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ABSTRACT 

As a model for infrared sources in molecular regions, we calculate the radiative transfer in a 
dust cloud surrounding a central star. The grain temperature at each radius r is determined from 
radiative equilibrium in the radiation of both the star and the other circumstellar dust. In most 
clouds which are optically thick to the stellar photons, heating by the dust reradiation is dominant. 
However, even with moderate opacity (T100fl ^ 1), the temperature distribution with radius stays 
qualitatively similar to that of an optically thin envelope. Different portions of the infrared 
spectrum may help pinpoint the parameters characterizing the source. We find that (1) the 
spatial variation of the flux at À > 350 /x provides an excellent measure of the dust density 
distribution, (2) the falloff in intensity longward of the spectral peak is always slower than 
A~(2+n) for an A"n emissivity law, (3) the optical depth at the peak will always be less than or 
about unity, (4) a power-law form for Sv in the near-infrared quite generally indicates that the 
emission is optically thin, and (5) an exponential decrease in Sv in the near-infrared implies 
either that r æ 1 at the peak or that there is a deficiency of grains at small r. 

Viewing the observational data for the Kleinmann-Low nebula in light of the models, we infer 
that the dust density distribution is nd cc r"1-5, the long wavelength emissivity between 30 /x and 
1 mm varies approximately as A"1-5, and t70íí # 1. 

Subject headings: infrared: sources — nebulae: general — radiative transfer 

I. INTRODUCTION 

Powerful infrared sources, sometimes exceeding 
105 L©, have recently been discovered deep within the 
vast clouds of molecular gas distributed through the 
galactic plane. But though the ultimate source of 
energy is a compact object of stellar size emitting at 
optical wavelengths, the observed long wavelength 
radiation (A ^ 20 /x) is seen from an extended source 
typically 1 pc in diameter. This has led to the under- 
standing that an extensive cloud of dust optically 
thick to the primary photons envelops the central star. 
The spectrum of radiation escaping from the cloud is 
that of the radiatively heated dust; it will depend not 
only on the properties of the central star (mostly its 
luminosity), but even more importantly on the dust 
density distribution and its emissive properties. 

The gas within the same dust clouds has been 
extensively studied, its distribution mapped and 
physical conditions determined, by the molecular 
emission lines of CO, CS, and HCN at millimeter 
wavelengths. A study of the dust envelope will aid us 
not only in learning the emissive properties of the 
grains but also, together with the molecular observa- 
tions, in understanding the cloud structure and the 

* Sponsored in part by NSF grants GP-40768X (J. K.), 
GP-30400-X5 (N. S.), MPS 73-04949 A01 (N. S.). 

718 

relationship between the dust and the gas in these 
dense interstellar clouds. A detailed analysis is war- 
ranted as the density of the gas, the dust-to-gas ratio, 
and the thermal coupling between the gas and the dust 
all play a role in determining the observed infrared 
and molecular properties. 

Here we will examine how the radiative heating in 
an optically thick dust cloud may depend on the prop- 
erties of the dust, its distribution, and the central 
luminous source. To this end, we have calculated the 
falloff of the grain temperature with radius in the cloud 
such that each grain is in radiative equilibrium. The 
spectra and angular distribution of the emitted 
infrared radiation are obtained from this temperature 
distribution and compared with observations to de- 
limit the free parameters and to discriminate between 
various alternate models. 

The equations governing the radiative equilibrium 
and our adopted model for the dust cloud are pre- 
sented in the next two sections. Following these, 
several general results of the continuum radiative 
transfer are presented, and the infrared source at the 
Orion molecular cloud, the Kleinmann-Low nebula, is 
discussed in detail. In a second paper (Kwan and 
Scoville 1976) we treat the formation of narrow 
spectral features such as the silicate and ice features in 
the near-infrared. 
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> 

Fig. 1.—A geometrical picture of the cloud showing the coordinates employed in eqs. (1) through (6). The cloud is a spherical 
shell between radii r/ and r0 centered on the star. 

II. RADIATIVE EQUILIBRIUM OF DUST 

We consider a spherical cloud of dust and gas 
surrounding a central luminous blackbody. The central 
source is characterized by a temperature T* and radius 
r*, and the dust cloud extends from an inner radius /> 
to an outer radius r0 (Fig. 1). 

For a grain of radius a located at a distance r from 
the central source, the rate of energy gain from 
absorption of the stellar radiation is 

01tar+ = I” 
Jo ' 

x jexp (1) 

where BV(T) is the Planck intensity, 2hv3c ~ 2/(ehvlkT — 1 ), 
nd(r) the number density of grains, and ev the dust 
emissivity. 

Since we are interested in the infrared spectrum at 
\ > 5 fji, we neglect the effect of scattering by the 
grains and assume that the grains are isotropic. The 
rate of energy gain from absorption of radiation 
emitted by other grains is 

^dust+ = Í ndir'Xr'fdr'( ß(r\ 6)27r sin Odd , (2) 
JrI Jo 

where 6 is the polar angle in a coordinate system (Fig. 
1) with the Z axis in the direction of the grain at 
radius r. The variable ß(r', 6) represents the rate of 
energy gain from a single dust grain at (r', 6) and is 
given by 

ß(r', 6) = dvnBAUr1)] j27ra% 

X jexp nd7ra2evû?/'j j , (3) 

where / is the chord length between (r', 6) and (/*, 0). 
The equilibrium temperature of the grain at radius 

r, rd(r), is obtained by balancing the sum of the two 
rates of heat gain given above against its rate of heat 
loss. The latter rate is 

W- = Í dv7TBv[Td(r)]47Ta2€v. (4) 
Jo 

The spatial integrals were evaluated numerically by 
dividing the cloud into 10 to 30 concentric shells, with 
logarithmically increasing radii spanning to r0, and 
dividing the range of 0 (0 < 0 < tt) into 10 sectors. 
Integrals over frequency were done by first locating 
the frequency at which the integrand was maximum, 
and then evaluating the integral from a quadrature 
of 10 neighboring frequency points. The solution was 
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found by resubstitution (an initial guess of the 
temperature distribution was obtained by neglecting 
the heat input from surrounding dust grains) and was 
judged satisfactory if the temperatures at all radii 
changed by less than 0.5 percent. To be assured that a 
converged solution had been found, several additional 
iterations were done using Newton’s method to give 
formal errors less than 0.001 percent and a rapid rate 
of convergence. The errors which remain at this point 
result from the practical necessity of dividing the cloud 
into a finite number of shells and assuming that the 
temperature is constant in each shell. Thus, as an 
additional check of the accuracy, the power emergent 
from the cloud was required to be within 10 percent of 
the luminosity of the central source. 

To provide a most straightforward comparison with 
observations, we calculate the flux density Sv observed, 
at a distance d from the cloud, within a circular 
aperture of radius p about the center (see Fig. 1): 

SÁP) = Up')2np'dp', (5) 

where 

lÁP') = P' I d6 esc2 (0)7rÄv[T'd(/-)]a
2ev«d(/-) 

^ 6m 

x jexpj^—J «d(r)7ra2€vp'csc2(ö,)^'j^. (6) 

The angle 0 is related to r by 0 = arcsin (p/r), and 
0m = arcsin (p/ro). 

III. PARAMETERS OF THE MODEL 

The principal parameters entering the model are the 
luminosity, the inner and outer cloud radii, the dust 
density distribution with radius, and the dust emis- 
sivity. The luminosity is usually known from observa- 
tions and is 105Lo for the Kleinmann-Low nebula 
(Werner et al. 1975). The inner and outer radii are 
unknown, but the calculated results are not sensitive 
to their exact values. Unless the cloud is a thin shell, 
the dominant emergent radiation will originate from 
radii much farther away from the inner boundary and 
will not depend crucially on the location of the latter. 
The precise outer radius is also not critical to the 
results. Outer layers are never important to the heating 
of layers more interior, and therefore the calculated 
spectrum will remain unchanged unless the outer layers 
contribute a large opacity at far-infrared wavelengths. 
Even then, because the size of the cloud always enters 
the model calculations together with the density, any 
uncertainty in the extent of the cloud, in the absence of 
detailed far-infrared maps, can be replaced by a 
corresponding uncertainty in the overall density. More 
important then is the total opacity through the cloud 
at a suitable wavelength. A good estimate of this param- 
eter can actually be obtained from the observed 
spectrum. We will show in the next section that at the 
wavelength where the spectrum peaks the opacity 
through the cloud is generally near or less than unity. 

The density distribution and emissivity law of the 
grains constitute the most uncertain entities of the 
model. They are also the most crucial parameters in 
influencing the calculated spectrum, mainly through 
controlling the radial and frequency dependence of 
the opacity. Since these two distributions are a priori 
unknown, it would not be difficult to arbitrarily vary 
them in order to perfectly match the more limited 
observations. It is suspected, however, that such a 
process could be done in several ways and a unique 
solution will not be found. To avoid such indis- 
criminate calculations, we have adopted only simple 
forms for the density and emissivity distributions; 
they are a power-law dependence in the density, 

njp) = , <x > 0, (7) 

and a three-part power law in the emissivity, 
€v = 1 , v>v1(=c/A1), 

= , v1>v> v2(=c/A2) , 
= V2IVlV2 , v2> V • (8) 

We shall neglect the scattering of radiation by grains. 
At far-infrared wavelengths the mean free path for 
pure scattering is longer than that for absorption, and 
the approximation is good. At near-infrared wave- 
lengths the scattering length might be shorter, but as 
long as the opacity for absorption at those wavelengths 
is greater than five, the neglect of pure scattering will 
not seriously affect the temperature and spectral 
distributions. Knacke and Thomson (1973) have 
obtained emissivity measurements of silicate particles 
for l p < X < l mm. At A < 30 p9 the silicates 
possess strong resonances (notably at A = 10 p and 
20 /x), while at much longer wavelengths the absorption 
efficiency falls as A-2. Unfortunately, though many 
astronomical infrared sources do show the silicate 
features at 10 and 20 p, it is unknown if this com- 
ponent in interstellar grain materials gives the dominant 
opacity at any other wavelength. 

The power-law index a in the density distribution is 
taken between 0 and 2, X1 is usually 0.1 p, and A2 
between 20 p and 100 p. The total opacity through 
the cloud is specified at 100 p through the param- 
eter fi’ 

Ten models differing in density distribution, optical 
depth Tioo u> and emissivity law illustrate the effects of 
changes in each parameter. A summary of the results 
for four models relevant to our discussion of the Orion 
source in § V is provided in Table 1, including half- 
power sizes at various wavelengths, the wavelength of 
peak Sv as measured in different aperture sizes, the 
dust temperature, and its radial gradient at r = 
2 x 1017 cm (corresponding to 30" at 500 pc). For 
some models spectra and temperature profiles are also 
shown in Figures 2 through 4. 

IV. GENERAL PROPERTIES OF THE RADIATIVE TRANSFER 

In a crude way we may understand the temperature 
distribution and the emergent spectrum from a dust 
cloud without resort to numerical calculations. 
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TABLE 1 
Models for KL Nebula* 

Parameters 

TlOOß 

Half-Power Size (arcsec)t 
Peak| 

to 010 a* p20ß *1*50 u *Al00/i 
1' 

(n) 
T Td 

(K)§ d In TJd In r 

I. 0.1  100 
II. 0.5  100 

III. 2.5  100 
IV. 0.5  30 

1.0 
0.8 
0.8 
1.5 

3.5 
2.9 
3.3 
6.0 

30 
25 
12 
30 

140 
105 
52 

135 

15 
25 
66 
45 

46 110 
64 120 

100 135 
65 100 

71 
63 
47 
69 

— 0.43 
-0.43 
-0.43 
-0.41 

* For all models r/ = 1015 cm, r0 — 2 pc, T* = 3600 K, L* = 105 L©, = 0.1 ft, and nd oc r-1. 
tThe half-power sizes are defined as the diameter of a circular diaphragm which contains 50% of the total flux density escaping 

the cloud at the given wavelength for an assumed distance of 500 pc. 
t The wavelengths of maximum flux density Apeak were calculated for 5", T, and T apertures centered on the star. 
§ At r = 2 x 1017 cm. 

d) Temperature Distribution 

The total luminosity of an infrared source places an 
upper limit on the dust temperature at each spatial 
point. This upper limit is calculated by assuming no 
intervening opacity between the central source and the 
grain in consideration; that is, by balancing the heat 
gain from absorption of the full stellar radiation 
(eq. [1]) against the radiative heat loss (eq. [3]). This 
calculation has a simple analytic solution if the follow- 
ing approximations are made: first, that the central 
source radiates primarily at a wavelength where the 
dust emissivity is near unity (À < 1 /¿), and, second, 
that the emissivity at far-infrared wavelengths has the 
form /(50 /¿/A)n. The emissivity law has been approxi- 
mated by a power law about 50/¿, because most 
luminous infrared sources peak near that wavelength. 
The value of the emissivity at 50 /x,/, is taken to be an 
additional parameter in order not to extrapolate on 
the frequency dependence of the emissivity at wave- 
lengths much shorter than 50 p. With these simplifica- 

tions, the upper bound on the temperature distribution 
is 

The normalizations, L* = 1O5L0, r = 2x 1017 cm, 
are so chosen as to model the Kleinmann-Low nebula 
(KL). Two conclusions can be drawn from the above 
solution. Observation of the CO, / = 1 -> 0 line shows 
a brightness temperature of 70 K over a T beam, a 
result indicating that the gas temperature is about 
70 K at a radius of 2 x 1017 cm. We expect the grains 
to be hotter than the gas in order that they be respon- 
sible for heating the latter (cf. § IV/). From equation 
(9), this condition imposes that the emissivity at 

IOOO 

100 

Td(°K) 

10 

Fig. 2.—The decrease in dust temperature away from the central star for models with density varying as r_1 {dashed curves) and 
r° {dotted curves) for optical depth r100tt = 0, 0.5, and 2.5. 

The importance of heating by dust reradiation (eq. [2]) may be judged from the triangles which are the temperatures calculated 
with only the heating from the attenuated starlight included, using the model with ndaz r'1 and ti0o ^ = 2.5. 

N ^ \ 
A 

-O' 

 nd<* r"1 

 ndoc rO 
▲ A NO SECONDARY 

HEATING 
 I ? ? J ^^ L 

O 
VO.5 
5 2.5 ^ 

IOu I0,b IOu 

r(cm) 
10“ I0U 
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X 
\¡jl 2. 5 lOyu. 100/i. I mm 

Fig. 3.—Spectra of optically thin and thick models with ndoz r-1 and observed with various apertures. The aperture sizes are for 
a distance of 500 pc. Note that the optically thin source has a power-law spectrum in the near-infrared and that the wavelength of 
peak emission is redshifted for larger apertures. 

50 /x, /, be less than 0.09 and 0.07 for « = 1 and 2, 
respectively. Second, the analytic solution indicates a 
radial dependence in the temperature distribution 
which is insensitive to the emissivity law, the ratio of 
the two distributions for « = 1 and 2 being pro- 
portioned to r1/15. The temperature at each position, 
on the other hand, depends quite strongly on /. If the 
same power-law dependence of the emissivity holds 
at short wavelengths, so that / equals 0.02 and (0.02)2 

for n = \ and 2, respectively (assuming an emissivity 
of unity at 1 /x), the two temperature distributions given 
by equation (9) would differ by a factor of 1.7 at r = 
2 x 1017 cm, being 108 K and 180 K for « = 1 and 2, 
respectively. 

While the above determination of temperature is 
correct only for a dust cloud optically thin at all 
wavelengths, it can provide a fair approximation (to 
507o) even when the opacities at near-infrared wave- 
lengths are substantial (t2/í up to 20). In Figure 2, 
we compare this upper limit on the temperature 
distribution (using the three-part power law of 
eq. [8] for the emissivity, with Á1 = 0A ¡jl and A2 = 
100 fi) with the correct temperature distribution from 
numerical calculations which take into account the 

opacity of intervening grains and their reradiation. 
The dashed curves refer to calculations made assuming 
a density decreasing with radius (« = 1), and the dotted 
curves to calculations made using a constant density 
distribution. For both distributions the outer radius 
of the dust cloud was taken to be 2 pc and the total 
opacity through the cloud at 100 /x specified as 0.5 and 
2.5. 

The numerical models follow the analytic solution 
closely out to where interior dust becomes opaque 
at the peak of stellar emission, at which point the exact 
Td falls below equation (9). Figure 2 also illustrates 
the importance of heating due to reradiation from hot 
dust. The triangles in that figure give the temperature 
distribution that would result if only the stellar radia- 
tion, attenuated by intervening dust, were included 
in the heating. In the numerical examples, the tempera- 
ture of the star was taken to be 3600 K. In clouds 
optically thick to the stellar radiation, the particular 
stellar temperature has little effect on the dust tem- 
perature distribution, as the diffusing radiation quickly 
loses memory of T* due to the low one-fifth order 
dependence of Td upon the wavelength of the radiation 
incident on the grain. 
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2 5 IO¿i lOO^u. Imm 

v(Hz) 
Fig. 4.—Spectra of models relevant to the discussion of the Kleinmann-Low nebula (Table 1). For the first three models the total 

optical depth at 100 ¡x, T100tl, takes the values 0.1, 0.5, and 2.5 while the emissivity law eA is held constant (ea oc À-1 for A < 100 fx 
and €A oc A-2 for A > 100 fx). In the fourth spectrum, the emissivity law is changed (eA oc A"1 for A < 30 [x, and cA oc A-2 for A > 30 ¿0 
and Tioo/x is set at 0.5. For all models L* = 105 L©, nd oc r"1, and the flux density in a 1' diameter aperture, SV9 is calculated for a 
distance of 500 pc. The successive spectra have been shifted down by a factor of 10 for the display. 

b) Emission Peak 

It is useful to recognize that the opacity cannot be 
much greater than unity at the peak of an observed 
spectrum. We demonstrate this as follows. The inten- 
sity observed from a particular grain at a depth rv 
along the line-of-sight is proportional to 

Bv(Td)ev exp(-rv). 

As an example let evcc v and rv = v/v0 so that at v0 
the opacity is unity. Then the intensity from the grain 
peaks at vm # 4v0/(l + hv0/kTd) and at vm the opacity 
is rVm ^ 4 — hvJkTd. In most observed infrared 
sources, the wavelength at the spectral peak and the 
corresponding color temperature are such that hvJkT 
is 2->4, and the approximation that the opacity 
through the cloud is less than or about unity at the 
peak is a condition which is often approached. 

One expects the spectral peak to shift to a longer 
wavelength as the aperture size is increased, since a 
larger region with lower dust temperatures will be 
covered. Conversely, when the aperture size (centered 
on the source) is decreased, the peak will shift to higher 
frequency. This blueshifting will continue only as long 
as the source continues to be optically thin at the suc- 
cessively shorter wavelengths. Once the source is 
optically thick at the peak wavelength as observed 
with a given aperture, the discussion above indicates 
that no further shift will occur when an even smaller 

aperture is employed. Observations at differing aper- 
ture sizes therefore can provide a straightforward and 
reliable means of discriminating optically thick and 
thin clouds. 

These general properties are illustrated in Figure 3 
where the calculated spectra of two clouds differing 
only in their total opacity are presented for a series of 
aperture sizes. The parameters of the models are 
L* = 105Lo, a = +1, A2 = 100/x, rQ = 2 pc, and 
Tioon = 0.02 and 2.5. The aperture sizes are specified 
for a distance of 500 pc. 

Parenthetically, we note that if it is true that the 
wavelength of peak emission tends to be longer when 
the source is observed with a bigger aperture (i.e., less 
spatial resolution), then this shift will also be notice- 
able in comparing spectra of similar sources at different 
distances. The source farther away will have its peak 
redshifted relative to the closer one. For this reason 
it could be misleading to conclude that the source 
Sgr B2 at a distance of 10 kpc is necessarily of extra- 
ordinarily high opacity just because its peak is very 
red (A ^ 100/z). 

c) Near-Infrared 

In general, the lengthy procedure of obtaining and 
comparing spectra with several different apertures will 
not be required in order to crudely classify thin and 
thick sources. Instead, the shape of the near-infrared 
spectrum, whether it is power law or exponential, may 
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be used as a cue. All models having density constant 
or increasing inward contain enough hot grains near 
the star that the short wavelength fluxes in optically 
thin clouds are power law in form. Thus optically thin 
clouds with density varying as r°, r~1

9 and r~2 have 
near-infrared spectra of the form v~3

9 v-0-8, and 
v1-4 observed with a large beam taking in all the 
source at each frequency (assuming ev oc v). The only 
means found to give the exponential decrease in Sv 
observed in many extended sources is through absorp- 
tion in the near-infrared by outer layers or through a 
decreasing dust density at small radii so that there is a 
deficiency of hot grains. 

d) Far-Infrared 

The spectral region longward of the peak can yield 
information about the emissivity law at those wave- 
lengths and the dust density distribution. To first 
approximation, the flux density in that spectral range 
decreases with decreasing frequency as *S'vocv2+n, 
where the factor v2 comes from the Rayleigh-Jeans 
dependence of the blackbody intensity on frequency, 
and the factor from the assumed emissivity. The 
2 + « power in frequency is never fully realized in 
actual observed spectra for the following two reasons. 
First, the above result assumes that the emission over 
that spectral range is not absorbed by intervening 
grains. However, even though the opacities are small, 
the relatively higher opacity at a shorter wavelength 
always decreases the observed intensity at the shorter 
wavelength. Second, and more importantly, the dust 
temperature decreases with radius, and at low 
temperatures the blackbody emission at the higher 
frequency might not lie on the Rayleigh-Jeans 
portion. For example, at a dust temperature of 50 K, 
the ratio of the blackbody intensity at 200 /x and 1 mm 
is 12.5 rather than 25. The model calculation presented 
in Figure 3 demonstrates this effect. For the spectrum 
observed over a 1' beam, the intensity increases with 
frequency over the range 200 /x-1 mm as Sv cc v3-3, 
instead of v4. With a constant density distribution 
where the cooler dust contribute a larger amount of 
the emission at long wavelengths, the difference is 
slightly larger, Sv oc v3 1. Thus, if an observed spectrum 
is fitted by the approximation 5V oc v2+n longward of 
the peak, the value of n so obtained is a lower bound 
and the actual value could easily be 0.5 higher. 

Spatial maps of the emission on the Rayleigh-Jeans 
tail at A = 350 ft or 1 mm provide a good indication 
of the density distribution within a source. The flux 
density at these wavelengths is proportional to the 
volume integral of the product of the grain tempera- 
ture and density contained in the observing aperture. 
Since the temperature contains only a weak spatial 
dependence, Td oc r-2/5, major variations in the long 
wavelength flux density must be due to changes in the 
mass distribution of grains. For a cloud of constant 
density, the long wavelength intensity /v given by 
equation (6) varies with impact parameter (see Fig. 1) 
only as Stronger spatial variation is observed 
near the centers of several of the regions mapped at 

Vol. 206 

350 /x and 1 mm by Righini et al. (1975) and Harvey 
et al. (1974). In sources like the Orion Nebula or Sgr B2 
densities must sharply rise within the core of the source. 
Such a sure statement regarding the density distribu- 
tion cannot be made from shorter wavelength measure- 
ments where the source is likely to be optically thick 
and the fluxes sensitive to the grain temperature 
distribution. High angular resolution observations at 
A > 350 /x are therefore most important for deter- 
mining the density distributions. 

e) “Silicate” Features 

In addition to the infrared continuum spectrum we 
have modeled the near-infrared ice and silicate 
resonance features at 3.1 /x and 10 /x (and 20 /x). Many 
sources show these features in absorption, especially 
those objects for which there is other basis to infer 
large column densities of foreground dust. Since often 
the depth of the 10 ¿x silicate absorption is taken as an 
independent measure of dust column density, we 
thought it worthwhile to see how reliable this might be. 
In optically thick sources (t10ií > 1) having a falloff 
of grain density with radius («d oc r-1 or r-2), we find 
that the presence of a temperature gradient in the 
source leads quite naturally to substantially less 
emission from the source at 10/x than at neighboring 
frequencies. Thus many of the objects where the 10/x 
absorption is seen may not require additional fore- 
ground dust if the absorption is an “atmospheric” 
effect, intrinsic to the source spectrum. (The 10/x 
feature will be in emission only if the source is optically 
thin.) Our results for these discrete spectral features 
are presented in a second paper (Kwan and Scoville 
1976). 

/) Relationship to Molecular Gas 
Thermal coupling between the radiatively heated 

dust grains and ambient molecular gas (H2) has been 
investigated by Goldreich and Kwan (1973). They 
indicated that the gas will approach thermal equili- 
brium with the dust (TK 7^) via collisions of H2 
with grains (at hH2 > 104 cm-3). Unfortunately, even 
at «Ha = 104 cm-3 the collisional rate is sufficient to 
give only TK ä TJl. Observational evidence, how- 
ever, suggests that the coupling may be stronger. Over 
large regions in the galactic center the brightness 
temperature of / = 1 -> 0 CO emission (commonly 
interpreted as a measure of Tf) is within observational 
uncertainties equal to the brightness temperature of 
100/t infrared emission (Scoville, Solomon, and 
Jefferts 1974). 

A more rapid transfer of energy from dust to gas 
may exist through absorption of dust radiation in the 
rotational transitions of water molecules followed by 
collisional de-excitation by H2. With numerical cal- 
culations of the H20 excitation equilibrium similar to 
Kwan and Thuan (1974), we have verified that this 
process is generally faster than direct H2 collisions 
with grains. For the radiation field in a dust cloud 
characterized by = 45 K and t100 # = 1 and a 
density hH2 ^ 5 x 103 cm-3, about 10 percent of the 
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H20 molecules will be excited into the 212 level at an 
energy corresponding to 80 K (a À = 180 /x transition) 
above the ground state. From this level efficient 
heating may occur by absorption of a 75 /x photon 
(transition from 212 up to 321) and the subsequent 
collisional de-excitation.1 For a minimal abundance 
ratio H20/H2 = 3 x 10"6 the rate of heating is 
10"23 ergs s"1 cm"3 at TK = 30 K. (For comparison 
the cooling rate by CO molecules at an abundance 
10"4«h2 will be an order of magnitude less.) When 
Tk is raised to 40 K, we find that the situation is 
reversed and the H20 cools the H2. For these illustra- 
tive parameters the kinetic temperature will be 35 K 
in thermal equilibrium when the HaO neither heats 
nor cools the H2. 

We therefore expect that even in clouds of moderate 
density with «h2 

= 104 cm"3 the gas temperature will 
be closely coupled to the dust temperature. This will be 
true unless there is an additional heating input to the 
gas serving to raise TK above Td. 

V. KLEINMANN-LOW NEBULA 

As an application of the dust model, and an 
illustration of its general properties, the Kleinmann- 
Low nebula, with its large amount of observational 
data, is chosen to be modeled. Observed fluxes at 
various wavelengths in this nebula and also at the 
Becklin-Neugebauer object (BN) are shown in Figure 5. 
Flux densities at A > 20/x were obtained with 1' 
resolution; those for A < 20/x are from integrations 
of higher resolution maps over a T aperture. Use of 
low resolution 10 /x and 20 /x observations at KL might 
be an error, since much of the low surface-brightness 
emission picked up at low resolution could be due to 
the nearby H n region. 

a) Selection of the Model Parameters 

Based on the general properties of the dust radiative 
transfer (cf. § IV), we can already limit the choice of 
the various parameters that enter into modeling KL. 

From the spectral observations longward of the 
70 /x peak, both the dust emissivity law and the density 
gradient in the outer portion of KL may be inferred. 
The best evidence for a rapid decrease in the density 
outside r = 1017 cm is provided by maps at A = 1 mm, 
which show a decrease to half-intensity only Y from 
the center (Harvey et al 1973). Unmistakably, this 
observation implies a density falloff, since an optically 
thin, Rayleigh-Jeans approximation for the 1 mm 
emission is valid and the dust temperature is slowly 
changing with radius. Models with density varying as 
r°, r"1, and r"2 give intensity Ifp) (eq. [6]) dependent 
onp as p"0 05, p"0-6, andp~l b in the rangep = 1016 

to 1018 cm. The best match to the observed intensity 
gradient is for a density decrease slightly steeper than 
r"1. In the model calculations we shall just use a r"1 

distribution. 

1 The other transitions in order of decreasing importance 
are 22i —> Sao (A = 66 /x), 3o3 —432(40 /x), 3o3 “33o(67 /x), and 
32i —> 432(59 /x). 
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Fig. 5.—Infrared spectra of the Kleinmann-Low nebula and 
the Becklin-Neugebauer object as measured in a 1' beam at 
A > 20 /x. At A < 20 /x the flux densities are obtained by 
integrating high-resolution maps over a 1' beam, and thus we 
hope to have omitted low surface brightness emission excited 
by the H n regions. Data are from Becklin et al. (1973), Gillett 
and Forrest (1973), Werner et al. (1975), Harper et al. (1972), 
Gezari et al. (1974), Werner et al. (1974), Rieke et al. (1973). 
The spectrum (inside a Y aperture) from model IV (Table 1) 
has been plotted over the KL data. 

Between A = 350 /x and 1 mm it is observed that 
Sv oc y3^3-4. From the dependence of the long-wave- 
length intensity on the emissivity (cf. § INd), we infer 
that the spectral index n of the emissivity is probably in 
the range 1.5 to 2. The derived index does depend some- 
what on the optical depth and the density distribution, 
in the sense that if > 1 or if the density is con- 
stant with radius the spectrum would tend to be less 
steep and a larger value of n would be required to 
account for a given falloff. We will conclude in the 
following discussion that r10Qll ^ 1 and therefore 
n = 1.5 1.8 longward of 100 /x is consistent with the 
r"1 density distribution. In the model calculations 
n = 2 will actually be used. The emissivity law short- 
ward of 100 /x is essentially a guess. In the calculations 
we have tried two cases: (1) with a change of the 
emissivity law from A"2 to A"1 shortward to 100/x 
(models I, II, III), and (2) with the change from A"2 

to A-1 at 30 /x (model IV). The choice of the break at 
30 /x in the second case is influenced by the measure- 
ments of Knacke and Thomson (1973). Because 
shortward of 20/x the contribution to the observed 
flux due to KL becomes indistinct from that due to 
the H ii region or the infrared point sources, we shall 
not, in modeling KL, attach any importance to the 
emissivity shortward of 20/x. Indeed, the main 
question about the dust emissivity we address our- 
selves to is, What is the spectral index of the emissivity 
that best represents the KL observations, and does the 
same law hold from 1 mm to 30 /x? 
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Based on the discussion in §IV&, we expect the 
opacity at the spectral peak of KL (~70 /¿) to be less 
than or about unity. A stronger limit on this value can 
actually be placed, using the observed flux at 1 mm 
and the estimated emissivity law from the earlier 
paragraph. With a dust temperature of ~ 70 K, as 
suggested from the brightness temperature at the peak 
and the 12CO / = 1 0 antenna temperature, the 
observed 1 mm flux implies an opacity at 1 mm of 
0.02. With an emissivity law of i/1-5“*1-8, the correspond- 
ing opacity at 100/x would be 0.6-1.2. In the first 
three model calculations, with the break of the 
emissivity law at 100 /x, t100 u is taken to have the values 
of 0.1,0.5, and 2.5. In the fourth model, with the break 
of the emissivity law at 30 /x, t10o w is set to be 0.5. 

For all models the stellar luminosity and tempera- 
ture are taken to be 105 L© and 3600 K. 

b) Comparison between Theory and Observations 

The spectral distributions in a T aperture of the 
four model calculations are presented in Figure 4, 
with the successive spectra shifted down by a factor 
of 10 for the display. Comparing these theoretical 
results with the observed values, we can conclude that 
both very low (model I) and very high (model III) 
opacities at 100 /x can be ruled out. Model IV provides 
the best fit to the observed falloff from 50 /x to 20 /x, 
and also peaks at about 70/x. We have plotted the 
spectral distribution of this model on top of the 
observed values in Figure 5. It is seen that the cal- 
culated spectral distribution compares well with the 
observed one. At 1 mm, the calculated flux is less than 
the observed value by a factor of 3. If a A"1-5 emissi- 
vity law were used, the comparison at 1 mm would be 
better. With model IV, the dust temperature at 
2.1017 cm is 68 K (cf. Table 1). To summarize, we 
infer, in light of the model calculations, that the dust 
density distribution is oc r-1, the emissivity between 
30/x and 1 mm varies approximately as A-1*5, and 
t70 h ä 1. With so many parameters that enter into a 
model calculation it is probably not surprising that a 
good fit to the observations can be made. Indeed, 
Werner et al. (1975) show that the observed fluxes 
compare extremely well with the emission from a 70 K 
blackbody filling the 1' beam for which the emissivity 
equals 1 at 20 /x and falls as A-1 to longer wavelengths. 
What lends credence to our results is that the calcula- 
tions are performed on a self-consistent basis and the 
deduced parameters are not completely arbitrary but 
are estimated based on the general properties of the 
radiative transfer in a dust cloud. 

c) Relationship between BN and KL Nebula 

The spectral distribution shortward of the peak 
might shed some light on the relationship between the 

BN object and the KL nebula. The simplest inter- 
pretation is that the spectrum is a superposition of 
two spectra, with BN on the near side of the central 
cluster. For a decreasing density distribution (r_1), and 
an emissivity law of model IV, BN need not be far 
from the center of KL. For example, if BN is situated 
at a radius of 3.1017 cm in front of the center, the line- 
of-sight opacity at 10/x is ~2.5. Thus the positional 
coincidence between BN and KL is not surprising if 
stars are formed mostly within a radius of 3.1017 cm. 
However, if the emissivities at 10/x and 100/x are in 
the ratio A-2, then BN must be situated almost at the 
front boundary of the cloud to avoid substantial 
attenuation. 

Another interpretation is that BN is the central 
source responsible for exciting KL. In this situation 
the observed spectrum places several conditions on 
the nature of BN and the emissivity law. We distin- 
guish between two cases: first, that in which the ob- 
served plateau at 10 p is largely due to the attenuated 
radiation from the central source, and, second, that 
in which it is due to reradiation from hot dust around 
the source. In the first case, the total luminosity of 
KL and the observed 10/x intensity at BN lead to two 
conditions : 

477r*2o\T*4 = L* = 105 Lq , 

Siou = Bv(T*)7Tr*2 exp (-Xxo*) = 260 f.u. (10) 

The upper limit on T7*, assuming optical thinness at 
10/x, is ~3000 K. This upper limit is unlikely to be 
realized, since at 10 /x it is certainly not optically thin, 
else KL would peak at this wavelength. The lower limit 
is ~ 600 K, and is set by the observed spectral distri- 
bution shortward of 10/x, which can be fitted by a 
blackbody curve of ~ 600 K. The corresponding upper 
limit on the line-of-sight opacity toward the source at 
10/x, x1Qll, is 5.3. With model IV this line-of-sight 
opacity is 8.3. Because of the uncertainty in extrap- 
olating the emissivity from 20/x to 10/x, a value of 
5.3 for x10 a is not inconsistent with the model for KL. 
To summarize, the conditions in this case are that the 
source has a low effective temperature, ~ 1000 K, and 
that the emissivities between 2 /x and 20 /x be nearly 
constant. In the other case, if the observed plateau 
at 10/x is due to reradiation from surrounding hot 
dust, no information about the ultimate source can 
be obtained. However, in order to produce the plateau, 
the emissivity between 2/x and 20/x must again be 
nearly constant. 

We are particularly grateful to Mike Werner for 
many stimulating discussions and much encourage- 
ment in this work. This is contribution number 209 
of the Five College Observatory. 
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