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ABSTRACT 
Three infrared and radio sources in NGC 7538 have been observed with 1 percent spectral and 

5// spatial resolution. The very small southern source shows a deep silicate absorption feature at 
9.7 fi while the northern extended source shows little or no silicate absorption, but has a 12.8 /x 
emission line from Ne n. The data imply that the compact source has a gas-to-dust ratio of 75 
inside the ionized region. The extended source only 10" away has a gas-to-dust ratio implied by 
the 10 /x data alone of 3 x 104, but the true ratio must be much lower to account for published 
20 /x measurements. 
Subject headings: infrared: sources — nebulae: individual 

I. INTRODUCTION 

The large optically visible H n region NGC 7538 
contains three compact radio and infrared sources in 
an area 24" by 24". This area has been mapped at 
5 GHz by Martin (1973) and at 2.2 and 20 /x by Wynn- 
Williams, Becklin, and Neugebauer (1974, hereafter 
WBN). Both the radio and infrared maps show three 
sources: 1RS 1, T'5 in diameter, which is bright in the 
infrared but faint in the radio; 1RS 2, 9" in diameter, 
which is bright in the radio but fainter than 1RS 1 at 
10 fx; and 1RS 3, 2"7 in diameter, which has an energy 
distribution intermediate between those of 1RS 1 and 
1RS 2 but is fainter than both at all wavelengths. 
Martin (1973) estimated upper limits for the ages of 
the compact sources of 4000 to 25,000 years from the 
radii of the H n regions and the speed of sound in 
ionized gas. An OH maser is associated with 1RS 1 
(Wynn-Williams, Werner, and Wilson 1974), and 
molecular emission from CO is found over a region 
nearly a degree in diameter (Wilson et al. 1974). 
Emission lines from H2S (Thaddeus et al. 1972), CS 
(Turner al. 1973), HCN (Morris et al. 1974), and 
H2CO (Downes and Wilson 1974) have been detected 
from the area of the compact infrared and radio 
sources, and the brightest CO emission peak is at that 
position (Wilson et al. 1974). 

Broad-band infrared measurements have shown that 
1RS 1 has a silicate absorption feature near 10 /x, while 
1RS 2 does not (WBN). Aitken, Jones, and Penman 
(1974) have obtained 8 to 13 /x spectra of several H ii 
regions including NGC 7538. Their field of view 
included both 1RS 1 and 1RS 2 and showed a deep 
silicate absorption feature at wavelengths near 10/x. 
Spectra of compact sources in other H n regions have 
been obtained by Gillett et al. (1975æ, hereafter 
GFMCS). These spectra showed a silicate absorption 
feature and often an emission line of Ne n at 12.8 /x. 
The Ne line flux generally indicated a Ne n abundance 
below the cosmic abundance of neon. 

In this paper, observations which spatially separate 
the three compact sources with spectral resolution 

ÀÀ/À = 0.01 from A = 7.4 to 13.5/x are presented. 
The instrument and observing techniques are described 
in § II. Section III describes observations of emission 
lines in 1RS 2. Models fitted to the observed emission 
are presented in § IV, various source parameters are 
derived, and the masses of the compact H n regions 
and their gas-to-dust ratios are estimated and inter- 
preted. An estimate is also made of the mass of the 
material shown to be present around 1RS 1. Section V 
summarizes the results. 

II. OBSERVATIONS 

The spectrometer uses a liquid nitrogen cooled 
circular variable filter as the wavelength selective 
element. A barium fluoride Fabry lens images the 
primary of the telescope onto an arsenic-doped silicon 
detector, which is cooled with liquid helium. Observa- 
tions are made by setting the wavelength, integrating 
using normal infrared chopping and beam switching 
techniques, and advancing to the next wavelength. The 
wavelengths measured are separated by 0.117 /x, which 
is slightly larger than the spectral resolution of 1 per- 
cent of the wavelength over most of the spectral range. 
Normally, measurements are made at every second 
wavelength step; then the filter is returned to the start, 
and measurements are made at the wavelengths which 
were skipped the first time. This procedure acts as a 
check on possible systematic errors due to guiding, 
changing atmospheric extinction, or changing instru- 
mental sensitivity. 

Most of the observations reported here were made 
on 1974 August 31 to September 4 and November 
11 and 14 with the 2.5 m Hooker telescope. The 
August/September observations used a 5" aperture 
and a 20" beam separation in declination, while the 
Noyember observations used a 7"5 aperture and a 17"5 
separation in declination. The flux of 1RS 1 was 
independent of aperture so all the measurements of it 
were averaged. The flux of 1RS 2 increased by 
0.39 ± 0.05 magnitudes with the larger aperture; the 
observations of it were corrected to a 5" aperture 
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IR SPECTROPHOTOMETRY OF NGC 7538 729 

Fig. 1.—8 to 13 ^ spectra of 1RS 1. Error bars are given for the points with larger errors than 5%. The solid line is the spectrum 
predicted by the model with Trapezium-like emissivity, and the dashed line is that for blackbody emissivity. 

before averaging. 1RS 3 was observed only with the 5" 
aperture. The results are shown in Figures 1 and 2. 

The instrumental sensitivity as a function of wave- 
length was determined by measuring standard stars 
and the limb of the Moon. The Moon was assumed to 
radiate as a 350 K blackbody, which was found to be 
consistent with the hot stars having a Rayleigh-Jeans 
spectrum. An attempt was made to observe the 
standards and the objects at the same air mass, and 
residual differences in atmospheric extinction were 
compensated for in the data reduction using absorption 
parameters from Goldman (1970) for ozone and from 
McClatchey et al. (1972) for other gases. Absolute 
calibration was provided by observing a Tauri and 
assuming its flux at 10.1 is 1.91 x 10~15 W cm“2 

jit"1, consistent with the Caltech broad-band photo- 
metry. 

In the spectra presented here, points near 12.8/x, 
the wavelength of the Ne n line, were observed in 
succession in order to minimize systematic errors in 
measuring the line flux. These points were repeatedly 
measured on different nights as a further check on 
their accuracy. At other wavelengths, consecutive 
points were observed on different nights as a check on 
possible calibration errors. 

Additional observations at wavelengths near 8.99 
and 10.53 /x were obtained on 1975 June 20 and 21, in 
order to search for the predicted Ar m and S iv 
emission lines. The lines were not found, and the 3 u 
upper limits are given in Table 1, along with the 
measurement of the Ne n line at 12.8 /x. 

III. EMISSION LINES 

The spectra presented in Figures 1 and 2 show that 
a strong Ne n line is present at 12.8 /x in 1RS 2 but is 
absent in 1RS 1. The nominal wavelengths, identifica- 
tions, and the fluxes in this line and the upper limits on 
two other possible emission lines in 1RS 2 are given in 
Table 1. The data for 1RS 3 are insufficient to detect 
any emission lines. 

The abundance of Ne n relative to H n for 1RS 2 and 
an upper limit for 1RS 1 can be derived using the 
formulation of Petrosian (1970); the results are given 
in Table 2. The 12.8/x flux has been corrected for 
absorption by dust as discussed below. The Ne ii 
abundance in 1RS 2 is slightly below the cosmic 
abundance of neon, but this is easily accounted for if 
some of the neon is doubly ionized, as suggested by 
GFMCS for other H n regions. Because the infrared 
continuum flux from 1RS 1 is large compared with the 
radio flux, the measurements do not imply any 
difference in the Ne n abundance in the two sources. 

IV. SILICATE FEATURE 

The prominent absorption feature from 8 to 12/x 
in 1RS 1 shown in Figure 1 is of the same type as that 
identified as due to silicates in the Becklin-Neugebauer 
point source in the Orion Nebula, the galactic center, 
and numerous sources in other H n regions (GFMCS 
and references therein). The feature in 1RS 1 is one of 
the strongest such absorptions known, and indicates 
that a large amount of relatively cold dust lies along 
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730 WILLNER 

Fig. 2.—8 to 13 /x spectra of 1RS 2 (upper) and 1RS 3 (lower). See the legend for Fig. 1. 

the line of sight to 1RS 1. Because no feature of com- 
parable strength is seen in 1RS 2 or 1RS 3, which are 
only 10" away, the cold dust must be directly associated 
with 1RS 1. 

The quantities which can be most directly derived 
from the observations are the mass of emitting dust, 
its temperature, and the column density of absorbing 
dust in front of 1RS 1. These quantities were calculated 
assuming that the emitting dust particles are all at the 
same temperature and are in a separate region behind 
a layer of absorbing silicate dust. The observed flux 

can then be fitted to a function of wavelength A of the 
form 

fa = a€(A)5A(r>“^, (i) 

where Bx is the Planck function and e is the emissivity. 
The absorption optical depth r(A) was assumed to 
be proportional to ^(Trapezium)/^!^), where 
FA(Trapezium) is the flux from the Trapezium (Forrest, 
Gillett, and Stein 1975), and Tt is an assumed tem- 
perature of the Trapezium. The parameters derived 

TABLE 1 
Possible Emission Lines in 1RS 2 

Measured Flux Corrected Flux 
A Identification (10-18Wcm-2) (10-18Wcm-2) 

9.04  Ar ni A8.99 <1.1 <3.4 
10.57  S iv A10.53 <1.3 <4.0 
12.79  Ne il A12.78 9.0 ± 0.9 14 

TABLE 2 
Neon Abundance 

Radio Flux* Measured 12.8 /x Flux Corrected 12.8 fi Flux 
Object (10-26 Wm“2 Hz“1) (10"18 W cm"2) (IO“18 W cm"2) log [JVXNe n)/JV(H n)] 

1RS 1  0.12 <4.4 <30 <-3.0 
1RS 2  1.4 9.0 ± 0.9 14 -4.4 

* From Martin 1973. 
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732 WILLNER Vol. 206 

from the model fit are the temperature Td of the 
emitting dust, the peak optical depth r(9.7) of the 
absorbing dust, and the effective solid angle Q. 
Details of the model are in the Appendix. 

The same two models for the emissivity €(À) of the 
hot dust were used as were employed by GFMCS. The 
first model, that of Trapezium-like emission, sets 
€(À) oc Fa(Trapezium)/i?A(7V). The second model, that 
of blackbody emission, sets €(À) = 1. Models such as 
e(A) oc À“1 or other smooth functions of wavelength 
generally give the same accuracy of fit to the obser- 
vations as the blackbody emission model but with a 
different Td. 

The best fit model parameters are shown in Table 3. 
The calculated fluxes for Trapezium-like emissivity 
are shown as solid lines and for blackbody emissivity 
as dashed lines in Figures 1 and 2. The models do not 
seem to deviate from the observations in any syste- 
matic way, except that the very shortest wavelength 
observations of 1RS 1 indicate an emissivity larger 
than that of the Trapezium. For all models the 
residuals from the model fit are larger than would be 
expected if only the observational statistical errors are 
considered. This is probably mostly due to the 
inaccuracy of the assumptions of a single temperature 
and Trapezium-like emissivity on which the models are 
based. 

For both 1RS 1 and 1RS 2, Trapezium-like emissivity 
provides a much better fit to the data than blackbody 
emissivity; this conclusion is in agreement with that 
of GFMCS for other objects. In particular, for 1RS 2, 
the best fit assuming blackbody emissivity had r(9.7) = 
— 0.4 ± 0.2, which is physically unreasonable. There- 
fore, all further discussions are based on Trapezium- 
like emissivity. 

The visual extinctions to 1RS 1, 2, and 3 can be 
crudely estimated from the depth of the silicate 
absorption. The extinctions are 90, 20, and 34 mag, 
respectively, if Av/r(9J) = 14 (Gillett et al. 19756). 
These are consistent with 1RS 1 and 3 being invisible 
on the Palomar Sky Survey red plates. A nebulosity 
does appear at the position of 1RS 2 (WBN); the radio 
observations (Martin 1973) imply that the Ha surface 
brightness should be 13 mag arcsec-2, and thus 
A-sa < 8 mag and Av < 11 mag. One explanation for 
the discrepancy between the low values of Av implied 
by the short wavelength observations and the value of 
20 mag implied by the 10 /x observations is that the dust 
is distributed nonuniformly in front of 1RS 2, so that 
some parts of the nebula are heavily extinguished, 
while other parts are extinguished hardly at all. 

Persson and Frogel (1974) have suggested that this is 
the case in K3-50, which also has a large silicate 
absorption but comparatively small visual extinction. 

The mass of emitting dust in the H n regions can be 
obtained from the models described above if the 
emission is optically thin, because the effective solid 
angle is directly proportional to the mass of emitting 
dust and its opacity per unit mass and inversely 
proportional to the square of the distance. That the 
emission is optically thin is shown in Table 4 which 
gives the emission optical depth rem(9.7) calculated 
from the effective solid angles derived from the model 
fits and from the radio diameters 0HII of Martin (1973). 
The values of the mass of emitting dust Md are also 
given in Table 4; the dust absorption coefficient *(9.7) 
has been taken as 3 x 103cm2g-1 (Gillett and 
Forrest 1973) and the distance as 3.5 kpc (Israel, 
Habing, and de Jong 1973). The values of Mgas, the 
mass of ionized gas, are from Martin (1973), scaled to 
a distance of 3.5 kpc, and reduced by 40 percent in 
1RS 2 to allow for the small aperture. Table 4 also 
gives the calculated gas-to-dust ratios for the H n 
regions; it has been assumed that the infrared emission 
comes from the ionized region. 

The gas-to-dust ratios of 3 x 104 and 103 indicated 
by the 10 /x data for the ionized regions of 1RS 2 and 
1RS 3 are larger than the accepted interstellar value 
of 100 but comparable to the values found by GFMCS 
for other H n regions. These values are upper limits, 
because if there is dust present at much lower tem- 
peratures than those found from the model fit, such 
dust will not emit significantly between 8 and 13 ¿x and 
will therefore not contribute to D. In fact, the 20 /x 
flux from 1RS 2 (WBN) is larger than would be pre- 
dicted from the temperature of 270 K found here, and 
the 20/x to 13¿x color temperature is 130 K. The 
corrections for silicate absorption at 13 /x and to the 
broad-band 20/x measurement should be approxi- 
mately equal (Knacke and Thomson 1973). It is 
impossible to deduce the true gas-to-dust ratio without 
knowing the details of the temperature distribution of 
the dust, but a normal interstellar ratio of 100 appears 
consistent with the observations. 1RS 3 also has a 
larger 20 /x flux than would be predicted from the 10 /x 
observations, and the observations are compatible 
with a normal gas-to-dust ratio in this object. 

The arguments above would be invalid if a sub- 
stantial part of the 20 ¡jl flux comes from outside the 
H ii region. Some flux might originate, for example, in 
the cold material which produces the absorption at 
10 /x and the emission at far-infrared wavelengths. Any 

TABLE 4 
Cloud Masses and Gas-to-Dust Ratios 

& Md 0HII* Mgas* Nn 
Source (arcsec2) (M0) (arcsec) Tem(9.7) (M0) Msa,s¡Md (atoms cm“2) 

1RS 1  2.6 x lO“1 1.2 x 10"4 1.5 1.5 x lO"1 9 x 10“3 75 1.3 x 1023 

1RS 2  2.7 x 10“2 1.2 x 10“5 9 1.4 x 10“3 3.6 x lO“1 3 x 104 3 x 1022 

1RS 3  1.6 x lO"2 7 x 10“6 2.7 3 x 10“3 9 x 10“3 1 x 103 5 x 1022 

* From Martin 1973, corrected to d = 3.5 kpc. 
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such contribution is probably small, because in 1RS 2 
the 20 fji and radio maps are in good agreement, and in 
1RS 1 (see below) the 20 p flux is no larger than is 
obtained by extrapolating the 8 to 13 /x flux. 

The energy distribution of 1RS 1 is different from 
that of 1RS 2 and 1RS 3 in that the 20 /x flux is much 
less relative to the 10 /x flux. The 20 /x, 13 /x, and 5 /x 
fluxes all fit a 370 K blackbody, the same temperature 
as derived from the 10 /x alone. The extinction at 5 /x 
should be about equal to that at 13/x assuming 
Av/t(9J) = 14 (Gillett et al. 19756) and a normal 
interstellar extinction law (Johnson 1968). It therefore 
seems that the assumption of a single temperature is 
reasonable for 1RS 1, and the derived gas-to-dust ratio 
of 75 is accurate. 

The absorption optical depth obtained from the 
model fit can be used to calculate the column density 
of material in front of the H n region. The column 
density can then be used to estimate the total mass 
outside the H n region. The column density of hydro- 
gen atoms Nn = /t(9.7)/ac(9.7)Mh where / is the gas- 
to-dust ratio in the cold medium outside the H n 
region and MH is the mass of a hydrogen atom. The 
values of for / = 100 are given in Table 4. 

The relation between 7VH and the total mass outside 
the H ii region is strongly dependent on how the mass 
is distributed. The spherically symmetric density 
distribution requiring the least mass consistent with 
the measured column density is that in which all the 
mass is in a thin shell just outside the H n region. This 
mass is 2 MQ for 1RS 1. If the material is spread out, 
the total mass required is larger. For example, if the 
density p(r) cc r~2 from the radius of the H n region 
r0 to some maximum radius rl9 the total mass is 
increased by a factor rjro. Because the absorption in 
front of 1RS 2 is small, rx is less than the distance from 
1RS 1 to 1RS 2. If the projected distance is comparable 
to the actual distance, the mass is 10 times greater or 
20 Mq. 

The effect of the silicate absorption in front of 1RS 1 
is to remove the energy at 10 /x and reemit it around 
100 /x. As discussed above, the 5, 13, and 20 /x fluxes 
from 1RS 1 fit on a 370 K blackbody, so if there were 
no absorption, most of the luminosity of 1RS 1 would 
emerge around 10/x. The minimum luminosity of 
4 x 104Lo is obtained by assuming that there is no 
absorption at wavelengths shorter than 8 /x or longer 
than 3 /x. If it is assumed that the absorption at 5, 13, 
and 20 /x is 0.3 of that at 9.7 ¡m, the luminosity of 1RS 1 

corrected for absorption would be 2.4 x 105Lo. If, 
as suggested by the model fits, the underlying spectrum 
of 1RS 1 has a silicate emission feature, the luminosity 
would be 3 x 105 L0. Any of the above luminosities is 
consistent with a far-infrared measurement by Harper 
and Thronson (1975) with a field of view which 
includes all three sources. If a luminosity of 3 x 105 L0 
is produced by a zero-age main-sequence star, it is of 
spectral type 06 (Panagia 1973) and mass 35 MQ 
(Cester 1965). Such a star would produce 100 times 
more ionizing photons than are indicated by the radio 
observations. Depending on the unknown ratio 
between the ultraviolet and 9.7 /x optical depths, an 
optical depth high enough to absorb 99 percent of the 
ultraviolet photons may be consistent with the 9.7 /x 
optical depth of 0.15 inside the ionized region. Another 
possibility is that the energy of 1RS 1 is supplied by a 
supergiant star; its spectral type is then B0.5, and only 
3 times more ionizing photons are produced than 
would be derived from the radio observations. In 
either case it appears that a star of 35 MQ has formed 
out of a condensation having total mass between 37 
and 55 M©. 

v. CONCLUSION 

The three compact sources in NGC 7538, identified 
by Martin (1973) as young H n regions, have spectra 
of two types. 1RS 1 has a strong silicate absorption, 
while 1RS 2 and 1RS 3 have much weaker silicate 
absorption. The emission from 1RS 1 from 5 to 20 /x 
can be explained with a single temperature for the 
emitting dust, but in 1RS 2 and 1RS 3 a range of 
temperatures is required. The gas-to-dust ratio of 1RS 1 
appears to be normal; the observations are probably 
consistent with normal ratios in 1RS 2 and 1RS 3. If 
older H n regions are dust depleted, the depletion 
must occur at a later stage of their evolution and is 
not an initial condition. 

It is a pleasure to thank E. E. Becklin and G. 
Neugebauer for their support and encouragement, 
including many valuable comments on the manuscript, 
and C. Sarazin for a discussion of dust depletion 
mechanisms. S. V. W. Beckwith helped with the 
observations. This work was supported by National 
Aeronautics and Space Administration grant NGL 
05-002-207 and National Science Foundation grant 
MPS 74-18555. 

APPENDIX 

In the approximation that the emitting dust particles in a source are all at the same temperature, the observed 
flux can be written as 

= a 
<A) 

<9.7) 
Bh(Td) exp -<9.7) 

FA(Trapezium)2?9.7(?V 
Fg^Trapezium^^TV ■)J 

(2) 

(GFMCS). Here e(A) is the emissivity, and Td is the temperature of the hot dust, <9.7) is the absorption optical 
depth at 9.7 ¿x, /^(Trapezium) is the flux from the Trapezium, Tt is the temperature of the dust in the Trapezium, 
and i?A is the Planck function. There are four free-parameters : Q, the effective solid angle; Td\ <9.7); and Tt. 
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734 WILLNER 

FA(Trapezium) was taken from Forrest, Gillett, and Stein (1975). GFMCS found Tt = 250 K, but Tt = 225 K 
was used here for reasons discussed below. The applicability of the above model is discussed by GFMCS. 

It was found that the only case in which Tt significantly affected the quality of the fit was that for 1RS 1 using 
Trapezium-like emissivity. In this case, Tt — 225 K was at least 2 a better than either 200 K or 250 K. The emissi- 
vity of dust as a function of wavelength is known to be different for different objects (Forrest, Gillett, and Stein 
1975), and Tt should be regarded as a parameter describing the emissivity of the dust rather than as a physical 
temperature of the Trapezium. The lower value of Tt found here implies that the emissivity at 7 to 9 /x of the 
dust in NGC 7538 is larger than that in most of the H n regions studied by GFMCS. 

The errors given for Td and r(9.7) are those corresponding to a unit rise in chi-squared per degree of freedom. 
This corresponds to the standard deviation rather than the standard deviation of the mean and should be a better 
estimate of the error when, as here, the error is not primarily statistical. This method of estimating the error in Td 
and r(9.7) should be accurate because Td and r(9.7) are not correlated. Td does depend on TV, and Cl depends 
strongly on Td. Increasing Tt by 25 K increases Ü by about a factor of 3. 
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