recently, also collapse calculations

have been performed in which rotation of the cloud was taken into account {e.g. Tscharnuter,

1975), but the calculations are limited to fairly early stages of the cloud collapse.

We assume spherical symmetry throughout the entire cocoon surrounding the central source.

He adopt a mass density distribution of dust and gas with a r ' dependence on the distance

to the star. This density distribution corresponds to steady inflow of matter under the

gravitational attraction of the central star, the inflow velocity being equal to the local

free fall velocity. Actual gas dynamical calculations of spherical collapse have shown that

during the later stages of the collapse this density distribution holds in a large part of

the infalling envelope, because the gravity of the central star dominates other forces such

as gas and radiation pressure gradients. Even when the pressure gradient of the infrared

radiation, generated in the cocoon, cannot be neglected, approximate diluted free fall is

valid in a large part of the envelope (see Chapter IV). The density distribution may be ex-

pected to deviate from r ' in the very inner parts of the dusty cocoon, where absorption

of the direct stellar radiation causes large radiation pressure gradients. However, it can

be shown that this region is geometrically very thin in all cases of interest. The deviation

from an r ' dependence due to trapping of the infrared radiation is only significant when

the luminosity to mass ratio of the central star is quite large and when the mass inflow

rate is so large that the cocoon has a large optical thickness in the infrared. Since we

shall compare model spectra with observations of objects, that do not have very large lumi-

nosities, such deviations shall be neglected. Moreover a somewhat different density distri-

bution in a limited part of the cocoon does probably not have a large influence on the

spectral shape of the emerging infrared radiation.

However, it is very unlikley that an r " density distribution persists out to very

large distances from the central star for a number of reasons. First, far away from the

central star the gravitational pull of the matter in the cocoon further inside becomes im-

portant. Secondly, gas pressure gradients can no longer be neglected. Thirdly, we may expect

that in the outer parts of the cocoon another kind of dust ("dirty" ice) is present. This

dust adds significantly to the total opacity. Thus pressure effects due to absorption of

radiation by this dust component can have sig nificant effects on the distribution of matter

as has been demonstrated by Yorke and Kriigel (1976). Finally it can be expected that the

density distribution of the cocoon proper merges gradually with the background density dis-

tribution of a surrounding more extended cloud. However, dust in the very outer parts of the

cocoon and in the surrounding cloud will be so cool that it only removes energy from the

radiation field at A ̂  20 pm and reradiates this at longer wavelengths. Since we are only

interested in the spectrum at wavelengths X £ 20 ym, we only take account of the extinction,

not of the reemission by the dust in the outer layers o¿ the cocoon and the surrounding

cloud.
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The melting radii of both kinds of dust are determined by the balance between the ab-

sorption of radiation of the central star and reemission by the dust grains at a melting

temperature T . (different for different kinds of dust). The temperature of the dust grains

at their respective melting radii will also be influenced by the absorption of infrared ra-

diation, generated in the dust cocoon (backheating). Since we have to specify the melting

radii before we can calculate the radiative transfer in the cocoon we chose somewhat smaller

values than T . to calculate the melting radii and we checked later on that the self-

consistently calculated dust temperatures at the melting radii came out approximately correct.

We assume that the radiation of the star with luminosity L is emitted at UV wavelengths and

that the dust absorption for this radiation is grey. The melting radius of graphite grains

turns out to be the smallest, because the melting temperature of graphite is higher than

that of silicate. The melting radius r can be derived from

Kg(UV)L
3

¿iTT-r7
4ir (1)

'»>g ir

where K^ is the mass absorption coefficient of graphite. When we determine the melting radius
3

of silicate (= inner boundary of silicate distribution) we have to take into account the

optical attenuation of the stellar radiation by the graphite grains that are present be-

tween the melting radii of graphite and silicate. Using

4 ii

4nr I'S ( X ) B
a A

)dX (2)

and

T ( U V ) = 2Kg(UV)pA(r"
1/-r"1//5

a 0 m,g m,s
(3)

the silicate melting radius can be determined iteratively. Here K is the mass absorption
3.

coefficient of silicate and p is a density scale factor (the mass distribution of all matter
-15 °

is p(r) = o r ). In all cases calculated negligible backheating effects on the temperature

of graphite at its melting radius were found. Backheating effects on the silicates obliged

us to take values for Tm that are smaller by as much as a factor 3 than the actual melting

temperature of silicates for optically thick cocoons.

In all calculations in this paper we have rather arbitrarily taken the outer boundary

of the cocoon 1000 times larger than the graphite melting radius. The calculations show that

at this distance the temperatures of grains are so low that their radiation at X ̂  20 ym can

be neglected.

We assume that radiative equilibrium is valid throughout the dust envelope; no sources

and sinks of radiant energy are present, except at the inner boundary that is illuminated by

the central star and at the outer boundary where infrared radiation can escape freely. This

is probably not a bad assumption. The central star provides the radiative energy that is

picked up by the dust whose opacity dominates that of the gas. The grains can loose this

energy either by radiation or by collisions with molecules in the ambient gas. It can be

shown quite easily that the latter form of energy loss is very small compared to energy loss

by radiation. This also implies that exchange of energy between various dust grains only
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occurs via the radiation field and not via grain-molecule collisions. Thus the constraint

of radiative equilibrium can be written as a balance between absorption and emission of

radiation for each kind of dust, iaking info account the contribution of the stellar radia-

tion field (which is only important in the very inner parts of the cocoon) the balance equa-

tion can be written as

+ I K.(X)JJ.(r)-B,(T.) dX
d A A 1 '

where

out

JA(r) (5)

is the monochromatic mean intensity of infrared radiation, generated in the dust cocoon.

It should be noted that scattering by dust grains is neglected.

As an independent check on the accuracy of a numerical solution that fulfills condition

(4) we can determine whether the right amount of radiant flux is transported through the

cocoon. Flux conservation reads

Le
-T(UV)

(4nr)' (4irr)'

where
out

HA(r) = I ƒ p(r')r'
2lK^(A)Bx(T.)E^

p(r'->r,\)di

(6)

(7)

r.
in

is the monochromatic Eddington flux of infrared radiation, generated in the dust cocoon.

Derivations of eqs. (5) and (7) and definitions of the weight functions E..™ and E_ can be

found in Chapter I.

The monochromatic infrared mean intensity J^(r) and Eddington flux H,(r) can be cal-

culated from eqs. (5) and (7) when the dust density, dsitributions, the dust absorption

properties, and the dust temperature distributions T̂ (r.) have been specified. Hereto a grid

of 21 radial points was chosen. Five points are equidistantly placed between the graphite

and silicate melting radii. The remaining 16 points are situated between r and r . in

such a way that the distance between adjacent grid point A-+1 =
 r-+i ~

 r- increases smoothly

upon approaching r . The quantities J. (r) and H, (r) are then determined at each grid

point at 80 wavelengths, logarithmically spaced between X = 0.5 ym and X « 40 Urn. These

boundaries have been chosen such that an insignificant amount of infrared radiation occurs

outside this wavelength interval. Performing the wavelength integration it can then be veri-

fied whether an inital choice of T.(r) leads to thermal balance, condition (4). Usually this

is not the case and a A iteration on both temperature distributions is carried out until (4)

is satisfied within 2 percent. For a reasonable initial choice of T.(r) this is usually

achieved with 6 iterations, that take about 7 minutes CPU time on the IBM 370/158 of Leiden

University. Flux condition (6) is satisfied within 3 percent in all cases calculated.
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III.3 Dust properties

A lot of information on the extinction properties of solid grains in the interstellar

medium exists in the form of detailed extinction curves between X = 0.3 ym and

,-1 -1X A = 9 ym •*• for a number of stars. Although quite a bit of theoretical work has been de-

voted to extract information about the nature of the dust grains from these extinction

curves, no unique, well established picture has arisen. However it seems that more than one

kind of dust is responsible for the interstellar extinction (see e.g. the review by Aanne-

stadt and Purcell, 1973). The presence of solid particles of graphite and silicate seems

well established. Gilra (1971) has shown that spherical particles of graphite with an average
o

radius of 0.025 pm can explain the 2200 A bump in the interstellar extinction curve. Inter-

stellar silicate has revealed its presence through the 10 ym absorption band as observed to-

wards very dense and small H II regions, towards the galactic center region, and towards

the sources discussed in this Chapter. However, these observations may not be representative

for silicates in the general interstellar medium. The only real evidence for the existence

of silicate in the general interstellar medium is the observation of the 10 ym absorption

feature towards the star VI Cygni * 12 (Rieke. 1974; Gillett et a'.., 1975). Other indirect

evidence for the presence of graphite and silicate grains in the interstellar medium is the

observation of infrared excess emission of cool carbon-rich and oxygen-rich (super)giant

stars (see Chapter II).

However it turns out to be impossible to explain the interstellar extinction at visual

wavelengths with the above mentioned types of dust. A common idea is that some kind of more

volatile material condenses out on already existing nuclei of graphite and/or silicate in

the interstellar medium. The chemical composition of this mantle material is not clear. A

classical mantle material is the socalled "dirty" ice with which v.d. Hulst (1949) was able

to explain the visual extinction in a satisfactory manner. More recently Hong (1975) has

fitted the visual extinction by a model of silicate core-ice mantle grains. However on the

basis of recent observations of the water ice absorption band at X = 3.1 ym it seems un-

likely that water ice makes up a large part of the mantle material {.e.g. Gillett et dl.,

1975; Merrill et al., 1976).

Even less is known about the kinds of solid materials in more localized dark clouds,

except for the presence of water ice and silicate. There are arguments that in these regions

the mantles are larger. We shall therefore adopt the picture that three kinds of solid

material i.e. graphite, silicate and "dirty" ice are present. Because of the assumed vola-

tility of the "dirty" ice mantle material, only graphite and silicate are assumed to be

present inside the warmer dust cocoon, embedded in the dark dust cloud.

III.3.1 Graphite properties

We use the same properties for graphite grains as adopted in the calculations of model

spectra, that were presented in Chapter I. For clarity we shall repeat them here. Infrared

absorption efficiencies were calculated for spherical graphite grains of radius a » 0.02 ym

with Mie theory using the optical constants of graphite determined by Taft and Phillipp

(1965). Because 2ïïa/X « 1, Q?^ (X)/a is independent of the particle radius (Rayleigh

approximation). Figure 1 shows Q , (X)/a as a function of X (dashed curve). A useful analyti-
cLDS
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Fig. I Adopted absorption efficiencies of graphite and silicate grains.

cal approximation of in the wavelength interval of interest is

<*>

= 1.04

1.05 IO~3X

(cm )

(cm )

(8)

with X in cm. The mass absorption coefficient per unit mass of the dust-gas mixture is

K^(A) = 36 0Ä s(A)/4p a; 6 is the dust to gas mass abundance ratio for graphite,

p =2.5 g/cm is the graphite specific weight.

We assume that the UV absorption efficiency is «nity. This is a reasonable average value

for a blackbody spectral energy distribution at a temperature of about 30000 K. In any case,

the actual spectral distribution of radiation from the central star is unknown. The ultra-

violet mass absorption coefficient Kg(UV) » 36 /4p a = 3.75 x 10 6 cm/g, is inversely pro-

portional to a. We did not use a detailed size distribution for the grains, since grains of
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different size would have different temperatures in the very inner part of the cocoon where

heating of grains by absorption of stellar radiation is significant.

Scattering by dust grains is neglected all together. This is a good approximation at

infrared wavelengths since the scattering efficiencies are much smaller than absorption effi-

ciencies for the adopted particle size. However in the ultraviolet scattering and absorption

can be of the same order of magnitude. But including scattering will not have a large effect

on the distribution of UV stellar photons in the dust cocoon since scattering is highly for-

ward peaked if 2na ̂  A (v.d. Hulst, 1957).

Finally we assume that the graphite grains melt suddenly at a temperature of about

2000 K. This temperature follows from considering a graphite solid-vapour system in thermal

equilibrium with vapcur pressures as expected in the inner regions of the cocoon.

III.3.2 Silicate properties

We already discussed the optical properties of circumstellar silicate grains at infra-

red wavelengths extensively in Chapter II. Since we assume that the origin of silicates

present in cocoons around newly formed stars in the general interstellar medium and in the

envelopes of late type stars is the same, the optical properties of the silicates of Chapter

II are adopted. That is, Q hc.(X) for spherical particles of radius a = 0.05 ym are calculated

with Mie theory using the optical constants for andesite (Pollack et al., 1973) with the

following modifications: (¿) for A < 7.5 ym we assume that the imaginary part of the index

of refraction k = 0.05 and (J,i) the 8 ym to 13 ym profile of andesite has been replaced by

a profile as derived by Gillett et at. (1975) with conservation of the integrated band

strength. Figure 1 shows Q (X)/a as a function of X (fully drawn curve). From Q* (X)/a
3 D S 3-DS

we" can derive the mass absorption coefficient per unit mass of the dust-gas mixture
g o 3

K (A) = 36" Q . (A)/4p a; 6 is the mass abundance ratio of silicate to gas and p =2.47 g/cm
cL S QDS S S S

is the adopted silicate specific weight. Again the infrared mass absorption coefficient is

independent of the precise particle size since 2ira/X « !. Just like for graphite we assume

a grey ultraviolet absorption efficiency of unity, so that the UV mass absorption coefficient

becomes K S(UV) = 36 /4p a = 6.07 io\5 cm /g with a = 0.05 ym. This value of a is about the
3. S S S

upper limit on the sizes of silicate grains in the general interstellar medium as indicated

by Hong (1975). Scattering by silicate grains has been neglected. The temperature at which

silicate is assumed to melt is 1000 K.
III.3.3 PrtGerties of dust, responsible for the "foreground" extinction

The extinction properties of dust in the cool outer parts of the cocoon and in the

surrounding dense cloud remain to be determined. We assumed that three kinds of dust are

present i.e. graphite and silicate particles and the more volatile "dirty" ice mantle

material. The total extinction of all dust will be the sum of the extinction due to each

individual kind of dust.

It is quite easy to specify a normalised extinction due to the graphite and silicate

dust, A.(X), using the absorption efficiencies of both kinds of dust as shown in figure 1.
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(9)

In eq. (9) 6/6 is a free parameter with the restriction that it must have the same value

as in the dust cocoon. Note that the normalised extinction A.(X) is not defined in the usual

sense; it is the extinction in magnitudes at a wavelength when the extinction in the visual

(X = 0.55 pm) is unity.

As extinction curve of the "dirty" ice mantle material we rather arbitrarily adopt the

theoretical v.d. Hulst curve # 15. This theoretical extinction curve was meant to be a best

fit to all observed visual extinction in the general interstellar medium; it is unknown in

how far it is also valid for the extinction due to mantle material in dense dust clouds.

Furthermore we consider the extinction due to graphite and silicate separately. However,

it turns out, that in the wavelength region, where extinction according to the v.d. Hulst

curve # 15 contributes significantly to the total extinction, its wavelength dependence is

quite similar to that of the combined graphite and silicate extinction. We have calculated

the v.d. Hulst curve # 15 at some more wavelengths in the infrared than was originally done.

Resulting values of the normalised v.d. Hulst curve #15, A (X), are shown in Table 1 between

X = 0.5 ym and X = 20 um.

Table 1 Normalized extinction according to Van de Hulst curve * 15 between

A = 0.5 pra and 20 um.

A (Um)

0.5

1.0

1 .5

2.0

2.5

3.0

3.5

4.0

4.5

5.0

A, (A)

1.134

0.3579

0.1629

0.0957

0.0655

0.0495

0.0397

0.0332

0.0286

0.0252

A (Mm)

5.5

6.0

6.5

7.0

7.5

8.0

8.5

9.0

9.5

10.0

A2(A)

0.0225

0.0203

0.0185

0.0171

0.0158

0.0147

0.0138

0.0129

0.0122

0.0116

A (um)

10.5

11.0

1 1.5

12.0

12.5

13.0

13.5

14.0

14.5

15.0

A

0

0

0

0

0

0

0

0

0

0

2W)

.011

.0105

.01

.0096

.0091

.0088

.0084

.0082

.0079

.0076

A (um)

15.5

16.0

16.5

17.0

17.5

18.0

18.5

19.0

19.5

20.0

A

0

0

0

0

0

0

0

0

0

0

2(A)

.0073

.0071

.0069

.0068

.0065

.0063

.0062

.006

.0059

.0058

The total extinction is a combination of silicate and graphite extinction and v.d. Hulst

# 15 extinction

A(X) ßA2(X) (10)

where a and 3 are free parameters to be determined, when we fit model infrared spectra to

actual observed spectra. A(X) is the total amount of extinction in magnitudes at a wavelength

X, when the total visual extinction amounts to (cx+f3) magnitudes.
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III.4 Normalized spectra for model dust cocoons

In section 2 of this chapter we described the dust cocoon model and the method of solu-

tion of the radiative transfer. The infrared spectrum emerging from such a dust cocoon depends

on the following free parameters: the total luminosity of the central star L, the scale fac-

tore p of the radial density distribution of dust and gas and the dust to gas mass abundance

ratios of graphite and silicate, <5 and 6 .

However, not every combination of values for L, p , 6 and 6 gives an independent

theoretical spectrum. We have shown in section 4 of Chapter I that an invariancy of spectral

shape can be found in the case that dust and gas have a power law density distribution; all

model dust envelopes surrounding central stars of different luminosities L have infrared

spectra of similar shapes, as long as the parameter combination p 6L (p 6L in

case that n = -1.5) is kept constant, provided that (•£) the ratio of the inner to outer ra-

dius of the envelope is kept constant and (H) the spectral shape of the stellar radiation

remains the same. The latter constraint is irrelevant in the present case, since we assumed

that the dust opacity for stellar radiation is grey. Although the invariancy of spectral

shape has been proven in Chapter I only for a dust envelope containing one kind of dust,

the proof can be easily extended to the case that two dust species are present. In that case

we find that in addition the ratio of the dust to gas mass abundance ratios of both kinds

of dust must also be kept constant. Thus it appears that the actual free parameters of our

model dust cocoon are the two parameter combinations: p 6 L
o g

-1/4 ando /6 .
s g

Table 2 Parameters for the theoretical spectra of fig. 2

6 /S 1.5 &/&_ = 3

Spectrum
no

po6gL'
-1/4

T(UV) t(lu) T(10p) T(UV) T(1U)

, -3/2 -f/4 1/4.
(gem erg s )

T(10u)

1.423 10

2.846 10

5.692 10

1.138 10"

r7

-7
f7

,-6

12

26

53

108

.3

.0

.4

1

2

4

9

.1

.26

.57

.19

0

0

0

1

.18

.42

.90

.86

15

34

71

146

.9

.4

.6

1.24
2.58

5.26

10.6

0.34
0.80

1.72

3.56

Some examples of normalized theoretical infrared spectra are shown in figure 2. They
-1/4

were calculated for the values of p í L , given in Table 2 and for 6/6 =1.5 (solid

curves) and for S /$ = 3 (dashed curves). In Table 2 we also give the total optical depth
s g

of the dust cocoon for stellar radiation, T ( U V ) , and the optical depths at a few infrared

wavelengths.

Several remarks should be made on the spectra shown in figure 2. First let us compare

spectra 1 and 3 of figure 2 with similar spectra 3 and 4 of figure 3 in Chapter I (6 /5 « 3

in both cases). Our present spectra I and 3 have almost the same values for the parameter
combination p 6 L

o g
-1/4

(within 10 percent) as the respective spectra 3 and 4 of figure 3 in

Chapter I.- For clarity the spectra are also shown in figure 3. The spectra calculated in

this chapter show more emission at X ̂  8 pm than those of Chapter I while the reverse holds
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20

Fig. 2 Normalized infrared spectra of dust cocoons for the parameters in Table 2. Fully drawn curves

are for 6 /S =1.5, dashed curves for 6/6 = 3 . For cor

are shifted up by a factor 5 with respect to each other.

are for 6 /S = 1.5, dashed curves for 6/6 = 3 . For convenient display spectra 1 to 3
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10 F

20

Fig. 3 Comparison of dust cocoon spectra calculated with different absorption properties of the

silicate grains at X < 7.5 vim. The upper solid curve is spectrum 3 of fig. 3 in Chapter I,

the lower solid curve is spectrum 4 of the same figure. Upper and lower dashed curves

are the same as spectra I and 3 of fig. respectively. Upper dashed and solid curves were

displaced upward by a factor 5 for convenient display. All spectra shown have 6/6 = 3 .

at wavelengths smaller than about 8 pm. This effect can be entirely attributed to the fact

that the silicates used in the present calculations have higher absorption efficiencies at

A < 7.5 yon compared to those used in Chapter I.

A second point of interest is the difference in shape between the spectra calculated

with 6_/6_ • 1.5 (fully drawn curves in figure 2) and the spectra calculated with 6 /& = 3
s g s g

(dashed curves). There is less emission at X < 6 ym for all spectra wifh the larger 6 /S
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and more emission at X £ 7 ym (except for case 4 where the larger 6 /& leads to less emission
s g

between A = 8 um and 11 vim). Due to the increase of the amount of silicate dust relative to

the amount of graphite dust the optical depth of the dust cocoon becomes larger at all wave-

lengths. The increase in optical depth depends on the silicate contribution to it and is

generally larger at longer wavelengths. Thus radiation at the shorter wavelengths that ori-

ginates from the inner parts of the dust cocoon and that is mainly due to graphite emission

is more attenuated in case of higher silicate abundances. The decrease of emerging radiation

at the shorter wavelengths has to be counterbalanced by an increase of emerging radiation at

the longer wavelengths. The only exception of an increased amount of emerging radiation at

X ^ 8 yra is spectrum 4 of figure 2. In this case a larger amount of silicate leads to a less

amount of emergent radiation between X = 8 ym and X = 11 ym. In that case the optical depth

between X = 8 ym and X = 11 ;im is so large that self-absorption becomes important.

It shall be shown in section 6 that the influence of 6 /6 on the spectral shape of

emerging radition can be successfully used to determine its value, when the theoretical

spectra are compared with observations.

III.5 Fitting procedure

The detailed solution of radiative transfer in the model dust cocoon yields normalized

infrared spectra, whose shape depends on the parameter combinations p 6 L~ 1 / 4 and 6 /ó .
s g

Now we discuss how we obtain model fits to observed cocoon spectra by applying a certain

amount of "foreground" extinction. Unknowns in this fitting procedure are the total lumino-

sity of a certain source observed and the amount of foreground extinction at every wavelength.

Because we make use of normalized extinction curves as discussed in section 3 lack of know-

ledge of the extinction of each wavelength X essentially boils down to not knowing the visual

extinction A .
v

We. start the model fitting procedure by adopting a certain normalized model spectrum

(L./L) . Then for every wavelength the following equation must hold
L x(obs) = -* exp[-0.921 (11)

where L,(obs) is the observed monochromatic luminosity, L.̂  is the total luminosity to be de-

rived, A1(X) and A (A) are the normalized "foreground" extinction due to graphite and sili-

cate together and due to "dirty" ice and a and 3 are fitting parameters. The constant 0.921

arises from the transformation of magnitude to optical depth scale for the "foreground"

extinction. Using a given normalized spectrum (L./L) , and demanding that eq. (11) holds

at three different wavelengths we are able to determine L^ , a and ß in order to get the

observed luminosities at these wavelengths. By combining eq. (11) for two different wave-

and we getlengths A. and A. we can eliminate the unknown

—

obs

L XA l
I

model

\
L

-1

exp[-0.921a{A1(X1) - (12)

model -0.921ß{A2fX1) - A2(A2)J]

For three different wavelengths two such eqs. (12) can be obtained with which it is possible

to obtain the unknowns cc and $; substituting their respective values in eq. (II), valid at

one.of the chosen wayelengths it is possible to determine the remaining unknown L,.
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Interesting quantities, resulting from such a fitting procedure are: (•£) the ratio of

total visual extinction A (=a+ß) and the 10 um extinction optical depth

0.921jaA1(10) + ßA2(10)}

and (-¿i) the ratio of visual extinction due to "dirty" ice and visual extinction due to all

kinds of dust ß/(0i+$). Especially the former quantity is of interest, since it has been de-

rived for some other objects as well. Having obtained values for L^, a and 3 we can deter-

mine monochromatic luminosities at all other wavelengths using eq. (11). Comparison of these

luminosities with the actual observed ones determines the quality of the fit. Comparing fits

of model spectra characterized by different parameter combinations we can possibly decide,

which model spectrum gives the best fit to the observations. Another important quantity of

the model dust cocoon is the accretion rate M. From the luminosity L^ and the model para-
-1/4

meter p 6 L we can calculate the mass density scale factor p , if some value for 6 is

chosen. Assuming that the dust cocoon is in free fall the accretion rate equals M

where G is the gravitational constant and M is the mass of the central star, that is ob-

tained from L^ by using the l'trninosity-mass relation for main sequence stars discussed in

Chapter IV. As we shall show below M can be used to restrict the range of possible model

fits.

III.6 Results of model fitting and discussion

As stated in the introduction some fifteen cocoon stars are presently known, but only

a few of them have been studied in sufficient detail to allow a comparison with the models.

We have selected four sources to be fitted with the model spectra of section 5. The sources

are: (i) the BN object, being the best studied one, (¿¿) OMC 2/IRS 3 a recently discovered

point source in the Orion Molecular Cloud 2 and one of the least luminous sources known, (Hi)

RCW 57/IRS 1, one of the most luminous objects and finally (iv) the source R Mon/IRS 2,

being very similar to the BN object. We did not include the wellknown source W 3/IRS 5,

because there is recent evidence that this source actually consists of two sources, seen

along the same line of sight (Becklin and Neugebauer, 1976). We first present and discuss

results on the BN object in some detail and then~we deal with the other sources.

III.6.1 The BN object

The BN object was discovered in 1967 by Becklin and Neugebauer and studied by means of

broad band photometry at X ~ 1.65, 2.2, 3.5 and 10 um. Because a broad photometric band

around 10 ym was used, the silicate absorption band was not detected at that time. Further

broad band photometry was performed by Low et al. (1970) at X = 1.65, 2.2, .3.4 and 4.8 ym

and by Becklin et al. (1973) at X = 4.8, 10 and 20 ym. In the latter observations special

care was taken to separate the BN object at longer wavelengths (especially at X = -20 tim) from

the nearby confusing Kleinmann-Low nebula. In figs. 4 and 5 the photometric observations of

Low et al. and the 20 vim observation of Becklin et al. are shown as open circles. Spectro-

photometric data between X = 2 um and 2.4 ym were obtained by Penston et al. O97I) (shown in

the figures as the dash-dotted curve), by Gillett and Forrest (1973) between X = 2.8 ym and
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Fig. 4 Theoretical infrared spectra for the BN object without (upper curves) and with (lower curves)

foreground extinction based on the spectra I of f ig . 2. Dashed curves are for 6 /& = 1 . 5
s g

and fully drawn curves for Sg/ö = 3. Observations as shown are: 2.2 pm, 3.5 um, 4.8 pm and
20 um broad band photometric luminosities (open c i r c l e s ) , 2 um to 2.4 um spectrophototnetric

luminosities (dash-dotted curve), and 3 um to 5 pm and 8 pm to 14 pm spectrophotometric

luminosities (black do ts ) .

5.6 ym and between X = 8 ym and 14 ym (shown in the figures as black dots). The la t t e r ob-
servations clearly show two absorption features centered at X = 3.1 ym and X = 9.8 ym res-
pectively. These absorptions are attributed to spectral features of water ice and s i l i ca te .
No error bars are shown on the observations. At X < 5 ym the scatter in the points gives
some indication of the observational accuracy; at longer wavelengths the nearby KL nebula
could contribute to the flux. The authors estimate that their flux values may contain sys-
tematic errors of the order of 10 percent at X < 12 pm and 20 percent at A t 13 ym in both
directions. We adopted a distance to the BN object of 500 pc.

We fitted the observed luminosities at the reference wavelengths X = 2.2 ym, 4.8 ym and
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F i g . 5 The same as f i g . 3 , but now p r e d i c t e d s p e c t r a a r e based on spectrum 1 of f i g . ? wi th 6 /& = 3

( f u l l y drawn cu rves ) and spectrum 4 of f i g . 2 wi th 6 / 6 - 3 (dashed c u r v e s ) .

10 ym. In figure 4 some fits are shown together with the observations. The upper curves are

the cocoon spectra without the "foreground" extinction; the dashed curve is the normalized

spectrum 1 of figure 2 with ó /6 = 1.5, the solid curve is spectrum 1 of figure 2 with

5/6 = 3 . The lower curves are the model spectra corrected with an appropriate amount of
s 6 . 37
"foreground" extinction. Some parameters resulting from the fit are: L = 6.32 x 10 erg/s

h

(= 1.65 x 10 L @/M Q), Av = 57.6 magnitudes and A V / T 1 Q = 26.4 magnitudes in the case that

ó ./ó = 1.5; values of these parameters for the case & /S = 3 are given in Table 3.

Good agreement with the observations can be obtained at all wavelengths X S 20 urn,
in particular for S /&

s g
3. This confirms our statement made in section 5 that it is
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Table 3 Properties of cocoon stars and parameters of "foreground" extinction on the basis of model

spectra of fig. 2

Source

BN

OMC 2/

IRS 3

RCW 57/

IRS 1

R Mon/

IRS 2

Spectrum
no

1

2

3

4

1

2

3

1

2

3

4

1

2

3

4

s

g

3

i

3

3

3

3

3

3

3

3

3

1.5

1.5

1.5

1.5

1

1

5

2

2

1

5

3

1

8

1

9

5

o

L(L(

.75

.02

.63

.85

.7

.9

.63

.38

.08

.71

.57

.53

.0

. 1

.69

>>

,o4

104

103

I03

10"

I02

10"

.o5

105

in5

,o4

,o4

103

,o3

,03

M(M£

13.

10.

8.

6.

3.

3.

21

58

47

35

26

13.

10.

8.

6.

5

9

5

8

5

0

4

0

3

5

7

\

58.

48.

35.

12.

37.

28.

15.

95.

85.

71.

48.

74.

65.

53.

33.

5

8

1

3

8

7

1

0

3

5

6

1

4

1

7

VT

23.

21.

19.

13.

36.

32.

38.

20.

18.

17.

15.

27.

25.

23.

19.

10

1

1

3

2

4

4

0

0

8

7

5
*

2

1

0

5

M(M
0

2.31

3.62

5.51

8.3

4.79

7.79

1.21

1.17

1.76

2.63

3.81

2.18

3.41

5.37

8.1

/yr)

IQ"6

,0-6

• O" 6

.O"6

.O'7

IO"6

,0"5

10"5

10~5

10"
5

lO"5

.O"6

ID"6

IQ"6

*cr<>

2.1

1.22

6.75

2.85

4.58

2.7

1.5 '

_

6.15

2.85

1.28

1.8

I.I
5.55

2.78

i./yr)

,o"5

,o"5

IQ"6

.O"6

10"7

10"7

10 7

*

I0"4

10"4

10"4

10"5

10"5

.O"6

.O"6

No critical mass inflow rate could be obtained, since the luminosity to mass ratio is too high

possible to derive information on the abundance ratios of different kinds of dust by fitting

model spectra with observations. However, even the best fit in figure 4 (6 /& - 3) shows a

discrepancy between the predicted spectrum and the observed one; between X = 8 ym and 9.5 pm

predicted luminosities are about 40 percent lower than observed luminosities. The simplest

explanation is that our adopted shape of the 10 pm silicate resonance is not entirely correct.

A similar conclusion was obtained in Chapter II. There it was suggested that a better 10 pm

silicate profile is steeper between X ̂  8 pm and 10 ym and less steep between X = 10 ym and

13 pm than the presently used one. However, the presently used profile and one that is less

steep between X = 10 ym and 13 ym could both be probably made to fit to the observations,

since the luminosities in this wavelength region are quite sensitive to the particular choice

of 6 /6 .
s g
The good agreement between predicted and observed spectra for the BN object as shown in

figure 4 does unfortunately not imply that the intrinsic cocoon spectrum of the form of spec-

trum 1 in figure 2 is the only one possible. As an illustration we show in figure 5 a pre-

dicted BN spectrum obtained by applying the appropriate "foreground" extinction to an intrin-

sic cocoon spectrum of the form of spectrum 4 in figure 2 (with 6/6 = 3 ) as the dashed curve.

Some parameters resulting from this fit are listed in Table 3. Compared with the fit in



111-18

figure 4 (and again shown in figure 5 as the solid curve) the luminosities in the wavelength

range between 10 um and 20 pm are about 10 to 20 percent higher. An equally good fit could

have been obtained for a somewhat smaller value of ó /Ó .

To illustrate the range of possible luminosities and the range of the parameters des-

cribing the "foreground" extinction we summarize their values in Table 3 based on the use of

intrinsic model spectra of the form of the spectra in figure 2, with &s/S = 3. Although the

spectra 2 to 4 do not yield such good fits as spectrum 1 the derived parameters are a fair

representation of possible values. The total luminosity remains undetermined up to a factor

6, the visual "foreground" extinction may be as low as 12 magnitudes and as high as 60 magnitudes.

Although we cannot obtain a unique fit to the observations there are several ways to

restrict the range of possible fits. First we could check whether the values of the quantity

A /T.. of the "foreground" extinction are in agreement with those observed towards other

kinds of objects. As is seen in Table 3, A V/T ranges from 13 to 25. Gillett et ál. (1975a)

have found A IT ~ 14 towards the star VI Cygni # 12. No other determination of AIx. tor
10 10

-3

the extinction in the general interstellar medium exists. Gillett et al. (1975b) have esti-

mated that towards compact H II regions Â /x.. lies in the range 10 to 30. These values should

be typical for the extinction in dark dust clouds in front of (or surrounding) the H II re-

gions. Thus we cannot decide from our presently derived A /T1(. values which model fit should

be preferred. ,

Secondly we can check whether a certain dust cocoon model whose spectrum,, corrected £or

foreground extinction gives a good fit to the observations,is dynamically possible. We can

calculate the mass inflow rate M = 4irp /2GM for a particular fit as discussed at the end of

section 5. In order to obtain actual values for M we took 6 = 2x10 . This value was derived
g ;

by de Jong and Tielens (1976) from an analysis the general interstellar extinction curve

using a simple model of interstellar dust grains. An upper limit to 6 appears, to be 3 x 10

on the basis of cosmic abundances. The mass M of the main sequence star embedded in the dust

cocoon is obtained from its luminosity (derived in the fitting procedure) with the' use of the

mass luminosity relation of Chapter IV. Values for M are given in Table 3.

It has been shown by Kahn (1974) that steady inflow around a newly formed main sequence

star of certain luminosity and mass is only possible, if the mass inflow rate is larger than

a certain critical value, M . We have calculated M c r as a function of the luminosity to mass

ratio in Chapter IV (see figure 3). In this calculation we also adopted S = 2 x 10 and the

mass luminosity relation that was used in calculating M for the various fits. It should be

noted that 'A for a certain value of L/M does not strongly depend on the particular choice

of 6 as long as L/M is not too large. Using this M -L/M relation we have determined M
g • . er er

for the various fits given in the last column in Table 3." If the BN object is indeed a main

sequence star still accreting matter we conclude that the model fits based on the normalized

cocbon spectra 1 to 3 are dynamically impossible. An upper limit on the luminosity of
'v 5 x 10 L can be derived, since for a fit with L = 5 x 10 L M would be equal to M . The

a . ,. • © ^ cr
accuracy of this upper limit value should not be overestimated, since M for a certain model
fit is inversely proportional to 6 .

S
Thus in summary, the BN object could indeed be a newly formed main sequence star at the

3
end of its accretion phase with luminosity L £ 5 x 10 L^ (spectral type later than B3). The

abundance ratio of silicate.to graphite 6/6 - 3 gives a good fit to the observations. With

regard to the foreground extinction we can say that it is probably limited to A £ 30 mag-
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Fig. 6 Theoretical spectra and observations (black dots) for OMC 2/lRS 3. The theoretical fits are

based on spectrum 2 of f ig.2 with 5/6 = 1.5 (dashed curves) and with 6/6 = 3 (fully drawn
s E s 8

curves). Upper curves are spectra without foieground extinction, lower curves wich foreground
extinction.

nitudes; the ratio A /T is at most 15 rather close to its value for the star VI Cygni # 12.

III.6.2 Other sources

We shall discuss the results of model fitting only briefly, since they turn out to be

very similar to those for the BN source.

First, we consider the source OMC 2/IRS 3 discovered by Gatley et al. (1974). Their ob-

servations are shown in figure 6 as the black dots (we adopted a distance of 500 pc to

OMC 2/IRS 3). Also shown in figure 5 are the results of model fitting, using the normalized

dust cocoon spectra no. 2 of figure 2, with 6 /& =1.5 (dashed curves) and with 8 /<5 = 3
s g s g

(solid curves). In the fitting procedure we used the wavelengths A. = 2.2 um, \ = 3.5 ym

and X = 10 ym as reference points. Upper curves are the cocoon spectra without foreground

extinction, lower curves those with foreground extinction. Just like in the case of the BN

object & /& = 3 gives a somewhat better fit to the observations, but again the luminosity

between X = 8 vim and 10 ym seems to be somewhat too low. Note that the foreground absorption

of the 10 \im silicate feature cannot completely mask the internal emission. It would be very
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Fig. 7 The same as fig. 6 for RCW 57/IRS 1. The fits are based on spectrum 2 of fig. 2 with 6 /6

(dashed curves) and with 6/6 = 3 (fully drawn curves).

1.5

interesting to see whether detailed spectrophotometry around X = 10 ym would confirm this.

We also calculated fits using the other normalized spectra of figure 2 with 6/6 « 3 . These

fits are equally good as the one shown in figure 6. Derived parameters, such as the lumino-

sity and mass of the central star, the foreground extinction parameters A and A /T 1 n and

M and M are given in Table 3. (Normalized spectrum 4 would require a negative foreground

extinction and is therefore physically impossible). In all three cases, listed in Table 3,

M > M . Therefore all fits are equally probable. The central star could be a main sequence

star of spectral type B6. A V / T 1 Q values are rather large. We could have obtained a good fit

without any foreground extinction, using a cocoon spectrum intermediate in shape between the

normalized spectra 3 and 4 of figure 2.

Next we discuss the source RCW 57/IRS 1 observed by Frogel and Fersson (1974). Observa-
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Fig. 8 The same as fig. 6 for R Mon/IRS 2. The fit is based on spectrum 2 of fig. 2 with S /& = 1.5.

tions are shown as black dots in figure 7. The broad band measurement at X = 10 pm is shown

as an open circle. (We adopted a distance of 3.6 kpc to this source). Fits to the observations

are obtained using the normalized spectra of 2 of figure 2 with 5/5 =1.5 (dashed curves)

and with <5S/S = 3 (solid curves). The spectrum with 6/6 = 3 gives a somewhat better fit

to the observations, although in this case the predicted 12.7 urn luminosity is too small.

Various fits using the other normalized spectra of figure 2 with 6/8 = 3 are equally good

as the one shown in figure 7. The various parameters obtained from the fitting procedure are

listed in Table 3. In all cases M < M^. Extrapolating to the luminosity, at which M * M ,

we obtain as an upper limit to the luminosity of an accreting main sequence star the value
¿I

5 x 10 L0, consistent with a late type 0 star. The probable upper limit on the foreground

extinction is Av "v> 30 magnitudes and k^/t^'^ 14, again quite close to its value for VI Cyg-

ni # 12. Note that the predicted 3.5 um luminosity is considerable larger than that observed.

This could indicate the presence of a strong 3.1 Urn water ice absorption band. It seems

worthwhile to confirm this with spectrophotometric observations.

Finally we discuss model fits to observations of the source R Mon/IRS 2 (Beckwith et ál.,

1976), which are shown as black dots in figure 8 (adopting a distance of 950 pc). Contrary
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to the previous sources best fits are obtained for normalized spectra with 6 /6 = 1.5. As

an example we show the fit obtained with normalized spectrum 2, & /& = 1.5. Overall agree-

ment is good, although the observed 10 um absorption band seems shifted towards longer wave-

lengths compared with the predicted one. Probably a better agreement between model and obser-

vations could have been obtained if we had used the silicate 10 ym profile as given in

Chapter II. Table 3 lists some derived parameters for fits, obtained with the normalized

spectra of figure 2 with 6 /6 = 1.5. If again only fits are allowed for which M > M we

derive an upper limit on the luminosity of ̂  5 x 10 L , A ^ 50 magnitudes and \/^i0 £ 20.

There is no indication of a strong ice absorption band at X = 3.1 ym. Thus probably the

visual foreground extinction A is much smaller than the above given upper limit, and this

also holds for A
--.

III.7 Summary and conclusions

We have discussed models for dusty envelopes that surround recently formed, still accre-

ting, main sequence stars. Assuming realistic optical properties for the dust species, pre-

sent in the envelope, i.e. graphite and silicate grains, model infrared spectra of those

envelopes have been calculated. With the additional assumption of dust foreground extinction,

these spectra can be reasonably well fitted to observations of suspected cocoon stars. How-

ever, no unique fits can be obtained. But using the additional constraint, that inflow must

be possible (M > M ) certain model fits can be ruled out. One of the most firm conclusions

appears to be that the abundance ratio of silicate to graphite grains lies in the range 1.5

to 3, which is consistent with what can be obtained from model fits of the general inter-

stellar extinction curve. There is some indication that the adopted shape of the silicate

10 ym resonance is not entirely correct. The necessary changes implied by a comparison of

theoretical and observed profiles are qualitatively the same as found in Chapter II. Inflow

ra'tes derived from the fits to observations are of the same order of magnitude as the criti-

cal mass inflow rates which indicates that the objects studied are recently formed stars

at the end of their accretion phase. The only object for which a good comparison with obser-

vations is possible is the BN source. Spectrophotometric data between X = 2 ym to 4 um and

X = 8 ym to 13 um for already known sources are urgently needed to further narrow down the

range of possible models.
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CHAPTER IV: A REINVESTIGATION OF ACCRETION COCOONS AROUND MASSIVE STARS

IV.1 Introduction

The concept cocoon star was first mentioned in the literature by Davidson and Harwit

(1967). They suggested that a newly formed massive star, approaching the main sequence or

already on the main sequence is still surrounded by a dense shell of dust and gas. Stellar

radiation is completely absorbed by the dust in this shell and is reemitted at infrared

wavelengths. They predicted that such cocoons should be observable as luminous infrared

point sources.

Their predictioii has been confirmed by the discovery of infrared objects in the neigh-

bourhood of extreme population I objects such as H II regions and dark dust clouds. The

first source of this nature was discovered towards, the Orion Nebula (Becklin and Neugebauer,

1967) and is since then known as the BN object after its discoverers. At present about

fifteen similar sources are known, most of them found during the last few years.

Recent theoretical work on the formation of stars also indicates the existence of a

cocoon star phase. Since about 1969 detailed numerical calculations on the gravitational

collapse of an interstellar cloud have been carried out by a number of people {e.g. Larson,

1969, 1972; Appenzeller and Tscharnuter, 1974; Westbrook and Tarter, 1975). These calcula-

tions give the following qualitative picture: collapse takes place in an extremely non-

homologous manner. After about one free-fall time a dense core in hydrostatic equilibrium

is formed that continues to accrete matter that lagged behind during the collapse. Accretion

on the central core continues until the surrounding envelope runs out of matter in case that

the mass of the cloud that started to collapse is not too large (M . £ 5 M_). The central

core then appears as a pre-main sequence star. On the other hand when the collapsing cloud

has a larger mass (M Í 5 M ) the central core can evolve up to the main sequence, while it

is still surrounded by an envelope that contains a substantial fraction of the mass of the

cloud. It has been suggested that the central core cannot go on accreting all the matter in

the envelope, but that accretion ceases due to various physical processes counteracting the

gravitational attraction of the central star (Larson and Starrfield, 1971). .

Recently Kahn (1974) discussed the influence of radiation pressure on the dust-gas flow

in accreting envelopes around massive main sequence stars. He considered the effect of the

absorption of stellar radiation as well as the influence of the absorption of the infrared

radiation field that is bottled up in the dusty envelope. An important result of his inves-

tigation is that accretion can only go on as long as the mass inflow rate lies within two

critical values. These critical values depend on the luminosity mass ratio L/M of the central

main sequence star (and of course also on the properties of the dust grains in the envelope)

and they approach each other with increasing L/M. He concluded that stars more massive than

about 40 M could not be formed. However, it appears that this upper mass limit depends quite

sensitively on the dust properties used.

In this Chapter we shall reinvestigate Kahn's cocoon star model for a number of reasons.

First, using improved infrared opacities of c i reuniste llar grains we were forced to generalize
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the equations describing the motion of the dust-gas mixture in the cocoon. Secondly, we

have investigated the dust-gas dynamics in the region close to the melting radius of the

dust grains in more detail in order to obtain a condition on steady inflow. Thirdly, we

also discuss cocoons, in which the infrared radiation field is not trapped.

The remainder of this Chapter is organised as follows. Before we describe the dust-gas

dynamics in more detail we first discuss the existence of critical mass inflow rates in a

simple manner in section 2. In section 3 we describe the dust-gas dynamics in that part of

the cocoon, where the radiation is concentrated at infrared wavelengths. In section 4 the

dust-gas dynamics close to the melting radius of the dust grains is treated and a condition

on steady inflow is derived. In section 5 we describe how we can find solutions of critical

inflow without knowning a priori the luminosity L and mass M of the central star and the

mass inflow rate M. In section 6 we discuss numerical results for cocoons being in a state

of critical inflow and an upper mass limit is derived. Finally conclusions are given in

section 7.

IV.2 A simple estimate of critical mass inflow

Consider a dust grain at rest at its melting radius r ; r can be found by equating

the absorption of stellar radiation and the thermal reemission of the dust grain at its

melting temperature T . We neglect the contribution to the heating of the grain of the

infrared radiation field. Adopting absorption properties for the grains as described in

appendix A we find

r =
m

L

4iracA

1/2 T
s

T
m

n/2

(1)

L is the luminosity of the star, a is the radiation density constant and c is the velocity

of light, n, A and T are dust absorption parameters (see appendix A).

The following forces are working on the dust grain:

(i) Gravity of the central star. This amounts

G is the gravitational constant, Pd and ad are respectively the specific weight of the dust

material and the radius of a spherical grain. M is the mass of the central star.

The force due to absorption of stellar radiation

2„ .

FR * 2
4irr c

m

Q is the grain's efficiency for absorbing stellar radiation.

{iii) The force due to collisions with gas atoms/molecules. The average momentum change of

a gas atom/molecule per collision with a grain is m u; m and u are the mass and the velo-

city relative to the grain of a gas atom/molecule. Assume that all gas atoms/molecules have

the same velocity u ( we thus neglect thermal velocity dispersion in the gas). There are
2

iTâ  n u collisions of gas atom/molecules with a grain per unit time; n is the gas atom/

molecule particle density per unit volume. Thus per unit time there is a change of momentum
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2 2 '
ïïa p u ; p is the mass density of the gas. The drag force is thus

2 2F, = ïïa.p ud dg

Critical mass inflow occurs, when all forces on the grains are exactly in balance:

F = F + F.. Then the particle remains at rest at the melting radius. When we would ha\e

a higher mass inflow rate of the gas the particle would be pushed towards the star. On the

other hand when the mass inflow ratio of the gas would be lower than a critical value, dust

grains would be pushed away from the star. Thus a necessary condition for critical inflow is

4iTr

2 2.4 * a d p d G M

3 2TTa.p ud m
(2)

Adopting for u the local free fall velocity at r , u =V2GM/r we derive from (2) a criti-

cal mass density of the gas at r :

V 2 1 1_
8-rrGcM 3 a d p d f r

(3)

From (3) we then can determine the critical mass inflow rate M = 4ïïr p u using equation

(1)

M = 4-iT
cr

V
8irGcM

2
3 J d p d

L I
47iacA j

T
sT
m

n/4

(4)

From (4) we find that inflow of matter can never be halted by radiation pressure when

For stars at the upper end of the main sequence we can safely neglect the term -~ a.p,

for any reasonable value of a,. This means that gravitational attraction of dust grains can

be neglected in comparison with the other forces:

c(2G)1/2(4iracA)1/i*

5/4
,3/4

n/4

(5)

This expression depends on stellar properties (luminosity L, mass M) and on dust properties

(Q , n, A, T , T , see appendix A) in a simple manner. We shall see in section 6 that this

approximate expression gives surprisingly similar values for critical mass inflow rates

compared with those obtained with a more elaborate cocoon model (see fig. 3). Only at very

high masses does this expression deviate considerably from the more accurate description,

because then the infrared radiation field becomes important. Thus in-order to derive an

upper limit on stellar masses it is important to include the trapped infrared radiation field

selfconsistently. This will be done in the following sections.

IV.3 Description of flow mechanics in circumstellar cocoons

In this section we shall discuss the mechanics of the accretion flow of dust and gas

around a luminous main sequence star of luminosity L and mass M under the following assump-

tions.
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(i) The flow is spherically symmetric, steady and continuous, the inflow rate M being a

free parameter.

{•''•i) The dust grains in the flow melt instanteneously at a certain distance from the star;

this distance is determined by balancing the thermal emission of the dust grains of tempera-

ture T and the absorotion of stellar radiation and of infrared radiation generated in the

m

dust cocoon.

{Hi) The temperature of the infrared radiation field and the dust grains are equal with the

following two exceptions: (a) very close to the dust melting distance heating due to absorp-

tion of stellar radiation dominates and therefore the temperature of the dust grains will

be higher than the infrared radiation field temperature and (b) in the outer optically thin

parts of the cocoon the infrared radiation that originates from the inner parts of the cocoon

can escape freely; its colour temperature T will bf higher than the dust grain temperature.
• e

(¿y) The relative velocity of the dust grains and the gas is very small compared to the

velocity with which both are moving towards the star. An exception' is the region of the flow

very close to the dust melting distance, where the relative velocity can become comparable

to the inflow velocity (see section 3).

(ü) We take into account in describing the flow mechanics the gravity of the eer il star

and the mechanical force exerted on the grains by absorption of radiation. Due ne

frictional coupling of grains and gas this force is, although indirectly, working on the

gas. Forces due to gas pressure gradients shall be neglected.

With these assumptions the equation of motion becomes

du GM
2 pdr

(6)

in which u is the velocity of the gas-dust mixture in the r-direction, measured positive

inwards, p is the fluid mass density, G is the gravitational constant and dP/dr is the

mechanical force due to absorption of radiation. The obvio'-s boundary condition with which

eq. (6) has to be solved is that the fluid is at rest far away from the star

u(r) •+ 0 for r •* » (7)

In order that equation (6) can be solved we need to know how dP/dr depends on radius.

Generally dP/dr can be written as (see e.g. Mihalas, equation 1-35, 1970)

p(r)7T
dr

CO

Vv ( r ) d v (8)

in which K is the sum of the monochromatic mass absorption and scattering coefficients (we

shall assume that the dust is purely absorbing), irF (r) is the flux of radiation and c is

the velocity of light. Thus in order to solve equation (6) we must simultaneously solve the

equation of transfer of radiation to find trF (r). We shall approximately treat the transfer

of radiation in the same way as Kahn (lD74). He assumed th-it the radiation field in the

outer parts of the cocoon can be adequately described with a geometrically diluted blackbody

of some temperature T and that in the optically thick inner parts of the dust cocoon the

radiative transfer can be treated in the diffusion approximation. In order to treat the

interaction of the radiation field with the dust-gas mixture we have to know the absorption

properties of the latter. Rosseland mean opacities must be employed in the diffusion approxi-

mation and Planck mean opacities are most adequately describing the interaction of the
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radiation field and the dust-gas mixture in optically thin, cases. The presently adopted

forms of these opacities are discussed in appendix A.

IV.3.1 Optically thick cocoons

In this case we have to describe the dust-gas mechanics in two separate ways, because

two flow regimes in which the radiative transfer is treated in different approximations are

occurring simultaneously.

Flow for v > v .

The infrared radiation field in this part of the cocoon is thought to originate from an

cocoon ."pnotosPnere" with radius r . We suppose that its spectral distribution is that of a

blackbody with temperature T . Then the flux of the infrared radiation field is approximately

given by

(9)

We require that the total luminosity of the central star remains conserved
oo

2 ( 2 H
L = 4iTr I i r F v ( r ) d v = TTacr T

o

(10)

where a is the radiation density constant.

Inserting expression (9) into eq. (8) we can rewrite the equation of motion (6) for r > r

du GM
2 + 4 Ï K P L ( T e ) T e

where K i s the Planck averaged opacity. Inserting K T = AK (T/T ) for T < T (see appen-
r L> i L> O S S

dix A) we find
n

du
J

1 GM -
4irc

(II)

Note that the expression between square brackets does not depend on r. By defining the di-

mensionless quantities n and A

n = (12) and . .. 4ÏÏGMC

= ' K o L (13)

Eq. (¡1) can be rewritten in the form

du _GM
(14)

where n < 1. In order that equation (14) has physically meaningful solutions (u is real)

we require r) > 0. Eq. (14) describes uniformly retarded free fall and has the following

solution

u(r)
2 G M l 1 / 2 1/2

\ n (15)



IV-6

with the boundary condition (7). Using the condition for steady inflow, M

the following density distribution

p(r) =
4ii(2GMn)

M -3/2

Ï7T r

2
r pu, we find

(16)

where M is a free parameter. Next we have to find the radius rg of the cocoon photosphere,

which is the lower boundary of the outer part of the dust cocoon. Hereto we adopt the usual

constraint that the photosphere occurs at optical depth 2/3

• IR
CT )p(r)dr (17)

Using eqs. (12), (16) and (17) we obtain the following expression for r

3K0A(l-n)M
 2

4-n(2GMn) 1/2
(18)

By combining eqs. (10), (12) and (18) we can obtain an expression from which n can be

determined

1/2
( G M )

(n+2)/2n ¿

(i-n) ( A K 0 )
1 / n L ( 5 n + 4 ) / 4 n

(19)

for a certain combination L, M and M. We then find r; with eq. (18) and T with eq. (10).

This completes our description of the flow in the outer part of the cocoon,

Flow for r < r- < vJ m e

We next describe the flow mechanics in that part of the cocoon, where the infrared

radiation field is closely coupled to the fluid. We shall assume that the transfer of infra-

red radiation can be adequately treated in the diffusion approximation

4-rrr'

c dP
K (T)p dr

(20)

where KR(T) is the Rosseland mean opacity of the gas-dust mixture and P = aT /3 is the

pressure of the infrared radiation field at temperature T. With eq. (20) we can eliminate

1/p dP/dr from eq. (6) and we obtain

(21)

where we have inserted the Rosseland opacity K (T) = K (T/T ) (see appendix A). Note that

the expression between square brackets in eq. (21) now does depend on r, because the tem-

perature T of the radiation field is a function of position. Eqs. (20) and (21) must be

solved simultaneously with the boundary conditions

T(r e) and u(r e) =
2GM
re '

(22)

which are determined by the solution of the flow in the optically thin outer part of the

cocoon.
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As was shown by Kahn (1974) eqs. (20) and (21) can be combined into one equation if we
2

use a dimensionless (velocity) v and a dimensionless inverse radial coordinate, x, defined

as

y 5 u /2GMC and
_ r - 1 - 1x - 5 r (23)

where E, is an inverse scale length to be defined later. Using the condition for steady in-

flow and the transformations (23), eq. (29) can be rewritten as

dP

da;

5/2

' (2CM)
3/2

n/4 2x
(24)

where we have used P = aT /3. Similarly eq. (21) can be rewritten in terras of V and x as

du <nh P n

— = 1 - — • (25)
dx 4?GMc

Eqs. (24) and (25) can be combined into one equation as follows: we differentiate eq. (25)

once with respect to x; from the resulting equation we can eliminate dP/dx using eq. (24)

and subsequently P/P using eq. (25). If we define the inverse scale length £ to be

2/5

(26)

we obtain

d2v

dx'

dv
I-

dx

2(n-2)/n 2
x

.1/2
(27)

Tho boundary conditions with which eq, (27) must be solved are values for V and df/dr at

x = x . We demand that they are matching those that can be obtained from the solution of the

flow at r > r (x < x ), i.e. eq. (15). Applying the transformations (23) to eq. (15) we

obtain that the flow for x < x is described by u(.r) = r\x. Therefore we can write the boun-

dary conditions for eq. (27) in the following form

V (.x ) = r\x and i -=— ] = n (28)
e e \dx I

s

Note that for n = 2 eq. (27) reduces to eq. (20) of Kahn (1974).

To evaluate the melting radius of the grains r^ (or alternatively x ) we use the equa-

tion of thermal balance of the dust grains at r

AK, acT
/T, n

K 0 L

(29)

The left-hand side of this equation is the thermal reemission of the grains per unit mass of

fluid material, the right-hand side contains respectively the absorption of infrared radia-

tion of colour temperature T. and the absorption of the stellar radiation. Compared with

eq. (24) of Kahn (1974) an extra factor A is present on the left hand-side and in the first
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term on the right-hand side. This arises, because in eq. (29) we are essentially considering

the thermal balance of individual dust grains and therefore Planck mean opacities should be

used (see appendix A).

Introducing the dimensionless coordinate of the grain melting surface x through eq.

(23), using eq. (24) evaluated at the melting distance to eliminate T. and introducing the

dimensionless quantity A via definition (13) we can rewrite eq. (29) as

-Ü 1 = A
T

(n + 4 )/n
2 2
x
m

4tracAT
(30)

We can find from eq. (27) áv/dx as a function of x for all x - x . That combination

c, x) that satisfies eq. (30) gives x .

This completes our description of optically thick cocoons. For certain properties of

the dust grains and certain values of the free parameters L, M and M we determine the flow

solution in the optically thin part of the cocoon. Of special importance are the deter-

minations of n and r (x ). Having found values for these quantities we can solve the flow

in the optically thick inner part of the cocoon with eq. (27) i.e. v and dy/dx as functions

of x -Z x . Using the condition (30) we then are able to determine the melting surface coor-

dinate x .

m

IV.3.2 Optically thin cocoons

Not in all cases can we describe the flow mechanics in the circumstellar cocoon in the

above given way. Having obtained a solution for the equation of motion as described above

for certain values of L, M and M it is possible, that for no value of x ^ x eq. (30) can

be satisfied. Thus it is not possible to find the melting surface coordinate. This already

becomes clear, when in such a case we would insert (dy/da:) and x in the right Hand side

of eq. (30). Then the right hand side of eq. (30) would be larger than the left hand side of

(30) and this remains so at all x > x , because df/dx is monotonically decreasing with in-

creasing x. However we could find a value of x < x (r > r ), that would satisfy eq. (30).

This is an unphysical solution since the melting radius of the dust grains can be at most

equal to the photospheric radius of the cocoon, but not larger. But it indicates the reason,

why we cannot find a physical solution: the optical depth of the cocoon to infrared radiation

is so small that criterium (17) cannot be used to determine r .

How do we describe the dust-gas flow in case that the infrared optical depth of the

cocoon is small? We still assume that the stellar UV radiation is transformed into infrared

radiation in a geometrically very thin region near r = r .To determine r the thermal

balance of dust grains at r = r , eq. (29) remains valid. The infrared radiation of colour

temperature T., originating from this region, can freely flow through the remainder of the

cocoon only su

field becomes

cocoon only suffering from geometrical attenuation. Thus at r > r the flux of the radiation

irF (31)
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An obvious condition is that the total luminosity L remains conserved

2 4
L = ïïacr T.

m i
(32)

Combining eqs. (29) and (32), we can eliminate the unknown rm to obtain an expression, with

which T. can be determined

T.
4AT

4 A T 4 + n
+ T

n

i s

(33)

In a similar way as for the optically thin outer part of an optically thick cocoon we obtain

the equation of motion for the entire optically thin cocoon

du GM (34)

with

n -= . -- U
A \T

s

(35)

and A being defined in eq. (13).

Eq. (34) can be solved with the boundary condition u -*• 0 for r •+ °> and the result is

1/2 (36)

p(r)
-3/2

(37)

This solution is valid on the interval r e (r ,°°) and r can be calculated with eq. (32)

if T. has been previously calculated with eq. (33). Just as for optically thick cocoons the

free parameters are L, M and M.

IV.4 Description of the flow near the melting radius

Up to now we have tacitly assumed that the flow can be described in the above given way

all the way to the melting radius of the dust grains. This is not true because we did not

take into account the dynamical effects of the absorption of stellar radiation in the region

close to the melting radius (although we accounted for the stellar radiation in the thermal

balance of the dust grains at the melting radius). In fact it is to be expected that the dust-

gas dynamics is mainly determined by the absorption of stellar radiation. Since stellar ra-

diation is completely absorbed in a geometrically thin region, we expect that the dust grains

are strongly decelerated upon approaching r . However in order to allow steady inflow of both

dust and gas the grains must be able to reach the melting radius; otherwise the grains will

pile up at r > r and steady inflow will break down. Therefore we shall derive a necessary

condition in order that steady inflow can occur.

We assume that the geometrical thickness of the region is so small compared with its

radius of curvature (= r ) that we can neglect geometrical dilution effects. This enables

us to describe the dust and gas flows in a plane-parallel way. It can easily be verified in
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cases of interest that this is a reasonable approximation. In addition we drop the assumption

that the relative velocity of dust grains and gas is negligibly small compared with the velo-

city with which both are moving towards the star. To be able to counteract the forces on the

dust grains due to absorption of stellar radiation an appreciable velocity difference between

dust and gas builds up. Finally we omit the dynamical effects of gravity of the central star

and of gas pressure gradients and pressure gradients of the infrared radiation field.

Dust grains and gas enter the region, where the dust grains start to see the stellar UV

radiation, with almost equal velocities. Upon approaching rm the dust grains feel an in-

creasing force due to the absorption of stellar radiation of the form

2„ - -a

FR =

where Q and a are the UV absorption efficiency and radius of a dust grain and O is the UV

optical distance to r . Under the influence of this increasing force the dust grains are

strongly decelerated and as a result a non-negligible velocity difference between the dust

grains and the gas originates. Consequently a drag force of increasing strength couter-

acting the radiation force is built up. We assume the following form for this drag force

(thereby neglecting the effects of thermal motions of gas atoms or molecules)

Fd = 7Ta2pg(ug-udr

where p is the mass density of the gas ai..! u , u, are the velocities of the gas and the

dust grains. With increasing velocity difference of dust grains and gas the collision rate

of a dust grain with gas atoms/molecvles is enhanced. This causes an appreciable transfer of

momentum from the dust grains to the gas and consequently the gas is also decelerated. We now

argue that with increasing radiation force on the dust grains the velocity difference is in-

creased in such a way, that FR = F,.

To verify this consider the following situation. At some time a force on a dust particle,

at rest in a surrounding gas of uniform density, is switched on. The particle starts to move

through the gas and after some time a terminal velocity is reached, when the driving force

and the drag force are in balance. It can easily be shown that the particle has traveled over
2

a distance "o md/ira p , m^ being the mass of the particle, before it reaches its terminal ve-

locity. Now consider the case that the driving force depends on the position of the dust par-

ticle. The particle can reach its local terminal velocity, if the characteristic distance over
2

which the driving force changes is much larger than the characteristic distance m,/Tra P ,
which the particle has traveled to reach its terminal velocity.

The driving force on the dust particle is due to absorption of stellar radiation. The
2

characteristic distance over which the radiation force changes is l/n,Tra Q , n, being the dust

particle's number density. Thus the driving force and the drag force are in balance, FR = F,,

as long as

m, 1 p

2
TTa p

g 0

— Qo» !

where pd is the mass density of grains. At large optical distances from r (a » 1) we expect

that p^ 'Xi 10 p (adopting the cosmic dust to gas mass abundance ratio) so that the forces

are in balance. Only when the local dust velocity has dropped to a few percenct of the local
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gas velocity the characteristic distances become about equal and detailed force balance will

be violated. This happens in certain cases only in a region extremely close to r^. We assume

that F = F is valid throughout the melting region. ,
K Q
We now give the equations with which we can solve the dust-gas dynamics. For the gas

we have conservation of mass

P g U g ( t T ) = P ' U '
M

4irr
m

and conservation of momentum flow

-a
Le

p g U g ( a ) 2
4ïïr c

m

= p'u'

(38)

(39)

where p' and r' denote the mass density and velocity of the gas at o » I. We have assumed

that all momentum taken up by the grains by absorbing stellar radiation is transfered to the

gas. This is not strictly true but the amount of momentum that stays in the grains is

negligibly small since at o » I the grains have already a much smaller momentum than the
2 2 -2 2

gas (p,u, =<5pu 'v 10 p u ) . The total mass of the dust grains must also be conserved

P du d(0) = S'p'u' (40)

where ó' = 10 is the dust to gas mass ratio at 0 >> 1. Furthermore we have detailed balance

of the driving and drag forces, F = F,,

K u

-0
= p (u -u,) 2(0) (41)

Q 0 L e

Eqs. (38) to (41) can easily be solved. Free parameters are p', u', 6' and B - L/471 r c.

The solutions are

u (a) =
g p'u 1 (42)

u d(a) (43)

(44)

It is now fairly easy to derive the necessary condition in order that steady inflow of

dust and gas is possible. Because the dust grains must be able to reach the melting radius

we require u.(0 = 0) 5 0; otherwise they pile up at r > r and steady inflow ceases. From

eq. (43) we easily derive that

p'u'
4irr c

m

In the asymptotic case, that u, = 0 at 0 = 0 the gas density and velocity at r are

p (0=0)

I+Qr
and u (0=0)

g

(45)

(46)
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We thus see that the gas flows in with reduced speed and enhanced density in case that the

dust grains can just reach r .

IV.5 Cocoons at critical mass inflow

We are especially interested in cocoons, which are in a state of critical mass inflow.

This occurs when the dust grains can just reach the melting radius. Basic unknown flow quan-

tities are p' and u' that must be obtained by solving the equation of motion as outlined in

section 3. They are related to the mass inflow are M by

M = 47rr'2p'u'
ip

where r̂  is the distance, at which the dust grains start to see the stellar radiation. How-

ever, we can safely assume that r' = r in all cases of interest, because the dust melting
' m m

layer is very thin geometric ally. The necessary condition for critical inflow then reads

M rUn / 2 \
= p u I =

irr2 V m ni/

(!+Q0)L
(47)

4irr c
m

How do we obtain the solution of a cocoon at critical mass inflow around a star of

certain luminosity L and mass M? After we have specified the properties of the dust grains

and after we have chosen a certain value of M we can solve the equation of motion with the

methods outlined in section 3. With this solution and the equation of thenaal balance of

the dust grains at the melting position we obtain r , u , or alternatively x , V . We then
° ö r m* m ^ m' .in

can check, whether eq. (47) is fulfilled. If not, we should choise a different M and repeat

the whole procedure until we have found a value for M, that satifies (47). However this is

a lengthy and rather indirect method to find critical inflow solutions. Below we describe a

method to find such solutions in a more direct way, where we make use of 1 as a free para-

mater instead of L, M and M.

IV.5.I Optically thick cocoons

We shall first discuss solution of the equations of motion in terms of the parameter n.

In the optically thin outer part of the cocoon, xe(O,x e), the solution is v = r\x where

x = £ r Using eqs. (18), (!9) and (26) we obtain for x

2/5

x —
e

(48)

The only quantities, that we have to know besides T), are the dust opacity parameters n and A.

We can now solve the equation of motion (27) for the thick inner part of the cocoon with the

boundary conditions v = r\x and (du/da:) = n- In fig. 1 we show the solution of the equation

of motion for the case characterized by the parameters n = 0.65, n = 1.671 and A = 1.66. At

small values of x (large r) the flow does not deviate strongly from uniformly retarded free

fall (dashed curve in figure 1). At larger values of x the increased influence of the

trapped infrared radiation field causes a strong retardation of the flow. At a certain x the
9

dimensionless (velocity)" (and also the physical inflow velocity u) reaches a maximum value

"'max' A t larëer x t n e influence of the infrared radiation becomes so important that the flow
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Fig. I Graphical illustration of the procedure to obtain critical solutions of accretion cocoons.

The solid curve represents the solution of the equation of motion of the dust-Ras flow in the

cocoon; for values of x between 0 and x (x^ is obtained with eq. (48)) the solution is i> = r\a;

for/x > x the solution is obtained from eq. (27). The dash-dotted horizontal line indicates
6 2

the dimensionless (velocity) at the melting radius of the dust grains for critical inflow

(u is obtained with eq. (50)). Intersection of the solid and dash-dotted curves gives the

dimensionless melting surface coordinate, x , for critical inflow. In the example shown we

adopted the following parameter values: n = 0.65, n = 1.671, A = 1.66, and Q_ = 1.

is actually decelerated. At x = x the flow velocity becomes zero; for larger values of x
IT13X

no steady inflow is possible.
We can also express the critical inflow condition in terms of the parameter r\. Eq. (47)

2
can be written in terms of the dimensionless (velocity) at the melting radius as

2

V
d + Q 0 ) L

cM(2GM£)1/2
(49)

Combining eqs. (19), (26) and (49) we get the following useful expression for V

9n 2 / 5(l +Q )
2

218/5
(50)

Thus the dimensionless (velocity) at the melting radius is completely determined by the
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dust paramters n, A and Q , and the free parameter n- Intersection of the solution v =

in fig. 1 with v = v yields the dimensionless coordinate of the dust melting surface x^ for

critical inflow cocoons. In addition we also find (dv/dx) that we shall need later.

It is interesting to comment on the existence of optically thick critical cocoons.

Figure 1 shows that in general two values for the dimensionless melting coordinate, *„,(')

and x (2), are found for a specific value of r). As discussed in section 3 not all solutions

are consistent with an optically thick cocoon. For n larger than some value n one of the

intersections of v(x) and v in fig. 1 would yield x (I) < x ; the photosphere would lie

within the melting surface. This is clearly an unphysical situation. Equating V = rye and

V , using eqs. (48J and (59) we find

= 3 ( ' + Q o ) (51)

Thus for n > n only one critical solution for optically thick cocoons remains; the other

critical solution for the same n value can be obtained by considering an optically thin

cocoon model. On the other hand no critical cocoons exist if T| < n • where n . is the value
m m mm

for which v
V (V tangential to V in fig. 1).
max m °

How do we obtain actual physical quantities such as the stellar parameters L and M and

the critical mass inflow rate M for critical inflow solutions for a certain n? Our star-

ting point is the equation of thermal balance of the dust grains at x (or r ) in the form

of eq. (30). With eqs. (26) and (49) we can rewrite eq. (30) as

n+4

= A
(nt4)/n

\dxl

(nt4)/r.

3nA(l+Q0)

(52)

For a certain value of r\ we find the quantities x , v and (dv/äx) for a critical inflow

solution as discussed above. Then the quantity A can be determined iteratively from eq. (52)

when values for T and T are specified (see appendix A). Having further specified the UV

absorptivity K we can obtain the luminosity to mass ratio of the central star with the help

of »q. (13); with a mass luminosity relation we then can separately obtain L and M and

finally the critical mass inflow rate can be determined with the help of eq. (19).

IV.5.2 Optically thin cocoons

In this case we start out with the colour temperature T. of the infrared radiation field

determined with eq. (33), independent of the assumed value of r\(.> r\ ). Subsequently the
rnäx

quantity A ran be determined from eq. (35) and L/M is obtained from eq. (13) if we further

specify the UV absorptivity K . Inserting

2GM(l/2 1/2

in eq. (47) we obtain the critical mass inflow rate for optically thin cocoons

1/2

M
2r|GM
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Eliminating r with the help of eq. (32) we obtain

UtQ0)L-

cT. (4-rrac
(53)

It is interesting to compare M as given by eq. (5) with M given by eq. (53). Assume

that the contribution of the infrared radiation field in heating the dust grains at rm can

be neglected. Substituting the expression for T. that is then obtained from eq. (33) in

eq. (53) we obtain

c (47racA)
1/4

5/4 3/4

(2nG)
1/2

n/4
I

(54)

1/2
Eq. (54) differs from the comparable eq. (5) in section 2 by a factor (1 + Q )/Q r\ ". We

can give the following physical explanation of this difference. In the derivation of eq. (5)

we assumed that the dust grains at the melting radius r are at rest with the gas flowing

past them in free-fall. In reality the dust grains are also coming from r > r . In the re-

gion of the flow, where the UV stellar radiation is invisible the flow velocity is smaller
-1/2

than the free-fall velocity by a factor n . Upon approaching r the dust grains are

strongly decelerated due to absorption of stellar radiation. Also the gas is decelerated

in such a way that its velocity at r amounts Q /(! + Q ) times the gas velocity at large

UV optical distances from r (see section 4, eq. (46)). As a result the gas velocity at r

is Q r| /(I + Q ) times the free-fall velocity. If we would have used this gas velocity in

deriving M as outlined in section 2 we. would have obtained eq. (54) instead of eq. (5).

IV.6 Numerical results of critical cocoons and discussion

Next we present numerical results of cocoons being in a state of critical inflow. Here-

to we adopt the dust properties as discussed in appendix A i.e. n = 1.671, A = 1.66,

< o = 30fi cm
2/g, Qo = ], Ts = 17285 K and Tffl = 1800 K. while Kahn used n = 2, A = 1,

K Q = 600 cm
2/g, Qo = I, Tg = 22000 K and Tm = 3600 K. It can be verified that for the pre-

sently adopted parameter values the mean opacity in the infrared relative to the mean ultra-

violet opacity is about a factor of 3 higher than for the parameter values adopted by Kahn.

This has significant influence on the numerical results.

In Table 1 we give values for the dimensionless coordinate of the melting radius, x ,
2 m

the dimensionless (velocity) at x , v , and (dv/äx) of optically thick critical cocoons

for a number of values of the free parameter n. To obtain these values we only needed to

use the dust parameters n, A and Q . Two sets of values for x , v and (du/da;) exist for
o ra' m m

n e (0.55, 0.751 For n > n m a
 = 0,75 only one set of values remains for optically thick

critical cocoons. Figure 2 shows the locus of optically thick critical cocoons in the A,

n parameter space. To get this we need additionally values for T and T . We make the follow-

ing remarks. First, there is a very restricted range of A values, fov which two critical so-

lutions exist. This is in agreement with the existence of upper and lower limits on the mass

inflow rates as was derived by Kahn. However for A ̂  6.1 10 there does not exist an upper

limit on the mass inflow rate. Secondly we see that a minimum possible A value for a critical
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Table I Critical solutions for various n values for dust parameter values,

n =1.671, A = 1.66 and Q o = 1.

I)

0.58

0.6

0.62

0.64

0.66

0.68

0.7

0.72

0.74

0.76

0.78

0.8

0.82

0.84

0.86

0.88

0.9

3.77

3.24

2.77

2.35

1.98

1 .66

1.37

1.13

0.11

7.26

5.7

4.37

3.28
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. 1

.29

.4

.48

.55
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.65

.7

.73

.77

.8

.83
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.86

.91

,93
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.78

.89

.1
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.35

.43

.49
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]

«f1

.0"'

condition cocoon exists; this corresponds to a maximum possible L/M. The minimal A value

cannot very well be read from figure 2. From our numerical data we obtain that the minimum
-3 2

value is A = 5.73 10 at n = 0.74. Using K = 300 cm /g we get from eq. (13) a maximum

L/M = 7.6 x 10 L /M that a star can reach through steady accretion. Using a mass-luminosity

relation for the upper main sequence (M <& 10 M_)

(M/M

0.078+4.1 10"3(M/Me)+3.3
(55)

(fitted to the theoretical models of Papaloizou (1973)) we derive an upper mass limit of

56 M . This upper mass limit does not differ greatly from the 40 M that was obtained by

Kahn. However his treatment of the inflow contains some inconsistencies that were improved

in the present model (such as his use of Rosseland mean opacities throughout the whole dust

cocoon, and the connection of the optically thick and thin parts of the flow). Therefore we

also determined an upper mass limit using his dust parameter values. His upper mass limit

then turns out to be % 30 M_ still not too different from the presently derived one. How-

ever the agreement is rather fortuitous. When we use our more realistic value of the graphite

melting temperature in combination with Kahn's opacity parameters we find an upper mass limit

of about 400 M . It should be noted that we have neglected a possible contribution to the

stellar luminosity by inflow of kinetic energy on the stellar surface due to accretion of

matter.
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Fig. 2 Locus of critical solutions of optically thick cocoons; in the A, n parameter space. This

locus was calculated adopting the following values of the dust parameters: n =1.671,

A =1.66, Q = 1, T = 17285 K, and T = 1800 K. Along the Ordinate on the right-hand side

of the figure we indicate the luminosity to mass ratio of the central star that was calcu-

lated from A using
0

300 cm /g.

Some interesting physical quantities of the accretion cocoon around a 56 M star are the
15 S

following. The melting radius of the dust grains occurs at 1.44 10 cm. The photosphere

radius is about a factor of 10 larger, rg = 2.26 10 cm. Infrared radiation escaping from

the photosphere of the cocoon has a colour temperature of 260 K. The critical mass inflow

rate calculated with eq. (19) becomes 1.46 1023g/s (2.2 10~ Me/yr).

How does our presently derived upper mass limit compare with the masses of the most

luminous 0 type stars that have been observed. A recent compilation of observational para-

meters of these stars by Conti (1975) shows that the highest known luminosity of main

sequence 0 stars is of the order of 10 L . Using eq. (55) we derive that the corresponding

mass would be 'b 100 M . Thus our upper mass limit seems to be somewhat too low. However we

can easily raise the upper mass limit to about 100 M_ by e.g. lowering K by a factor of 2.

We do not think that K is known with a better accuracy than this factor. It is interesting

to note that recently Stothers (1976) has argued for entirely different reasons that the

luminosities of early type 0 stars could have been overestimated. If so, the most massive

0 stars would have lower masses closer to our 56 M upper mass limit.

We have also calculated critical mass inflow rates for stars with M < 56 M surrounded
a

by cocoons with the same dust parameters. The results are displayed in figure 3. The fully

drawn curve is M for optically thick cocoons, and the dash-dotted curve is M for opti-

cally thin cocoons. Given as the dashed curve is M calculated with eq. (5). The difference
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Fig. 3 Critical inflow rates, M_ , as a function of the luminosity to mass ratio, L/M, calculated

¡or n •= 1.671. A = 1.66, Q = I, < = 300 cm2/g, T = 17285 K, T = 1800 K, and using the
u u s ( m

mass luminosity relation, eq. (55). The solid curve is M for optically thick cocoons,the

dach-dotted extension to lower L/M values is M ^ for optically thin cocoons. The dashed

curve represents Mct "S a function of L/M calculated with eq. (5) using the above given

parameter values.

of this M with the one obtained with the more elaborate cocoon model was explained in
cr . r

section 5. We have also calculated M as a function of L/M for different values of K„

(different dust to gas mass abundance ratios). We did not display the results in a figure,

since these M does not drastically differ from those of fig. 3, except at large values of

L/M. This is not surprising, because in case of cocoons, that are not optically thick to

infrared radiation, ciitical inflow is mainly determined by the influence of the stellar

radiation field on the dust-gas flow a* the melting radius.

IV.7 Conclusions

Only stars with masses smaller than about 56 M can be formed through the accretion of

circumstellar matter. The presently obtained upper mass limit does not differ too much from

the one, that was obtained, by Kahn (y 40 M ). However the agreement is fortuitous: the

properties of the dust, that we used in our present investigation, differ substantially from
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those adopted by Kahn. We consider our dust properties to be more realistic. Our method to

obtain critical solutions of accretion cocoons enables us the calculate easily such critical

solutions for stars with masses smaller than the upper mass limit.

Appendix A; Dust properties

Ï
Like Kahn we assume that only graphite grains have to be taken into account in the

dynamical consideration of circumstellar accretion flows. There are'two reasons for this

assumption. First, out of the various possible grain materials, that are presently believed

to exist in interstellar space, i.e. graphite, silicate and some third material of yet un-

known chemical composition, graphite has by far the highest melting temperature. Secondly,

graphite probably provides the highest absorptivity for typical radiation fields in dust

cocoons. However, Kahn seems to have overestimated the melting temperature of graphite. He

adopted a value of T^ ̂  3600 K. This value is the melting temperature of solid graphite

in thermo dynamic equilibrium with graphite vapour, having a vapour pressure of 10 Torr

(= 1 mm of mercury). In the inner parts of the cocoons we may expect vapour pressures, that
' -11

are more likely to be in the order of 10 Torr. The graphite sublimation temperature lies

then in the range of 1600 K to 2000 K. We adopt Tm = 1800 K.

Next we discuss the optical properties of graphite grains. The followmg expressions

for the Rosseland and Planck average opacities of the dust-gc.3 mixture are used

K R (T)

I K,

T >. T

T < T

T > A"1/n T

(Al)

AK /.I
°\Ts

T < A-l/n T

On the basis of optical constants of graphite, measured by Taft and Phillipp (1965), Keil-

man and Gaustad (1969) have calculated Rosseland and Planck mean absorption efficiencies

for spherical graphite particles of radius 5 x 10 cm at temperatures T £ 3000 K. From

their figs. 1 and 2 we find that these average efficiencies can be suitably represented with

the following analytical expressions

«PL

4..48

6.886

(cm"1)

(cm"1)

(A2)

These expression are also valid for other values of the particle radius, because the mono-

chromatic infrared absorption efficiencies vary proportional with the particle radius as

long as 2ira/A « 1 (Rayleigh approximation). From eq. (A2) we can directly obtain values

for the two parameters n and A: the exponent of the dependence on temperature of the average

absorption efficiency is, n - 1.671, rather than n = 2, that was used by Kahn; the ratio of
t|

Planck and Rosseland mean opacity at T < T (ii 2 10 K) becomes A • 1.66.
s

Like Kahn we assume that graphite has a grey ultraviolet absorption efficiency Q .

Therefore the Rosseland and Planck average efficiencies are equal. Inserting Qn " Q o and

I
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T = To in eq. (A2) we can determine the transition temperature Ts , if we further specify

Q and the particle radius a. We take Q = 1. The particle radius is taken from the work

of de Jong and Tielens (1976). They have fitted the general interstellar extinction curve

at visual and ultraviolet wavelengths, using ice, graphite and silicate grains, that each

have a certain radius and that each are present in a certain amount. Their best fit gives

a graphite grain radius of 2 x 10 cm. With the use of this radius we determine that

T = 17285 K.
s

The ultraviolet opacity of the dust-gas mixture in the cocoon, K , due to graphite

grains can b\¡ obtained with

4p a

where p =2.5 g/cm is the specific weight of graphite and where 6 is the mass abundance

ratio o¿ graphite grains to gas. We adopt 6 • 2 x 10 , following de Jong and Tielens (1976).

We then obtain K

6
2

300 cm /g. This value of K is a factor 2 smaller than the one adopted

by Kahn. Kahn attributed all interstellar extinction at the peak wavelength of the 2200 A

bump to graphite. However, other interstellar grains contribute significantly to the ex-

tinction at this wavelength.

'.'Í
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SUMMARY

!Í

i)

In this thesis we study some aspects of circumstellar dust shells. We have known about

the existence of tiny particles of solid matter in interstellar space since 1930. These

dust particles cause the interstellar extinction and polarization of stellar radiation. For

a long time we could only study the interstellar dust by moans of the extinction and polari-

zation of visible stellar radiation. The development of observational techniques at infra-

red wavelengths in the mid sixties has given us more possibilities to study interstellar

dust particles. This development has led to the detection of extended dust shells around

a variety of stars. Dust particles in these shells are heated by the central star sothat

they radiate at infrared wavelengths.

In the first three Chapters of this thesis we study the infrared radiation of circum-

stellar dust shells. In order to obtain information about the dust particles, such as their

optical properties and their spatial distribution around the star, one needs to describe

the absorption and emission of radiation by the dust particles and the transfer of radiation

through the dust shell as accurately as possible. In Chapter I we develop a method to calcu-

late infrared spectra of spherically symmetric dust shells, given the density distribution

of dust, the optical properties of the dust particles anti the spectral distribution of

radiation of the central star. As an illustration we have calculated some infrared spectra

of dust shells containing graphite and silicate dust particles.

Chapter II deals with the infrared emission dust shells around cool (super)giant stars.

These are stars of luminosity several thousand times larger than the solar luminosity which

have surface temperatures between 2000 and 3000 degrees Kelvin. The bulk of the stellar

radiation is emitted at wavelengths near 1 micron. These stars are in an advanced phase of

stellar evolution; they are often surrounded with extended shells of gas, expelled by the

stars themselves. The physical conditions in the gas shells favour the formation of dust

particles that absorb stellar radiation and reemit the absorbed energy at infrared wave-

lengths. Most of these stars do show an infrared excess peaking at a wavelength of about

10 micron. This peak in the excess emission is characteristic for silicate type dust par-

ticles. In Chapter II we calculate some infrared spectra of such silicate dust shells. We

used silicate absorption properties as determined experimentally for terrestrial silicates.

The theoretical infrared spectra show the 10 micron silicate feature in absorption in con-

trast with observed spectra. In order to obtain reasonable agreement between observed and

calculated infrared spectra the amount of absorption of the silicate particles around 1

micron needs to be about twenty times larger than that of terrestrial silicates. We deter-

mined the shape of the 10 micron silicate feature by comparing theoretical and observed,

optically thin emission spectra. A model for tU-r dust shell around the source IRC lOOil,

which satisfactorily reproduces the observed spectrum of this source, also gives the best

agreement between the theoretically calculated and observed spatial distribution of the

infrared emission of the dust shell.

In the third Chapter we investigate infrared spectra of cocoon stars. Cocoon stars are

recently formed massive stars still surrounded by infailing dust and gas. The radiation of

the central star at ultraviolet and optical wavelengths is completely absorbed by the

surrounding dust and therefore these objects are only observable through the intense infra-

red reemission of the dust particles. Some fifteen possible sources of this type are
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presently known. Invariably an absorption feature at 10 micron is visible in the infra-

red spectra. This absorption feature has been attributed to cool silicate dust particles

in an extended cloud around the cocoon star. We have calculated a number of infrared spectra

of cocoon stars using the method developed in Chapter I. We assumed that both graphite and

silicate dust particles exist in the dust cocoon. We used absorption properties of graphite

grains as determined in the laboratory and absorption properties of silicate grains as

derived in Chapter II. The abundance ratio of silicate grains and graphite grains is a free

parameter in the model calculations. Model spectra, modified by the absorption of cool

grains, agree reasonably well with observations when we choose an abundance ratio of sili-

cate and graphite grains of the order of their abundance ratio in the general interstellar

medium. We also conclude that the cocoon stars observed are at the end of their accretion

phase. The mass inflow rate of these cocoon stars is close to the critical lower limit, at

which inflow of matter can just occur as is described in Chapter IV.

Chapter IV discusses the dynamics of the extended shells of gas and dust around newly

formed stars. The dust-gas mixture moves towards the central star under the influence of its

gravity. The gravitational force is opposed by radiation pressure acting on the gas through

the dust particles. Recently F.D. Kahn developed a model of the dust-gas motion under the

influence of the above mentioned forces. We have extended and generalized his model such

that we also could use it for properties of dust grains different from those specified by

Kahn. We especially paid more attention to the conditions at the inner boundary of the dust

cocoon where, the dust grains melt. We confirm Kahn's conclusion that the central star can

only gain mass by accretion, if the mass inflow rate lies within certain critical limits.

If the mass inflow rate becomes too small, accretion is halted by the pressure of the ultra-

violet radiation field at the inner boundary of the dust cocoon. On the other hand, if the

mass inflow rate becomes too large, accretion ceases due to the pressure of the infrared

radiation field bottled up in the dust cocoon. Using realistic properties of dust grains

i'e have calculated that only stars with masses smaller than about 60 solar masses can be

formed, in reasonable agreement with observational data on the most massive stars that

occur in our galaxy.
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In dit proefschrift worden enkele aspecten van circumstellaire stofschillen bestudeerd.

Het bestaan van microscopisch kleine vaste deeltjes in de interstellaire ruimte, die voor-

namelijk gevuld is met uiterst ijl waterstofgas, is reeds bekend vanaf 1930. Deze stofdeel-

tjes veroorzaken de interstellaire extinctie en polarisatie van sterstraling. Lange tijd

heeft men het interstellaire stof slechts kunnen bestuderen door middel van de extinctie

en polarisatie van zichtbaar licht van de sterren. De ontwikkeling van waarneemtechnieken

in het infrarode golflengtegebied omstreeks het midden van de jaren zestig heeft de moge-

lijkheden tot onderzoek aan interstellaire stofdeeltjes aanzienlijk uitgebreid. Deze ont-

wikkeling heeft geleid tot de ontdekking van uitgebreide stofschillen rondom verschillende

soorten sterren. Stofdeeltjes in zulke schillen worden door de centrale star verwarmd, zo-

dat ze straling bij infrarode golflengten produceren.

De bestudering van deze infrarode straling van circumstellaire stofschillen is het

onderwerp van de eerste drie hoofdstukken van dit proefschrift. Teneinde uit de waargeno-

men infrarode-straling informatie over de stofdeeltjes, zoals hun optische eigenschappen

en hun ruimtelijke verdeling rond de ster, te verkrijgen, moet men de processen van ab-

sorptie en emissie van straling door de stofdeeltjes en het transport van straling door de

stofschil zo goed mogelijk beschrijven. In hoofdstuk I wordt de methode behandeld om infra-

roodspectra van bolsymmetrische stofschillen te berekenen. Daartoe moeten eerst de dicht-

heidsverdeling van het stof, de optische eigenschappen van de stofdeeltjes en de spectrale

verdeling van de straling van de centrale ster zijn gespecificeerd. Ter illustratie worden

enkele infraroodspectra van stofschillen, die grafiet- in silicaatstofdeeltjes bevatten,

berekend.

In hoofdstuk II behandelen we de infrarood emissie van stofschillen rondom koele reu-

zensterren. Dit zijn sterren met een lichtkracht enige duizenden malen groter dan de licht-

kracht van de zon en met een oppervlakte temperatuur tussen 2000 en 3000 graden Keivin.

Het grootste deel van de straling van de ster ligt bij golflengten nabij 1 micron. Deze

sterren zijn in een late fase van hun evolutie en ze zijn vaak omgeven door uitgebreide

gassch.-Hen, die door de sterren zelf zijn uitgeblazen. De omstandigheden in deze omhulsels

zijn gunstig voor het ontstaan van stofdeeltjes, die sterstraling absorberen en weer uit-

zenden op infrarode golflengten. Het merendeel van deze sterren vertoont dan ook een infra-

rood exces met een piek bij een golflengte van 10 micron. Deze piek is karakteristiek voor

silicaatdeeltjes. In hoofdstuk II berekenen we infraroodspectra van zulke silicaatstofschil-

len. Hierbij zijn absorptieeigenschappen van silicaatdeeltjes gebruikt zoals in het labo-

ratorium gevonden voor aardse silicaten. Deze theoretische infraroodspectra vertonen een

absorptie rondom 10 micron in tegenstelling met de waargenomen spectra. Om redelijke over-

eenstemming van waargenomen en theoretische spectra te verkrijgen moet de mate van absorptie

van circumstellaire silicaatdeeltjes bij golflengten rond 1 micron ongeveer 20 maal groter

zijn dan van aardse silicaten. Een profiel van de absorptieband van circumstellaire sili-

caten bij 10 micron is verkregen door theoretische en waargenomen optisch dunne emissie-

spectra met elkaar te vergelijken. Een model voor de stofschil van de bron IRC 100!1, waar-

mee het waargenomen infraroodspectrum van deze bron het meest bevredigend wordt gereprodu-

ceerd, geeft tevens de beste overeenkomst tussen de theoretische en waargenomen ruimtelijke

verdeling van de infrarode emissie van de stofschil.



In het derde hoofdstuk worden de infraroodspectra van kokonsterren bestudeerd.

Kokonsterren zijn recent gevormde vrij zware sterren, die nog omgeven zijn door invallend „p.i

stof en gas, overblijfselen van de wolk, waaruit die sterren zijn ontstaan. Alle straling l?¡

van de centrale ster bij ultraviolette en optische golflengten wordt volledig geabsorbeerd .,''-

in de stofschil, zodat deze objecten slechts waarneembaar zijn door de intense infrarode /;

herstraling van de stofdeeltjes. Een vijftiental van zulke objecten is tegenwoordig bekend. ••"•.

Onveranderlijk vertonen de infraroodspectra een absorptieband bij 10 micron. Deze absorptie- ;:

band wordt toegeschreven aan koele silicaatdeeltjes in een uitgebreide wolk rondom de kokon-

ster. Met behulp van de methode, besproken in hoofdstuk I, hebben we een aantal infrarood- '-•',

spectra voor kokonsterren berekend. Hierbij zijn we er Van uitgegaan, dat zo»¿1 grafiet- j

als silicaatstofdeeltjes aanwezig zijn in de stofkokon. De absorptieeigenschappen van de

grafietdeeltjes zijn ontleend aan laboratoriumgegevens; voor de silicaatdeeltjes gebruiken >'

we de absorptieeigenschappen gevonden in hoofdstuk II. De aboadantie verhouding van silicaat- • •'•;

en graf ietdeeltjes is in deze modellen een vrije parameter. Modelspectra, gemodificeerd door ' ";

de absorptie van koelstof, zijn in goede overeenstemming met de waarnemingen, wanneer we ''%

een abondautie verhouding van grafiet- en silicaatdeeltjes kiezen in de orde van grootte van

hun abondatie verhouding in de algemene interstellaire materie. Tevens concluderen we, dat

de waargenomen kokonsterren aan het einde van hun accretiefase zijn. De hoeveelheid materie,

die per tijdseenheid naar de centrale ster toevalt, ligt dichtbij de kritischeondergrens,

waarbij inval van materie nog net mogelijk is, zoals beschreven in hoofdstuk IV.

In hoofdstuk IV tenslotte wordt de dynamika van de uitgebreide schillen van gas en ?| i

stof rondom pas gevormde sterren bestudeerd. Het stof-gas mengsel beweegt onder invloed van ?;; £

de zwaartekracht naar de centrale ster toe. De zwaartekracht wordt tegengewerkt door de A

stralingsdruk, die via de stofdeeltjes op het gas werkt. Een model voor da instroming van j

het stof-gas mengsel onder invloed van bovengenoemde krachten is uitgewerkt door F.D. Kahn. 4

We hebben dit model uitgebreid en algemener gemaakt, zodat het ook voor andere eigenschap— ;:

pen van de stofdeeltjes dan door Kahn gespecificeerd kan worden gebruikt. Speciaal de condi- ,:;

ties aan de binnenrand van de stofkokon, waar het stof smelt, zijn meer gedetailleerd Í

onderzocht. Kahn's conclusie, dat de centrale ster slecht in massa kan groeien door accretie, '•>'

indien de hoeveelheid materie, die per tijdseenheid .laar de ster beweegt, binnen bepaalde A

grenzen ligt, wordt bevestigd. Indien de instroming van materie te klein wordt, komt er

een einde aan de accretie door de stralingsdruk van de ultraviolette straling op het stof •'•'}

aan de binnenrand van de kokon. Indien de instroming van materie te groot wordt, houdt ?'*'

accretie op door de stralingsdruk van het infrarode stralingsveld, dat wordt opgepot in de f'

stofkokon. Voor realistische stofeigenschappen hebbon we berekend, dat slechts sterren met /•

massas kleiner dan ongeveer 60 zonsmassas kunnen worden gevormd, in goede overeenstemming '

met de waarnemingen. •
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