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Summary. We have calculated infrared spectra for dusty
circumstellar shells that accrete onto stars in free fall.
The dust consists of silicate and graphite particles. We
solve simultaneously the equation of radiative transfer
and the two equations of thermal equilibrium, one for
each of the dust species. In four cases (BN object;
OMC 2/IRS 3; RCW 57/IRS 1; Mon R 2/IRS 2) model
spectra are compared with spectra of observed infrared
point sources. In each case good agreement between
observation and prediction is obtained for a wide range
of models. By using additional criteria (1. radiation
pressure does not stop the inflow; 2. 4,/1,, should be
larger than 10) we are able to narrow the range of permis-
sible models and to obtain an estimate of the accretion
rate M. Given the accretion time M/M >10° yr and
the number of similar objects known we conclude ten-
tatively, that the four objects are very young early type
stars at the end of their accretion phase.

Key words: star formation — circumstellar shells —
accretion

1. Introduction

During the past ten years an increasing number of infra-
red point sources have been discovered, whose emission
peaks are at wavelengths A <20 pum. Most of such infra-
red sources have been identified with warm dust shells
surrounding (super) giant stars of late spectral type.
However, a fair number do not fit into this category.
They are generally found in regions of the sky where star
formation takes place, such as in extended dark dust
clouds, in regions of molecular line radiation, near com-
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pact Ho regions and in OB and T associations. We
assume therefore that the IR point sources also are
rather young objects.

Some of the young IR sources have turned out to

- be very reddened O stars (W 3 —IRS 1A is an example),

but others have spectra that indicate that emitting dust
surrounds the source(s) of energy. Among those, a dis-
tinct group appears, which may be named after its
prototype, the BN object, discovered by Becklin and
Neugebauer (1967). The group properties of BN type
objects appear to be the following:

1. The sources are less than a few arc s in size.

2. The continuum spectrum resembles that of the
BN object—sharply rising at A <8 um, turning over at
around 9 pm and roughly constant between A=10 pm
and A=20 pm.

3. The sources have considerable optical depth in
the 9.7 pm feature.

4. Compact or ultra-compact Hi regions may ap-
pear in the surroundings but they are never directly as-
sociated with the IR source.

5. OH, H,0 and (possibly) SiO masers may occur
very close to the sources. If an OH maser occurs it is
of type 1. v

6. The sources are found in regions of molecular
activity. A tentative list of objects that fulfil these cri-
teria has been given by Matthews et al. (1977).

In this paper we discuss a simple model that can
explain the infrared spectra of the BN type sources. We
assume, as did Becklin and Neugebauer (1967), that the
objects involved are very young. We therefore reject the
hypothesis of Penston et al. (1971) that the BN object
is a very luminous star of intermediate spectral type, ac-
cidentally seen through a large dust cloud. The known

_ existence of a sizeable number of similar sources within

a few kpc from the Sun argues strongly against a chance
coincidence.

The foundation of our model comes from theoret-
ical studies of the formation of stars through the gravi-
tational collapse of a cloud of dust and gas (Larson,
1969a, 1972; Westbrook and Tarter, 1975). These
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studies have shown that very soon after the onset of
collapse a central stellar core is formed. For large
initial cloud masses the central object may evolve into
a massive main-sequence star while still surrounded by
a large amount of infalling dust and gas (Appenzeller
and Tscharnuter, 1974; Kahn, 1974). The visual and
ultraviolet radiation of the central star is completely
absorbed by this opaque dust shell and is reemitted at
infrared wavelengths. It seems quite probable that even
though the star has reached its main-sequence position
the formation of an Hu region around the star is pre-
vented by the inflow of gas and dust (Larson and Starr-
field, 1971; Kahn, 1974). We will refer to these objects
as ““accreting young stars”. The term ‘“‘cocoon star”
has been used (Kahn, 1974) for such an accreting star;
however, we think that this usage is confusing since
originally the term ‘“cocoon star” has been used for
dense dust shells surrounding very small Hn regions
(Davidson and Harwit, 1967; Cochran and Ostriker,
1977). The “cocoon star” therefore appears to repre-
sent a slightly later phase in the stellar evolution than
the accretion phase.

The first calculations of the mfrared spectra of ac-
creting young stars have been made by Larson (1969b).
Larson compared his predictions with the then known
observations of the BN object. More recent observa-
tions, especially around the 9.7 pm feature and at 20 pm,
show considerable differences with Larson’s predictions.

Basically our model is the same as that of Larson.
We calculate the infrared spectrum emerging from a
large dust sphere that surrounds a point-like energy
source. The density in the dust sphere varies as r~372,
corresponding to a cloud collapsing with free fall speed.
As compared to Larson we make the following changes
and additions.

(i) We assume that more than one kind of dust is
present in the cocoon (in our present calculations gra-
phite and silicate dust). Throughout the envelope each
kind of dust has its own temperature distribution that
is determined by the balance between absorption and
emission of radiation.

(i) We solve simultaneously the equation of radi-
ative transfer and the two equations of thermal equi-
librium, one for each kind of dust.

(iif) The immediate surroundings of the central star
will be free of dust. When dust grains come too close
to the central star, their temperatures rise above the
dust melting temperature and they will therefore evap-
orate. The opacity of the gas is much lower and it is
therefore assumed that stellar radiation can flow freely
through the dustless cavity.

(iv) The radiation emerging from the shell is atten-
uated by the dust in its surrounding parent cloud. This
“exterior extinction” will be taken into account in our
model.

A preliminary account of our results has been given
by Bedijn et al. (1977) and in Bedijn (1977a). A related,
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recent paper is by Finn and Simon (1977). They also
calculate infrared spectra of point-like sources seen
through very dense circumstellar shells. However, Finn
and Simon make quite a few assumptions different from
those in our paper: their source of energy (the central
star) is a cool blackbody; they assume only one type of
grain (silicates) and do not include exterior extinction
explicitly.

Our paper is organized as follows. In Section 2 the
radiative transfer in a spherical dust shell is discussed.
In Section 3 we specify the opacity properties of the
dust in the shell and of the dust responsible for the fore-
ground extinction. In Section 4 we describe our model
fitting procedure. In Section 5 we present fits to a number
of observed sources and in Section 6 the results are dis-
cussed.

2. Radiative Transfer in a Spherical Dust Shell

As has been outlined in Section 1, we consider a spher-
ical dust shell that contains two kinds of dust, graphite
and silicate particles. In the shell the density of gas and
dust is given by p=por ~3”. The radiation of a central
star of total luminosity L impinges on the inner bound-
ary of the dust shell and is subsequently converted to
infrared wavelengths by absorption and reemission by
the dust inside the shell. The central star is assumed to
be a point source. We want to calculate the spectral
distribution of the flux leaving the outer radius of the
shell, assuming that inside the shell radiative energy is
being conserved. It has been shown by one of us (Bedijn,
1977a, b) that inside the shell one can write for the

monochromatic mean intensity of the infrared radiation
field

T (=% I p(r)r? - Z% () - B,[T;(")]

Fin

“E(,r, dr'. €Y

Here p(r’) is the mass density of gas and dust, ! (1) is
the mass absorption coefficient of the i kind of dust
per unit mass of the gas-dust mixture, 7;(r") is the tem-
perature of the ” kind of dust, B, is the Planck function,
and r;, and r,,, are the inner and outer boundaries of
the dust shell. The function Ef?, the spherical analogue
of the first exponential integral E,, weights the contri-
bution of a thin spherical shell at 7' to the mean intensity
at r. E,” depends only on the optical properties and the
geometrical distribution of the dust and has been given
in explicit form in Bedijn (1977a). We neglect scattering
by dust grains.

Equation (1) has to be solved under the condition
that the two temperature distributions 7;(r) each satisfy
the relation of conservation of radiative energy:

#,(UV) @n )zeXP[ fuv(r)]+I AC)
"3() = B,(T;, n)]dA=0. @
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The first term represents heating of the dust grains di-
rectly by stellar light. 7y is the ultraviolet optical depth
of the dust and is measured from the inner radius r;, in
the outward direction. Since we assume grey absorption
in the ultraviolet, the shape of the stellar spectrum is
immaterial in our calculations, as long as the star is
sufficiently hot. Once we have obtained temperature dis-
tributions 7;(r) consistent with Equations (1) and (2)
we then calculate the monochromatic Eddington flux of
the infrared radiation field (cf. Mihalas, 1970; pp. 4and 5)

H,0=3'T p()r? Y0 BITCES (', Ddr'h,
®

where E5? (v, r, A) is the spherical analogue of the second
exponential integral E,. An explicit expression for E,
may be found in Bedijn (1977a, b).

Radiative equilibrium, Condition (2), also implies
conservation of radiative flux which we can write as

_L
(4nry

for all . Equation (4) can be used as a check on the ac-
curacy with which the radiative transfer is solved nu-
merically. We are especially interested in the infrared
flux density leaving the system at r,,,, integrated over
the whole sphere. Therefore we define L,(out)=
(4nr,, )" H,(r,.), and we will call this the “intrinsic”
spectrum of the object, since it is not yet modified by
extinction outsider 7, .

A fundamental step preceding the calculations is the
determination of the dust opacities . (4). This problem
will be discussed at some length in the next section. As
a first step in the numerical solution of the radiative
transfer we fix the inner and outer boundaries of the
shell. There are two inner boundaries to consider: the
distance r,, , at which the graphite particles melt, and
the distance r,, ; where the silicate particles melt. Since
the graphite grains melt at a higher temperature than
the silicate grains (cf. Section 3) they can come closer to
the central star. Thus we determined the innermost
boundary r;,=r,, .., the radius of the melting surface
of graphite, by the relation

L g
e Rl RACLICAREA ©)
where T,, , is the melting temperature of graphite. The
use of Equation (5) neglects heating of graphite grains
at r,, , by absorption of infrared radiation generated in
the shell. 4 posteriori we found this to be a good ap-
proximation. The radius of the melting surface of silicate
grains, r,, ., has to be determined in an iterative manner
because (i) the stellar radiation at r,, ; is attenuated due
to absorption by graphite grains between r,, , and r,,
and (ii) the heating of the silicate grains at r,, , by the

{exp [—tuy(D]—1}+ | H,di=0 4)
IR

#3(UV)
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infrared radiation of the shell cannot be neglected (back
heating). We determine r,, , from

suvy LR —tuv]_ (s _
%a (UV) (41'Cr'2n’s) Ijl; %a (1) Bﬁ. (Tm,s)dl_o (6)
and |
Ty =24 (UV) po (1 > =1 0%). (7)

The back heating can be taken into account by choosing
for T,, ,avalue lower than the actual melting temperature
(up to a factor of 3 smaller in some cases) such that the
actual temperature of the silicate particles at r,, ; equals
the melting temperature. Finally the outer boundary is
arbitrarily set at r_,,=1000 r, . ’

After this first step several others have to be taken.
We choose a grid of 21 radial points between r;, and
rou- Five points are equidistantly placed between the
graphite and silicate melting radii. For the remaining
16 points the distance between adjacent gridpoints,
r;+1—T;, increases smoothly upon approaching r,.
We specify a grid of 80 wavelength points, logarithmi-
cally spaced between 0.5 pm and 40 pm. The wave-
length boundaries have been chosen such that through-
out the dust shell an insignificant fraction of the infra-
red radiation falls outside this wavelength range. Once
the dust density distributions and absorption properties
have been specified we can evaluate the weight func-
tions Ef and E;P at all radial and wavelength grid
points. Choosing dust temperature distributions T;(r;)
we then calculate the monochromatic mean intensity
J,(r) and the Eddington flux H,(r) at all radial and
wavelength grid points by numerical calculation of
Equations (1) and (3). Performing the wavelength inte-
gration it is then verified whether the choice T;(r;) satis-
fies radiative equilibrium, Condition (2), at all radial
grid points. Usually this is not the case and a A-iteration
on both temperature distributions is carried out until
Condition (2) is satisfied within 29. For a reasonable
initial choice of T;(r;) this is usually achieved with 6
iterations,’that take about 7 min CPU time on the IBM
370/158 of Leiden University. Flux conservation, Con-
dition (4), is satisfied within 3%, in all cases calculated.

3. Dust Properties

A lot of information on the optical properties of solid
grains in the interstellar medium can be extracted from
the observed extinction curve between 0.3 pm~' and
9 um 1. First, it seems that more than one kind of dust
is responsible for the interstellar extinction (see e.g. the
review by Aannestad and Purcell, 1973). The presence
of solid particles of graphite and silicate seems well
established. Gilra (1971) and Savage (1976) have shown
that spherical particles of graphite with an average
radius of 0.025 pm can explain the 2200 A bump in the
interstellar extinction curve. The severe limitations on
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Fig. 1. Adopted absorption efficiencies of graphite and silicate grains

the size distribution required by Savage are no longer
necessary (Mathis, private communication). Interstellar
silicate has been identified through its 10 pm absorption
band as observed towards compact H 11 regions, towards
the galactic center, and towards the sources discussed in

this paper. These observations demonstrate the exis-
tence of silicates in rather special regions. The only

evidence for the existence of silicate dust in the general
interstellar medium is the observation of the 10 pm ab-
sorption feature towards the star VI Cygni 12 (Rieke,
1974, Gillett et al., 1975a).

In general it appears that not enough graphite and
silicate dust particles exist to explain the observed visual
extinction. About 30 yr ago van de Hulst (1949) sug-
gested that so-called ““dirty ice” particles are responsible
for the extinction at visual wavelengths. The chemical
composition of this material is uncertain but in order
to explain the observed extinction it has to be dielectric.
One imagines that this material is quite volatile and con-
denses out on pre-existing graphite and/or silicate par-
ticles as “dirty ice” mantles (Greenberg and Hong,
1974). In this paper we assume that the extinction in
the dark dust cloud surrounding the accreting star is
caused by a mixture of three kinds of dust particles:
graphite, silicate and “dirty ice” (to be referred to as
foreground extinction). In the warm dust shell “dirty
ice” will be evaporated so that only graphite and silicate
remain. The existence of ice particles or ice mantles on
other particles is strongly supported by the observation
(Soifer et al., 1976) that objects hidden in dense clouds
show an absorption band probably due to H,O ice.
However, the absence of this band outside dense clouds
remains a puzzle in view of what has been said before.

P. J. Bedijn et al.: Model Infrared Spectra for Accreting Stars

102
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Fig. 2. Normalized intrinsic infrared spectra for the parameters in
Table 1. Solid curves are for 8,/6,=1.5, dashed curves for 6,/6,=3. For

convenient display, Spectra 1 to 3 are shifted up by a factor of 5 with
respect to each other

i) Graphite

We take spherical graphite particles of radius a,=0.02
pm. Infrared absorption efficiencies Q%,(4) of these
particles were calculated with Mie theory using the op-
tical constants of graphite determined by Taft and
Phillipp (1965). The mass absorption coefficient per

" unit mass of the dust-gas mixture is %5(4)=36,0%;(4)/

4s,a,; 9, is the dust to gas mass abundance ratio for
graphite, s,=2.5 g cm 2 is the graphite specific weight.
Because in the infrared 2ma/A <1, Q% (4)/a, and thus
» are independent of the particle radius (Rayleigh ap-
proximation). Figure 1 shows QY (4)/a, as a function
of A (dashed curve).

We assume that the UV absorption efficiency is
unity. This is a reasonable average value for a black-
body spectral energy distribution at a temperature of
about 30000 K. In any case, the actual spectral distri-
bution of radiation from the central star is unknown.
The ultraviolet mass absorption coefficient equals
%x3(UV)=36,/4s,a,=1.510° 6, cm® g~ 1.

Scattering by dust grains is neglected altogether. For
the adopted particle size this is a good approximation
at infrared wavelengths. However, at ultraviolet wave-
lengths scattering and absorption can be of the same
order of magnitude. Luckily, scattering will not have a
large effect on the distribution of UV stellar photons in
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Fig. 3. Theoretical infrared spectra for the BN object based on
Spectra 1 of Figure 2 without (upper curves) and with (lower curves)
exterior extinction. Dashed curves are for 8,/6,=1.5 and solid curves
for é,/0,=3. Observations shown are: 2.2 um, 3.5 um, 4.8 pm and 20 pm
broad band photometric luminosities (open circles), 2 pm to 2.4 pm
spectrophotometric luminosities (dash-dotted curve), and 3 pm to
5 pm and 8 pm to 14 pm spectrophotometric luminosities (black dots)

Table 1. Parameters of the theoretical spectra of Figure 2

7
10%8 F T T T T T T T T T T T T T T T T T T T T3
5 BN ]
1037 | ]
e i 4
3
Lo :
o E 3
@ C ]
0 :
0® E
103‘ § LIS S R S Y Y S Y S S Y A I SN TN WO N |
0 10 20

Alpm)
Fig. 4. The same as Figure 3, but now predicted spectra are based on
Spectrum 1 of Figure 2 with 6,/6,=3 (solid curves) and Spectrum 4 of
Figure 2 with 6,/6,=3 (dashed curves)

Spectrum  pod, L1+ Tyv Ti ym T10um r0.9/Tin
no. (g cm ™32 erg 14 s1/4)
Spm 10pm 20pm
1 1.421077 12.3 1.1 0.18 9.3 43 210
é§=1 5 2 2.8 1077 26 2.3 0.42 8 35 180
4, 3 5.7 1077 53 4.6 0.90 7 30 145
4 1.14 10°¢ 108 9.2 1.86 6.2 27 130
) 1 1.421077 15.9 1.24 0.34 8.5 33 180
és_f=3 0 2 2.8 1077 34 2.6 0.80 7.8 27 150
8, 3 5.7 1077 72 53 1.72 6.3 26 120
4 1.14 1076 146 10.6 3.6 59 30 110

the dust shell since scattering is highly forward peaked
if 2mwa~ A (van de Hulst, 1957).

Finally we assume that the graphite grains melt
suddenly at a temperature of 2000 K. This temperature
follows from considering a graphite solid-vapor system
in thermal equilibrium at vapor pressures to be expected
in the inner regions of the dust shell.

ii) Silicate

We take spherical silicate particles of radius a,=0.05 pm.
This value of a, is about the upper limit to the size of
silicate grains in the general interstellar medium (Hong,

1975). Infrared absorption efficiencies Q3,.(4) are cal-
culated with Mie theory using the optical constants for

andesite (Pollack et al., 1973) with the following modi-
fications: (i) for A< 7.5 pm we assume that the imaginary
part of the index of refraction equals k£ =0.05 and (ii) the
8 pm to 13 pm profile of andesite has been replaced by
a profile as derived by Gillett et al. (1975b) with con-
servation of the integrated band strength. Modification
(i) derives from the work of Jones and Merrill (1976)
and Bedijn (1977a, b) who have demonstrated that the
absorptivity at A<7.5 um of silicates in the envelopes
of cool M-type (super)giants must be enhanced with
respect to terrestrial silicates in order to reproduce the
observed infrared excesses.

Figure 1 shows O3, (4)/a; as a function of 4 (solid
curve). From Qf, (4)/a; we can again derive the mass
absorption coefficient per unit mass of the dust-gas
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mixture x;(4)=306,05,(1)/4s.a, ; 8, is the mass abun-
dance ratio of silicate to gas and s,=2.47 g/cm? is the
adopted specific weight of silicate. Again the infrared
mass absorption coefficient is independent of the pre-
cise particle size since 2na/A<1. Scattering by silicate
grains has been neglected. Just like for graphite we as-
sume a grey ultraviolet absorption efficiency of unity,
so that the UV mass absorption coefficient becomes
%, (UV)=36,/45,4,=6.07 10* 5, cm?/g for a,=0.05 pm.
Silicates melt at 1000 K.

iii) Foreground Dust

The extinction properties of dust in the cool outer parts
of the cocoon and in the surrounding dense cloud re-
main to be determined. We assume that three kinds of
dust are together causing the foreground extinction:
graphite, silicate and the more volatile “dirty ice”.

The normalized extinction due to graphite and sili-
cate dust, 4,(4), can be straightforwardly calculated
from the absorption efficiencies shown in Figure 1

azss(l) Qau:(/l)] /L 53 aIZ(V) Qe (V)]

g s g

4,0)= [Ss 50

9

where 6,/0, is restricted to have the same value as in
the dust cocoon and where V stands for A=0.55 pm.
Note that the normalized extinction 4, (1) is not defined
in the usual way; it is the extinction in magnitudes at
wavelength 4 when the extinction at ¥ is unity.

From measurements of Brackett lines of hydrogen
and comparison with radio continuum data several ob-
servers have been able to derive absolute values of the
extinction up to A=4 pm. The results show (Neuge-
bauer, private communication) that the extinction fol-
lows rather closely van de Hulst’s curve 415 (van de
Hulst, 1949). We adopt this same theoretical extinction
curve for the “dirty ice” particles and have recalculated
values for Q at many more wavelength points in the IR.
It turns out that in the wavelength region, where ex-
tinction according to the v.d. Hulst curve #15 con-
tributes significantly to the total extinction, its wave-
length dependence is quite similar to that of the com-.
bined graphite and silicate extinction. Therefore it is
probably immaterial whether the “dirty ice” is deposited
as mantles on some small fraction of the silicate and
graphite particles or whether it occurs in pure “dirty
ice” particles (Greenberg and Hong, 1974).

The total extinction 4 (1) is a linear combination of
silicate and graphite extinction 4, (1) and v.d. Hulst
#15 extinction 4, (1)

A)=0d; (A)+ B4, (D), ®

where a and f are free parameters to be determined
when we fit model infrared spectra to actual observed
spectra. 4(4) is the total amount of extinction in mag-

P. J. Bedijn et al.: Model Infrared Spectra for Accreting Stars

nitudes at a wavelength 1, when the total visual extinc-
tion amounts to (x-+ ) magnitudes.

4. Model Fitting Procedure

In Section 2 we described our dust shell model and the
method of solution of the radiative transfer. The infra-
red spectrum emerging from such a dust shell depends
on the following free parameters: the total luminosity
of the central star L, the scale factor p, of the radial
density distribution of dust and gas and the dust to gas
mass abundance ratios of graphite and silicate, §, and ;.

Luckily, not every combination of L, p,, 5 and 6
gives an independent spectrum. It has been shown by
Bedijn (1977a, b) that under certain conditions the shape
of the outgoing spectrum L, (out)/L is independent of
variations in the free parameters. Actually L,(out)/L
remains constant under variations of L, p,, §,, &, if
the following conditions are met:

(i) dust and gas have a r* power law densxty distri-

bution

g°

®)

(i) pod, L""V"? is kept comstant (=p,d,L V4 if

n=—3/2)

(iii) 6,/9, is kept constant

(iv) rin/r oy 1s kept constant

(v) the input stellar spectrum retains the same shape.
Condition (v) is rather unimportant in our case, since
we assume that the opacity for direct stellar radiation
is grey. Also Condition (iv) is only moderately important
since L, (out) is only slightly dependent on the exact
value of 7, , aslong as r,,, is sufficiently large. It therefore
appears that the actual free parameters of our model
dust shell are the two combinations pochL‘l/4 and 6,/4, .

Some examples of normalized theoretical 1nfrared

| spectra are shown in Figure 2. They were calculated for

the values of p,d,L~"/* given in Table 1, for §,/5,=1.5
(solid curves), and for 6,/6,=3 (dashed curves) In
Table 1 we also give the total optlcal depths of the dust
shell for stellar radiation 7,r, and the optical depths
at a few infrared wavelengths. In the last three columns
we give the radii of the circular disks that contain 90
of the infrared flux at the three wavelengths indicated,

To9, in units of the inner radius of the dust shell, r,,
=1.38 10'? (L/L)'" cm (see Eq. A9) These radii are
used to calculate predicted angular sizes of some sources.

The spectra calculated with ,/5,=1.5 (solid curves in
Fig. 2) and the spectra calculated with 58/6 =3 (dashed
curves) differ in shape. There is less emission at A<6 pm
and more emission at 427 pm in the spectra with rela-
tively more silicate (larger 6,/5,). Due to the increase of
the amount of silicate dust relative to the amount of
graphite dust the optical depth of the dust shell becomes
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larger at all wavelengths. Radiation at shorter wave-
lengths is mainly due to graphite deep inside the atmo-
sphere and therefore it is more attenuated in case of
higher silicate abundances. The decrease of emerging
radiation at the shorter wavelengths has to be counter-
balanced by an increase of emerging radiation at the
longer wavelengths. In spectrum 4 of Figure 2 a larger
amount of silicates leads to a decrease in flux between
8 um and 11 pm. In that case the optical depth between
8 um and 11 um is so large that self-absorption be-
comes important. It will be shown in Section 5 that the
influence of 6,/6, on the spectral shape of the emerging
radiation can be successfully used to determine its value,
when the theoretical spectra are compared with obser-
vations.

If the flux density from the source at Earth is S(4),
and the distance of the source is d we can write

L;(out)

S()= (—L—) 1 f 7 ©XP [—0.921 A(A)]. (10)

The factor 0.921 arises from the transformation of mag-
nitude to optical depth. S(4) can be compared directly
to observed values. If we select one of the normalized
spectra, L,(out)/L, shown in Figure 2, the righthand
side of (10) still contains three unknowns: L/4nd>, a
and B [cf. Equation (9)]. To determine these three un-
knowns we demand that at three different wavelengths
the predicted value of S(1) agrees with the observed
value. An eyeball comparison at other wavelengths then
determines the quality of the overall fit.

Once the best fit has been determined several other
interesting quantities can be derived.

(i) (x+ PB), the total extinction at visual wavelengths;
B/(a+ B), the relative contribution of “dirty ice” to the
total extinction; and A4,/7,,, the ratio of total visual
extinction to 10 pum extinction optical depth.

(ii) If d is known we find L from the value of L/4nd>.
From L and the known value of p,0,L~'/* we determine
po adopting a suitable value for §, (see Section 6). If we
assume that the central star has reached the main se-
quence, the mass/luminosity function gives us M, so
that we can determine the mass inflow rate M, since
our basic assumption of free-fall in the dust shell leads
to the relation M=47p,2GM)'>.

5. Comparison of Predicted and Observed Spectra
for Some Specific Sources

Several infrared point sources of the BN type are pres-
ently known. However, 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 Figure2: the BN object,
OMC 2/IRS 3, RCW 57/IRS1 and Mon R 2/IRS 2.
We did not include the well-known source W 3/IRS 5,
because there is recent evidence that this source actually
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Fig. 5. Theoretical spectra and observations (black dots) for OMC 2/
IRS 3. The theoretical fits are based on Spectrum 2 of Figure 2 with
04/6,=1.5 (dashed curves) and with J,/6,=3 (solid curves). Upper
curves are spectra without exterior extinction, lower curves with
exterior extinction

consists of two sources, seen along the same line of sight
(Neugebauer, private communication).

i) The BN Object

The BN object was discovered in 1967 by Becklin and
Neugebauer and studied by means of broad band pho-
tometry at 1.65, 2.2, 3.5 and 10 um. Because their 10 pm
band was very broad, the silicate absorption band was
not detected at that time. Further broad band photom-
etry was carried out by Low et al. (1970) at 1.65, 2.2,
3.4 and 4.8 pm and by Becklin et al. (1973) at 4.8, 10
and 20 pm. In the latter observations special care was
taken to separate the BN object at longer wavelengths
(especially at 20 pm) from the nearby confusing Klein-
mann-Low nebula. In Figures 3 and 4 the photometric
observations of Low et al. and the 20 pm observation
of Becklin et al. are shown as open circles. Spectropho-
tometric data between 2 pm and 2.4 pm were obtained
by Penston et al. (1971) (shown in the figures as the
dash-dotted curve) and by Gillett and Forrest (1973)
between 2.8 pm and 5.6 pm and between 8 pm and 14 pm
(shown in the figures as black dots). The latter obser-
vations clearly show two absorption features centered
at 3.1 pm and 9.8 pm respectively. These absorptions
are attributed to spectral features of water ice and sili-
cate. No error bars are shown on the observations. At
A<5 pm the scatter in the points gives some indication
of the observational accuracy; at lenger wavelengths
the nearby KL nebula could contribute to the flux. The
quoted authors estimate that flux values may contain
systematic errors of the order of 109 at A<12 pm and
209 at about 13 um in both directions.

We fitted model spectra to the observations using
Equation (10) at the reference wavelengths 2.2 pm,
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Table 2. Model parameters of accreting young stars
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[ eo 9 (arc sec)
Spectrum ’s . -1 [ -1 °
Source no. 3 L(Lg) M) A, Av/Tlo MM yr T) M (M yr )
9 5 um 10 ym 20 ym
R 4 ) 6 6 -1
BN 1 3 1.75 10 13.5 59 23 2.3 10 8.2 10 4.2 10 1.6 8.8
4 -6 -6 -1
2% 3 1.02 10 10.9 49 21 3.6 10 4.7 10 2.9 10 1.0 5.6
3 3 5.7 10° 8.5 35 19 5.5 10°© 2.5 107° 1.8 107! 7.2 107! 3.3
4 3 2.9 10° 6.8 12.3 13 8.3 10° 1.22107° 12100 6010t 2.2
2 = -7 -2 -1
oMC 2/1RS 3 1 3 4.7 10 3.5 38 36 4.8 10 1.75 10 6.8 10 2.6 10 1.4
2 3 2.9 10 3.0 29 32 7.8 107 1.04 1077 49102 17100 9.4 107!
3 3 1.63 10° 2.4 15.1 38 1.21 107° 5.6 1070 3.0 1072 1.2 107! 5.7 107!
5 5 -4 -1
RCW 57/IRS 1 1% 3 5.4 10 s8 o5 20 1.17 10 2.9 10 3.2 10 1.2 6.8
2% 3 3.1 10° 47 85 18. 1.76 107> 1.60 1074 2.2 107} 7.7 107% 4.3
3 3 1.71 10> 35 72 17. 2.6 10° 8.8 107 1.3 10 5510t 25
4% 3 8.6 10% 26 49 15. 3.8 1070 4.3 107> 8.9 1072 4.5 107! 1.7
4 6 -6 -1
Mon R2/IRS 2 1% 1.5 1.53 10 13.0 74 27 2.2 10 7.1 10 2.2 10 1.0 5.1
2% 1.5 9.0 10°  10.3 65 25 3.4 10 4.1 107° 1.5 100 6.5 1070 3.2
3 1.5 5.1 10° 8.5 53 23 5.4 10° 2.2 107° 9.7 1072 42107t 2.0
4 1.5 2.7 10° 6.7 34 19 8.1 10° 1.1310°® 6.310%2 27107 1.3

*Models are dynamically not allowed.

4.8 pm and 10 pm. In Figure 3 some fits are shown to-
gether with the observations. The upper curves are the
intrinsic spectra without the exterior extinction; the
dashed curve is the normalized Spectrum 1 of Figure 2
with 6,/6,=1.5, the solid curve is Spectrum 1 of Figure 2
with .6,/6,=3. The lower curves are the model spectra
after correction for exterior extinction. If we adopt a
distance d=500 pc, parameters resulting from the fit
are: L=1.6510*L,, 4,=58 mag and A4,/1,,=26 mag
in the case that §,/6,=1.5; values of the parameters for
the case J,/0,=3 are given in Table 2. Good agreement
with the observations can be obtained at all wavelengths
4520 pm. The agreement is better for 6,/6,=3 than for
05/6,=1.5.

The predicted shape of the 10 um profile of even
the best fit in Figure 3 deviates from the observed one;
between 8 pm and 9.5 pm the predicted luminosities are
about 409, lower than the observed luminosities. The
simplest explanation is that our adopted shape of the
10 pm silicate feature is not entirely correct. A similar
conclusion was obtained from a comparison of observed
and calculated spectra of late-type (super) giants (Bedijn,
1977a, b). There it was suggested that a 10 um silicate
profile steeper between 8 pm and 10 pm and less steep
between 10 pm and 13 pm is probably more accurate
than the presently used profile due to Gillett et al. (1975b).

The good agreement between predicted and observed
spectra for the BN object as shown in Figure 3 unfor-
tunately does not imply that the intrinsic spectrum of
the form of Spectrum 1 in Figure 2 is the only one pos-
sible. As an illustration we show as the dashed curve
in Figure 4 a predicted BN spectrum obtained by apply-
ing a somewhat different amount of foreground extinc-
tion to an intrinsic spectrum of the form of Spectrum 4
in Figure 2 (with 6,/6,=3). The parameters resulting
from this fit are also listed in Table 2. Compared with
the fit in Figure 3 (and again shown in Figure 4 as the
solid curve) the luminosities in the wavelength range
between 10 um and 20 pm are about 10-209% higher.
An equally good fit could have been obtained for a
somewhat smaller value of J,/d,.

To illustrate the range of possible luminosities and
the range of the parameters describing the exterior ex-
tinction we summarize their values in Table 2 based on
the use of intrinsic model spectra of the form of the
spectra in Figure 2, with 6,/6,=3. Although the spectra
2—-4do not yield such good fits as Spectrum 1 the derived
parameters are a fair representation of possible values.
Thus the total luminosity remains undetermined up to
a factor of 6, while the visual exterior extinction may
be as low as 12 mag and as high as 60 mag. In the last
three columns of Table 2 we give the predicted angular
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sizes, 0, o, at the wavelengths indicated, for each model
fit to the BN object as we also do for the sources dis-
cussed hereafter. Finally we notice that our estimate of
the stellar mass does allow the BN object to be of type
later than BO. In that case the Brackett line seen by
Grasdalen (1976) at the position of the BN object may
imply a zone of ionized hydrogen immediately surround-
ing the star, but unable to expand outward to form a
compact H 11 region.

ii) OMC 2/IRS 3

We next consider the source OMC 2/IRS 3 discovered
by Gatley et al. (1974). Their observations are shown
in Figure 5 as the black dots (we adopted a distance of
500 pc). Also shown in Figure 5 are the results of model
fitting, using the normalized intrinsic Spectrum 2 of
Figure 2, with 0./6,=1.5 (dashed curves) and with
0,/6,=3 (solid curves). In the fitting procedure we used
the wavelengths 2.2 pm, 3.5 pm and 10 pm as reference
points. Upper curves are intrinsic spectra without ex-
terior extinction, lower curves those with exterior ex-
tinction. Just as in the case of the BN object, 8,/8,=3
gives a somewhat better fit to the observations, but again
the luminosity between 8 pm and 10 um seems to be
somewhat too low. Note that the exterior absorption of
the 10 pm silicate feature cannot completely mask the
internal emission. It would be very interesting to see
whether detailed spectrophotometry around 10 pm
would confirm this. We also calculated fits using the
other normalized spectra of Figure2 with 6,/6,=3.
These fits are equally good as the one shown in Figure 5.
Derived parameters, such as the luminosity and mass
of the central star, the exterior extinction parameters
A, and 4,/t,, and M are given in Table 2. (Normalized
Spectrum 4 would require a negative exterior extinction
and is therefore physically impossible.)

We would like to stress here the point raised for
the first time by Aitken and Jones (1973), that for a
determination of 7,, from observations, it is required
that we know the input spectrum before extinction.
This may not be trivial. Our model calculations on
OMC 2/IRS 3 (Fig. 5) are a case in point: although we
predict a value 7,, between 0.5 and 1, the observations
give no indication of a 10 pm feature because of almost
exact cancellation of emission and absorption.

i) RCW 57/IRS 1

The IR source RCW 57/IRS 1 has been observed by
Frogel and Persson (1974). Observations are shown as
black dots in Figure 6. The broad band measurement
at 10 pm is shown as an open circle. Fits to the obser-
vations are obtained using the normalized Spectra 2 of
Figure 2 with 6,/6,=1.5 (dashed curves) and with 4,/J,
=3 (solid curves). Again the spectrum with 6,/0,=3
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Fig. 6. The same as Figure 5 for RCW 57/IRS 1. The fits are based on
Spectrum 2 of Figure 2 with 6,/6, =3 (solid curves) and with 6,/6,=1.5
(dashed curves)

gives a somewhat better fit to the observations, although
in this case the predicted 12.7 pm luminosity is too small.
Various fits using the other normalized spectra of Fig-
ure 2 with 6,/0,=3 are as good as the one shown in
Figure 6. The various parameters obtained from the
fitting procedure are listed in Table 2 for a distance of
3.6 kpc. Note that the predicted 3.5 pm luminosity is
considerably larger than the observed one. This could
indicate the presence of a strong 3.1 um water ice ab-
sorption band. It seems worthwhile to confirm this with
spectrophotometric observations.

iv) Mon R2/IRS 2

Finally we discuss the source Mon R2/IRS 2. The ob-
servations (Beckwith et al., 1976) are shown as black
dots in Figure 7. Contrary to the previous sources best
fits are obtained with normalized spectra with 6,/6,=1.5.
Figure 7 contains a predicted spectrum based on nor-
malized Spectrum 2 and ,/6,=1.5. Overall agreement
is good, although the observed 10 pm absorption band
seems shifted towards longer wavelengths when com-
pared with the predicted one. Probably a better agree-
ment between model and observations could have been
obtained if we had used the silicate 10 um profile as
derived by Bedijn (1977a, b). Table 2 lists some derived
parameters for fits, obtained with the normalized spectra
of Figure 2 with J,/6,=1.5 and for a distance of 950 pc.

6. Discussion

Table 2 summarizes the properties and parameters of
our best fits to the observed spectra of the BN object,
OMC 2/IRS 3, RCW 57/IRS 1 and Mon R2/IRS 2. As
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discussed in the previous section several sets of param-
eters produce equally good fits. At the moment we can-
not use the predicted angular sizes of the sources listed
in Table 2 to restrict the range of possible models be-
cause i) the resolving power of present day instrumenta-
tion is too small at A <10 um; ii) strong background
radiation is present at A >10 um; iii) the relevant ob-
servations have not been made. However, the param-
eters, A,/t;, and M, can possibly be used to restrict
the range of models. In Table 2 A4,/t,, varies from 13
to 38. Independent measurements of A4,/t,, exist to-
wards the star VI Cygni 12 where Gillett et al. (1975a)
found 4,/7,,=14 and towards several compact H1 re-
gions (Gillett et al., 1975b) where it is found that 4,/
ranges from 10 to 30. These values are probably typical
for the extinction in dark dust clouds. It appears that
the values of 4,/7,, that can be derived from our models
in Table 2 are consistent with the observations. Although
the observed values of A4,/t,, are quite uncertain yet,
it appears that the rather safe assumption that A4,/7,,
>10 puts a lower limit to the luminosity of allowed
models.

We have also investigated whether some of our fits
are perhaps dynamically impossible. For this purpose
we have calculated the mass inflow rates M from the
model parameters, as discussed in Section 4. We have
adopted a dust-to-gas mass ratio of graphite §,=2 1073,
derived from a theoretical fit of the general interstellar
extinction curve by Tielens and de Jong (1977). An upper
limit of ,=3 107> can be derived on the basis of the
cosmic abundance of carbon. The mass M of the central
star (given in Column 5 of Table 2) that enters into the
determination of M is found from a mass-luminosity
relation constructed from a series of massive main-se-
quence star models calculated by Papaloizou (1973).

As shown by Kahn (1974) steady inflow around a
newly-formed main-sequence star is dynamically pos-

P. J. Bedijn et al.: Model Infrared Spectra for Accreting Stars

sible only if the mass inflow rate M exceeds a certain
critical value M,,. Otherwise the flow is reversed by
radiation pressure and the accretion is stopped. The
dynamics of accreting dust-gas cocoons around massive
main-sequence stars has recently been reinvestigated by
Bedijn (1977a). He gives a very simple estimate of the
critical mass inflow rate that is sufficiently accurate for
our purpose. The derivation of this simple expression
for M., is given in the Appendix [Eq. (A11)] and values
of M., are given in the ninth column of Table 2. If we
impose the restriction that M > M, a large fraction of
the models listed in Table 2 turns out to be dynamically
impossible. These models are labelled with an asterisk.

We can therefore exclude models with high luminos-
ities because of the condition M>M,,. Also we can
eliminate low luminosity models because of the condi-
tion 4,/t,,>10. We thus have bracketed in each case
the range of permissible models. If we now consider
the mass inflow rates that still are permissible we infer
that the typical inflow times (M/M) of the observed
four cases are >10° yr. These times are much longer
than the Kelvin-Helmholtz timescale and are therefore
consistent with the assumption that the stars heating
the dust shell have reached the main sequence. However,
as we will argue now, this long time scale is at variance
with the small number of BN type objects known. If
we take for the birth rate of stars with M >8 M, the
value 107! pc™2 yr~* (Ostriker et al., 1974) and if we
assume that they remain for 10° yr (~ M/M) in the ac-
cretion phase, then we expect to find 30 D? of these
sources within D kpc from the Sun. At present only
some 15 of these sources are known out to a distance
of, say, 3 kpc. Even allowing for some incompleteness
in the detections the discrepancy seems too large, espe-
cially since many known nearby regions of active star
formation have been thoroughly studied.

The reason so few BN type sources have been de-
tected is probably that our estimate (M/M) of the life-
time of the accretion phase is wrong. For it seems quite
probable that the accretion rate has been much higher
in the past; this would lower M/M to our acceptable
value. Although our reasoning is based on poor statis-
tics we conclude tentatively that BN type objects are
actually early type stars at the very end of their accretion
phase. Stars earlier in their accretion phase will have
larger mass inflow rates and therefore spectra that peak
at much longer wavelengths, hence they have remained
undetected so far.

If our interpretation of the BN type objects is correct,
they belong in a part of the HR diagram close to the
main-sequence location for stars with M =8 M, . In the
illustrative HR diagram in a review paper by Strom
(1976, Fig. 3-2) the BN type objects would appear at a
similar location as the Herbig emission stars, but they
would be more massive and, probably, closer to the
main sequence.
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Appendix

Critical Mass Inflow

We consider a spherically symmetric accretion envelope,
containing gas and dust, around a central main-sequence
star. If we neglect gravitational forces, a dust grain at
its melting surface with radius r,, is subject to two com-
peting forces:

(i) the outward-directed radiation pressure force due
to the stellar radiation field

E=na’Q,L/4ncr?, (A1)

where a is the dust grain radius and Q, is the absorption
efficiency of a dust grain for the radiation of the central
star of luminosity L, and

(ii) the inward-directed drag force due to gas that is
streaming past the dust grain

Fy=na’pyiy,, (A2)

where p,, is the gas density at r,, and u,, is the relative
velocity of gas and dust at r,, (assumed to be much
larger than the thermal velocity of the gas atoms/
molecules).

We assume that the envelope is in free-fall in a
gravitational field dominated by the central star of mass
M and that the accretion rate M is constant (steady in-
flow). Then we have

v()=Q2GM]/r)'? (A3)
and
M=4zrp(r)v(r). (Ad)

For inflow to continue we require that a dust grain can
reach its melting surface, since otherwise dust grains
will pile up and a stationary solution is no longer pos-
sible. Thus we require

F,2F,. (A5)

Combining Equations (A1)—(AS5) and assuming that the
dust grain is at rest at its melting surface [u,=v(r,)]
we can write this condition as

Qolf";ln/2
cQGM)'?’

The position of the melting surface of a dust grain
can be found from a consideration of its thermal balance

at the melting temperature 7,
na®LQ,
4nrk,

MzM,= (A6)

= 41[(12Qp (Tm) JT: (A7)
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where Q,(T,,) is the Planck averaged infrared absorp-
tion efficiency of the dust grain at 7,, and o is the Stefan-
Boltzmann constant. Writing

Q,(T)=qaT", (A8)

where n and q are parameters characterizing the dust
material, we find

LQ, \'

- A9

T (167wan,:+”) ’ (A9)

and inserting this in Equation (A6) we finally obtain
y _ﬂ n\—1/475/4 -1/2

M, = T (16noqaT}) 1*L*(2GM) (A10)

m

Of the dust grains in the infalling gas-dust mixture,
graphite grains have the highest melting temperature.
Thus the critical condition is determined by graphite
grains at their melting surface. Inserting g=6.9 1072 cm
K33, n=5/3 (Kellmann and Gaustad, 1969), Q,=1,
a=2107° cm, and T,,=2000 K we obtain

M, =1.50 107 1°(L/Lo ) (M/Mg) " Mg yr™*. (A1)

More sophisticated treatments by. Kahn (1974) and
by Bedijn (1977a), incorporating the radiation pressure
on the grains due to the trapped infrared radiation field
in the dust shell yield estimates which are about a factor
of 2 larger. Only for M, >510"% M, yr~! does ex-
pression (A11) break down because then the critical
condition is completely dominated by the trapped infra-
red radiation field.
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