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ABSTRACT

Three infrared and radio sources in NGC 7538 have been observed
from 8 to 13 n withkl% spectral and 5" spatial resolution. The very
small southern source shows a deep silicate absorption feature at 9.7 n
while the northern extended source shows little or no silicate absorp-
tion, but has a 12.8-p emission line from Ne II. 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-p data alone of 3 x 104, but the true ratio must be
much lower to account for published 20-p measurements.

A revised 10-p map of the Galactic center with 2V3 resolution,
broadband photometry of individual sources from 1.2 to 20 p, and 8 to
13-p photometry of individual sources with 1% spectral resolution
have been obtained. The principal conclusions of this study are:

(1) The five sources with the bluest energy distributions between 1.6
and 3.5 p are stars or star clusters. The brightest has a luminosity
of 105 L0 while the other four have luminosities of about 104 L@. (2)
There is extended emission from ionized gas and dust. (3) The density
of ionized gas in the discrete 10-p sources is no higher than that in
the extended source. (4) There is at least one compact source that is
not associated with the others and has a different energy distribution.
(5) Most of the extinction toward the sources observed is interstellar

and is moderately uniform. The visual extinction is about 28 magnitudes,

and the 9.7-p silicate extinction is about 3.7 magnitudes.
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INTRODUCTION

This thesis consists of two separate papers. They have in common
a presentation of detailed studies of individual sources in regions
where maps have shown many sources in a small area. The motivation
for these studies was that by studying sources in a cluster, one might
begin to understand what properties are characteristic of individual
sources and what properties apply to the whole cluster.

The two papers also have in common that much of the observing was
done with the same instrument--an 8 to 13 micron spectrometer. The
major characteristics of the instrument are described in Chapter 1.

A large portion of my career as a graduate student was devoted to
building, testing, and repairing this instrument, and some details of
it are presented here.

The spectrometer is built inside a liquid helium dewar designed
by J. A. Westphal. Light from a telescope or test source is admitted
through a barium fluoride window, passes through a filter, an aperture,
and a field lens and lands on the detector. The filter can be any of
up to four broadband filters or can be a circular variable filter
(CVF) for high resolution observations. The CVF is in the form of a
half disk and is mounted so that as it rotates the light path passes
through different azimuths of the CVF; each azimuth transmits a differ-
ent wavelength. As the filter mounting is rotated further, the CVF
passes out of the light path and the broadband filters are brought

into it.
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The rotation of the CVF is accomplished manually through a system
of gears and a shaft passing through an airtight seal to the outside
of the dewar. An external counter keeps track of the position of the
shaft, and a set of detents are provided so that settings may be easily
reproduced. Because the measurement of the position of the CVF is
tied to the CVF itself only through.a system of gears, these gears
and all couplings must be carefully adjusted to minimize backlash and
slippage. In practice it was found that slippage was nonexistent,
while backlash amounted to 0.2 to 0.3 of a resolution element. Because
of the backlash, all of the spectra were measured with the CVF having
last been turned toward increasing wavelength; the backlash was then
negligible.

The detents are approximately one resolution element apart; for
the highest spectral resolution possible with this instrument it would
have been necessary to use twice as many detents. This was not con-
sidered justified in view of the observing time that would h;ve been
required to measure so many points. Even with the present spacing,
it was often possible to measure only one-half or one-fourth of the
usual number of points on the faintest objects.

The first step in the usual observing procedure was to center the
object in the aperture by maximizing the signal through a broadband
filter. An offset guider was then centered on a visible star, and
the spectrum was measured as described in Chapter 1. The broadband
filter was put back in and the centering of the object checked as

often as was necessary to compensate for differential refraction



between the infrared light being measured and the visible light from
the star used for guiding.

The use of standards is described in Chapter 1. Both a relative
standard, to give the instrumental sensitivity as a function of wave-
length, and an absolute standard, to give the absolute sensitivity at
one wavelength, were needed. The Moon was used as the primary relative
standard because it was found that measurements of it were reproducible
to within 2 to 3%, while measurements of stars were reproducible only
to within 5 to 7%Z. The extra error in measurements of stars was
probably due to guiding errors, because part of the flux from the stars
fell outside the small apertures used and because the wavelength
changed as the position of the star in the aperture changed. Stars
were used as absolute standards, and were also used to determine that
the bright limb of the Moon radiates as a grey body at a temperature
of 350 K at wavelengths between 8 and 13 u.

Observations with a spectrometer have two advantages ovér observa-
tions with intermediate bandwidth filters. The first is that the
spectrometer can detect and measure emission lines. Secondly, the
spectrometer can measure the shape of broad features such as the
silicate absorption. The shape observed in one object can be compared
to that observed in others as well as to laboratory measurements; the
comparisons may lead to identification of the feature. Intermediate
bandwidth observations are excellent for comparing the strength of a
feature in different objects, but are meaningful only if it is known

or assumed that the same feature is being measured in all cases. Both
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narrow and intermediate bandwidth observations are presented in Chapter

2, where they can be compared.
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CHAPTER 1

NGC 7538
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I. INTRODUCTION

The large optically visibie H II 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 n by
Wynn-Williams, Becklin, and Neugebauer (1974 - hereafter WBN). Both
the radio and infrared maps show three sources: IRS 1, 1.5 in diameter,
which is bright in the infrared but faint in the radio, IRS 2, 9" in
diameter, which is bright in the radio but fainter than IRS 1 at 10 p;
and IRS 3, 2'!7 in diameter, which has an energy distribution intermediate
between those of IRS 1 and IRS 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 II regions and the speed
of sound in ionized gas. An OH maser is associated with IRS 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 HZS (Thaddeus et al. 1972), CS (Turner et al. 1973), HCN (Morris et al.

1974), and H,CO (Downes and Wilson 1974) have been detected ffom the area

2
of the compact infrared and radio sources, and the brightest CO emission

t al. 1974).

—

peak is at that position (Wilson

Broadband infrared measurements have shown that IRS 1 has a silicate
absorption feature near 10 p, while IRS 2 does not (WBN). Aitken, Jones,
and Penman (1974) have obtained 8 to 13-p spectra of several H II regions
including NGC 7538. Their field of view included both IRS 1 and
IRS 2 and showed a deep silicate absorption feature at wavelengths
near 10 n. Spectra of compact sources in other H IT regions have been

obtained by Gillett et al. (1975a) (hereafter GFMCS) . These spectra
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showed a silicate absorption feature and often an emission line of
Ne II at 12.8 p. The Ne line flux generally indicated a Ne II abundance
below the cosmic abundance of neon,

In this paper, observations which spatially separate the three
compact sources with spectral resolution AN/N = 0.01 from N\ = 7.4 to
13.5 p are presented. The instrument and observing techniques are
described in § II. § III describes observations of emission lines in
IRS 2. Models are fitted to the observed emission in § IV, various
source parameters are derived, and the masses of the compact H II regions
and their gas to dust ratios are estimated and interpreted. An estimate
is also made of the mass of the material shown to be present around IRS 1,

§ 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. Observations 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 n, which is slightly larger than the

spectral resolution of 1% of the wavelength over most of the spectral range.
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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 bossible systematic errors due to guiding, changing atmospheric
extinction, or changing instrumental sensitivity.

Most of the observations reported here were made on 1974 August
31 to September 4 and November 11 and 14 with the 100~inch Hooker
telescope. The August/September observations used a 5" apertﬁre and a
20" beam separation in declination while the November observations used
a 7".5 aperture and a 17".5 separation in declination. The flux of IRS 1
was independent of aperture so all the measurements of it were averaged.
The flux of IRS 2 increased by 0.39 = .05 magnitudes with the larger
aperture; the observations of it were corrected to a 5" aperture
before averaging. IRS 3 was observed only with the 5" aperture. The
results are shown in Figures 1 and 2.

The instrumental sensitivity as a function of wavelength was
determined by measuring standard stars and the limb of the ﬁoon. 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 séectrum. 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 ¢ Tauri and

assuming its flux at 10.1 p is 1.91 x 10-15 W cm-2 p-l, consistent
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Figure 1

8- to 13-p spectra of IRS1., 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.
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See the caption
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with the Caltech broadband photometry.

In the spectra presented here, points near 12.8 p, the wavelength
of the Ne II 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 1
were obtained on 1975 June 20 and 21, in order to search for the
predicted Ar III and S IV emission lines. The lines were not found,and
the 3 ¢ upper limits are given in Table 1, along with the measurement

of the Ne II line at 12.8 n.

ITTI. EMISSION LINES

The spectra presented in Figures 1 and 2 show that a strong
Ne II line is present at 12.8 p in IRS 2 but is absent in IRS 1. The
nominal wavelengths, identifications, and the fluxes in this line and the
upper limits on two other possible emission lines in IRS 2 are given
in Table 1. The data for IRS 3 are insufficiént to detect any emission
lines.

The abundance of Ne II relative to H IT for IRS 2 and an upper
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limit for IRS 1 can be derived using the formulation of Petrosian
(1970); the results are given in Table 2. The 12.8-u flux has been
corrected for absorption by dust as discussed below. The neon

abundance in IRS 2 is slightly below the cosmic abundance, but this is

easily accounted for if some of the neon is doubly ionized, as suggested

by GFMCS for other H II regions. Because the infrared continuum flux
from IRS 1 is large compared to the radio flux, the measurements do

not imply any difference in the Ne II abundance in the two sources.

IV. THE SILICATE FEATURE

The prominent absorption feature from 8 to 12 p in IRS 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 II regions (GFMCS and references

therein). The feature in IRS 1 is one of the strongest such absorptions

known, and indicates that a large amount of relatively cold dust lies
along the line of sight to IRS 1. Because no feature of comparable
strength is seen in IRS 2 or IRS 3, which are only 10" away, the cold
dust must be directly associated with IRS 1.

The guantities 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 IRS 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
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absorbing silicate dust. The observed flux can then be fit to a function:

of wavelength A of the form

F =0ec(h) B (T, T (1)

where BK is the Planck function and € is the emissivity. The absorption‘

optical depth T7(\) was assumed to be proportional to Fx (Trap)/Bk (TT)’
where F. (Trap) is the flux from the Trapezium (Forrest, Gillett, and

A

Stein 1975),and T, is an assumed temperature of the Trapezium. The

T

parameters derived from the model fit are the temperature Td of the
emitting dust, the peak optical depth T(9.7) of the absorbing dust, and
the effective solid angle (2. Details of the model are in the Appendix.
The same two models for the emissivity e (\) of the hot dust were
used as were used by GFMCS. The first model, that of Trapezium-like

emission, sets e (\) = (Trap)/BK (TT). The second model, that

FK
of blackbody emission, sets €(\) = 1. Models such as e(\) = x'l or
other smooth functions of wavelength generally give the same accuracy
of fit to the observations 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 Figurés 1 and 2. The models do
not seem to deviate from the observations in any systematic way, except
that the very shortest wavelength observations of IRS 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
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emissivity on which the models are based.

For both IRS 1 and IRS 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 IRS 2, the best fit assuming blackbody emissivity had 7(9.7) =
-0.4 £0.2, which is physically unreasonable. Therefore, all further
discussions are based on Trapezium-like emissivity.

The visual extinctioms to IRS 1, 2, and 3 can be crudely estimated
from the depth of the silicate absorption. The extinctions are 90,
20, and 34 magnitudes repectively, if AV/T(9.7) = 14 (Gillett et al.
1975b) . These are consistent with IRS 1 and 3 being invisible on the
Palomar sky survey red plates. A nebulosity does appear at the position
of IRS 2 (WBN); the radio observations (Martin 1973) imply that the
Hx surface brightness should be 13 mag (")_2 and thus AHa < 8 and Ay <11 mag.
One explanation for the discrepancy between the low values of AV implied by
the short wavelenéth observations and the value of 20 mag implied by the
10-n observations is that the dust is distributed non-uniforﬁly in front
of IRS 2, so thét 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 absofption but comparatively small visual extinction.

The mass of emitting dust in the H II regions can be obtained from
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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 Tem(9.7) calculated

from the effective solid angles derived from the model fits and from the
radio diameters 6 of Martin (1973). The values of the mass of emitting

H II

dust M, are also given in Table 4, the dust absorption coefficient K(9.7)
2 -
has been taken as 3 x 103 cm g 1 (Gillett and Forrest 1973) and the distance

as 3.5 kpc (Israel et al. 1973). The values of M the mass of ionized

—— — gaS’

gas, are from Martin (1973), scaled to a distance of 3.5 kpc, and reduced
by 40% in IRS 2 to allow for the small aperture. Table 4 also gives the
calculated gas to dust ratios for the H II regions, assuming the infrarea
emission comes from the same region,

The gas to dust ratios of 3 x 104 and 103 indicated by the 10-p data
for the ionized regions of IRS 2 and IRS 3 are larger than the accepted
interstellar value of 100 but comparable to the values found by GFMCS for
other H II regions. These values are upper limits, because if there is
dust present at much lower temperatures than those found from the model fit,
it will not emit significantly between 8 and 13 p and will therefore not
contribute to £, In fact, the 20-p flux from IRS 2 (WBN) is larger than
would be predicted from the temperature of 270 °K found here, and the 20 p
to 13-p color temperature is 130 0K. The corrections for silicate absorption

at 13 pn and to the broad band 20-p measurement should be approximately

equal (Knacke and Thomson 1973). It is impossible to deduce the true gas
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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. IRS 3 also has a larger 20-u flux than would be
predicted from the 10-p observations, and the observations are compatiblg
with a normal gas to dust ratio in this object.

The arguments above would be invalid if a substantial part of the
20‘p fiux comes from outside the HII region. Some flux might originate,
for example, in the cold material which produces the absorption at 10 n
and the emission at far infrared wavelengths., Any such contribution is
probably small, because in IRS 2 the 20 n and radio maps are in good
agreement, and in IRS 1 (see below) the 20 u flux is no larger than is

obtained by extrapolating the 8 to 13 p flux.

The energy distribution of IRS 1 is different from that of IRS 2
and IRS 3 in that the 20-p flux is much less relative to the 10-p flux.
The 20-n, 13-u, and 5-p fluxes all fit a 370 k blackbody, the same
temperature as derived from the 10-p data alone. The extinction at 5 p’
should be about equal to that at 13 p assuming AV/T(9.7) = 14 (Gillett
et al. 1975b) and a normal interstellar extinction law (Johnson 1968).
It therefore seems that the assumption of a single temperature is reasonable
for IRS 1, and the derived gas to dust ratio of 75 is accurate.

The absorption optical depth obtained from the mo@el fit can
be used to calculate the column density of material in front of the
H II region. The column density can then be used to estimate the
total mass outside the H II region. The column density of hydrogen
atoms NHF f T(9.7)/Pi(9.7) MH where £ is the gas to dust ratio in the
cold medium outside the H II region and MH is the mass of a hydrogen

atom. The values of NHfor f = 100 are given in Table 4,
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The relation between NHand 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 II region. This mass is
2 M@ for IRS 1. 1If the material is spread out, the total mass required
is larger. For example, if the density p(r) « r-2 from the radius of
the H IT region r, to some maximum radius T the total mass is increased
by a factor q_/ro. Because the absorption in front of IRS 2 is small, r

1
is less than the distance from IRS 1 to IRS 2. If the projected distance

is comparable to the actual distance, the mass is 10 times greater or
20 MG'

The effect of the silicate absorption in front of IRS 1 is to remove
energy at 10 p and re-emit it around 100 p. As discussed above, the
5, 13, and 20-p fluxes from IRS 1 fit on a 370 °K blackbody, so if there
were no absorption, most of the luminosity of IRS 1 would emerge around

10 p. The minimum luminosity of 4 x 104 L0 is obtained by assuming

that there is no absorption at wavelengths shorter than 8 n or longer

than 3 u. Correcting the fluxes for absorption, assuming the absorption
at 5, 13, and 20 u is 0.3 of that at 9.7 n, the luminosity of IRS 1 would be
0.' If as suggested by the model fits, the underlying spectrum of
5

IRS 1 has a silicate emission feature, the luminosity would be 3 x 10 LG'

2.4 x 10° L

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



17

zero-age main sequence star, it is of spectral type 06 (Panagia 1973)

and mass 35 MO (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 p optical depths,

an optical depth high enough to absorb 99% of the ultraviolet photons

may be consistent with the 9.7 u optical depth of 0.15 inside the ionized
region. Another possibility is that the energy of IRS 1 is supplied

by a supergiant star; its spectral type is then BO.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 M@ has formed out of

a condensation having total mass between 37 and 55 MG'
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V. CONCLUSION

The three compact sources in NGC 7538, identified by Martin (1973)
as young H II regions, have spectra of two types. IRS1l has a strong
silicate absorption, while IRS2 and IRS3 have much weaker silicate
absorption. The emission from IRS1 from 5 to 20 p can be explained
with a single temperature for the emitting dust, but in IRS2Z and IRS3
a range of temperatures is required. The gas to dust ratio of IRSl appears
to be normal; the observations are probably consistent with normal ratios
in IRS2 and IRS3. 1If older H II 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 65-002-207

and National Science Foundation grant MPS74-18555,
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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

F. (Trap)B,. _(T.)
F}\ =0 €(>\) B}\ (Td) exp —'T(9.7) M .7 T
€(9.7) F9.7(Trap)Bx(TT) (2)

(GFMCS). Here e€(\) is the emissivity and T, is the temperature of the

d
hot dust, 7(9.7) is the absorption optical depth at 9.7 pn, Fx(Trap) is

the flux from the Trapezium, T, is the temperature of the dust in the

T

Trapezium, and Bk is the Planck function. There are four free.

parameters: 1, the effective solid angle; T.; T(9.7); and TT' FK(Trap)

d)
was taken from Forrest, Gillett, and Stein (1975). GFMCS found Ty, = 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 IRS 1 using Trapezium-like emissivity.
In this case, TT = 225 K was at least 2 ¢ better than either 200 K or
250 K. The emissivity of dust as a function of wavelength is known to
be different for different objects (Forrest et al. 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 p of the dust in NGC 7538

is larger than that in most of the H II regions studied by GFMCS.

-
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The errors given for T, and T(9.7) are those corresponding to

d

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

T, and 7(9.7) should be accurate because T, and T7(9.7) are not

d

correlated. Td does depend on TT’ and Q depends strongly on Td.

d

Increasing T,, by 25 K increases {2 by about a factor of 3.

T
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I. INTRODUCTION

The region of the Galactic center is very bright in the infrared,
both at relatively short wavelengths of 1 to 20 u (Becklin and
Neugebauer 1968, Low et al. 1969) and at longer wavelengths near
100 u (Hoffmann, Frederick, and Emery 1971). At the shorter wavelengths,
maps have revealed a concentration of discrete sources in a region
approximately 1' in diameter (Rieke and Low 1973). Maps with better
spatial resolution have shown more sources, and many of the sources
have finite sizes of approximately 2" or 0.1 pc (Becklin and Neugebauer
1975-~hereafter BN).

The position of the infrared sources is the same as that of the
thermal radio source Sgr A-West, but even the highest resolution radio
map (Ekers et al. 1975) is not sufficient to allow a detailed compari-
son with the infrared maps. The radio emission indicates the presence
of an H II region in the Galactic center; an emission line .of Ne II
at 12.8 u (Aitken, Jones, and Penman 1974) presumably arises from the
same region. The far infrared radiation is probably due to the presence
of dust in or near the H II region.

The present paper presents new observations of three kinds: a
10-p map with 2V3 resolution over a broader region than that of BN,
broad and intermediate bandwidth photometry of individual sources,
and 8 to 13-y spectrophotometry of individual sources. The new data
are interpreted in terms of the properties of individual sources, the
relationship of the compact sources to the large scale structure, and

the amount and wavelength dependence of the interstellar extinction.
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IT. OBSERVATIONS

A revised and extended version of the 10-p map of BN is presented
in Figure 1. New data, consisting of scans to the east of the center
of IRS1, were obtained on 1975 July 1. The observation and reduction
procedure was the same as that of BN. In addition, in the process
of making the photometric measurements described below, the relative
positions of the discrete 10-u sources were measured. The new positions
have been incorporated into Figure 1; the most significant change is
that IRS3 is closer to IRS7 than was indicated by BN. The absolute
coordinates of the map were also checked using the optical field star
indicated by an "X". The check revealed a difference of about 2"
in the sense that the declinations presented here are south of the
values listed by BN. The difference is probably due to the difficulty
of accounting for the effects of differential refraction.

The 1.2 to 12.5-u broadband observations were made at the 5-m
Hale telescope on four nights in 1975 June and July. The 1.2 to 5-y
observations were made with an InSb detector, a 3V8 aperture, and a
conventional chopper producing a 7'5 beam separation in declination.
The 8.7 to 12.5-u observations used a bolometer detector, a 23
aperture, and a wobbling secondary chopper producing a 10" beam separa-
tion in declination. The seeing was generally 2" for the short wave-
length and 3" for the long wavelength observations. The source
positions were found by peaking up on individual sources; the spatial

resolution was approximately the same as BN used to make the 2.2 and
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Map of the Galactic center region at 10 p made with a 2V3 circular
aperture. The aperture size is shown by the circle in the upper right
hand corner. The '"X'" denotes a visible field star, The IRS numbers
are shown. The contour interval is & x 10710 W m~2 Hz"1l ster-l.
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10-n maps of the Galactic center, so the sources were easily located.
The location of the reference aperture was chosen to minimize contamina-
tion. In one case, that of TIRS16, it was necessary to measure the flux
in the reference position and correct the data appropriately. The
results of the photometry, in magnitudes, are given in Table 1, which
also gives 20-p magnitudes determined from an unpublished map by
Becklin and Neugebauer. The major sources of error are errors in
centering the aperture on the source and errors due to unknown flux
in the reference beam. Centering errors were less than 0.2 magnitudes,
as indicated by remeasurement of some of the sources on different
nights. Errors due to flux in the reference beam depend on how isolated
the source being measured is; such errors are difficult to estimate.
As an extreme upper limit, the flux in the reference beam when measur-
ing TRS16 amounted to 0.6 magnitudes.

Spectral observations were made in 1974 August and September,
but most of the data were obtained on seven nights in 1975 ﬁay and
June. The observations were made at the 2.5-m Hooker telescope and
used a 5" aperture and a 17"5 beam separation in declination. The
source positions were found by peaking up with a broadband filter;
the positions measured are shown in Figure 2 superposed on the 10-y
map. The seeing was very good on most of the nights, being typically
2" when observing the Galactic center. The observation and reduction
techniques were the same as described previously (Chapter 1)
except that the star used to determine absolute fluxes was a Sco;

-~23 wm~2 -1

its 12.5~p flux was assumed to be 1.80 x 10 Hz ~. The results

of the spectral observations are given in Figure 3.
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Figure 2

The positions and size of the 5" spectrometer aperture superposed on
the 10-n map. The numbers inside the circles denoting the aperture

locations give the measured Ne II flux in units of 10718 W m~2, The
squares mark the central positions of 2-p sources that do not appear
on the 10-p map; the numbers inside the squares are the IRS numbers.
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ITI. DISCUSSION

a) Extinction at Short Wavelengths

In order to discuss the nature of the sources in the Galactic
center, it is necessary to correct the observations for interstellar
extinction. The data presented here give information on both the uni-
formity and the magnitude of the extinction. Becklin and Neugebauer
(1968) have shown that the [1.6u]~ [2.2pu] color measured through
15" to 110" apertures centered on the 2.2-y peak is uniform, although
the total flux increases by a factor of 8. They attributed the flux
to a background of unresolved stars. In addition, the present obser-
vations show that four compact sources in the central region--IRS11,
12, 16, and 19--have the same [1.6p] - [2.2u] color as the 110" region
to within 15%. These sources have no 10-u counterparts; the lack of
10-p radiation from these sources and the presence of 2.3-y CO absorp-
tion in two of them (Neugebauer et al. 1976) indicate that the sources
are probably stars. These sources are distributed over a 40" area,
as shown in Figure 2, and their total 2.2-p flux is only 3% of that
in the 110" aperture. The uniformity of the observed colors of these
four sources and the equality of the colors to that of the 110" region
show that there is a uniform component of the extinction towards the
Galactic center. The uniform extinction is the minimum to any source
in the Galactic center.

If the 2.2-py compact sources are distributed symmetrically around

the Galactic center, the uniformity of their colors implies that there
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is little reddening in the immediate vicinity of the center. The fact
that the unresolved stars within 55" have the same color can be taken

to show that there is little reddening within the radius of the extended
source. Quantitatively, the reddening varies by less than 0.4 magnitudes
even if there is some dispersion in the intrinsic color of the sources.
The color excess, given below, is 2.1 magnitudes, so at most 20% of the
extinction could be within the central 55" or 2.5 pc radius of the
Galactic center.

If the extinction is interstellar, it is extremely unlikely that
there are any holes having substantially less extinction than the
average. It should be pointed out that some localized areas less than
2" in diameter of higher than average extinction camnot be ruled out,
especially if such an area is associated with a 2-u source. The
uniformity of the extended emission shown in the 2.2-y map of BN
indicates that such areas are not common.

The observation with the 110" aperture (Becklin and Neugebauer
1968) gives a [1.6u] - [2.2u] color of 2.25 magnitudes. 1If the
intrinsic color is the same as that of the central regions of M31
(Sandage, Becklin, and Neugebauer 1969), the color excess is 2.10.

This excess was converted into an absorption at 1.25, 1.65, 2.2,

3.5 and 4.8 u using an average extinction curve similar to van de Hulst's
curve 15 (Table 1). Figure 4 shows the fluxes of the four compact
sources from 1.6 to 4.8 py after correction for extinction. The bluest
sources, IRS11 and 19, are approximately Rayleigh~Jeans from 1.6 to

4.8 u; the reddening curve used is therefore consistent with the
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observations at these wavelengths. The energy distributions of IRS12
and 16 are discussed in sub-section d; here it suffices to say that
other sources in the aperture may contribute most of the 3.5 and

4.8-u flux. As discussed in sub-section ¢, if the same reddening curve
is applied to IRS7, this source has an energy distribution like that

of an M supergiant from 1.2 to 4.8 u; thus the consistency of the
extinction curve extends to 1.2 p. The visual extinction Av cor-

responding to a color excess of 2.10 is 28 magnitudes.

b) Silicate Extinction

In order to correct the 8 to 20-u observations, it is necessary
to account for silicate absorption, which dominates the extinction.
Hackwell, Gehrz, and Woolf (1970), using a 10" aperture, found an
absorption feature near 10 p in the Galactic center, and the present
observations show a feature at least as strong in all ten of the sources
observed near 10 p. It is impossible to correct for the absorption
directly, because the underlying energy distribution is not known for
any sourcej; this contrasts sharply with the situation at shorter
wavelengths, where the bluest sources can be assumed to follow a nearly
Rayleigh~Jeans energy distribution. The shape of the silicate absorp-
tion seems to be nearly the same in a large variety of objects (Willner
1976 and references therein); a typical shape is given in Table 2.

The observations were fit by applying the extinction curve of
Table 2 to two extreme underlying spectra. Table 3 gives the derived

amount of silicate absorption T(9.7) towards each of the ten sources observed
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TABLE 2

RELATIVE SILICATE OPTICAL DEPTH

A T(\) A T(N)

B n

7.75 0.15 11.00 0.68
8.00 0.29 11.25 0.61
8.25 0.43 11.50 0.54
8.50 0.53 11.75 0.48
8.75 0.62 12.00 0.42
9.00 0.79 12,25 0.38
9.25 0.92 12,50 0.35
9.50 0.99 12.75 0.31
9.75 1.00 13.00 0.28
10.00 0.94 13.25 0.26
10.25 0.89 13.50 0.23
10.50 0.82 13.75 0.22
10.75 0.77

- Normalized to T7(9.7) = 1.0,
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%
ABSORPTION AT 9.7 1

If Silicate Emission

If Blackbody EmissionT

Broad Narrow Broad Narrow
Bandwidth Bandwidth Bandwidth Bandwidth
Source Observations Observations Observations Observations
1 3.7 4.4 2.1 2.3
2 4,1 4.9 2,6 2,8
3 6.5 6.9 5.0 4.6
4 5.0 5.3 3.4 3.1
5 4.1 -—- 2.7 ——
6 4.9 5.3 3.4 3.0
7 5.6 --- 4.1 -
8 4.8 5.3 3.2 3.1
9 4.5 -—- 2.9 ——
10 4,1 4.6 2,6 2,5
* In magnitudes.
1

Or emissivity proportional to A
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with broadband photometry. Seven of these sources were also observed
with the spectrometer; the lines in Figure 3 represent the fits to the
spectrometer data. Columns 2 and 3 of Table 3 are based on the assump-
tion that the underlying spectrum shows a strong silicate emission
feature like that of the Orion Trapezium, while columns 4 and 5 are
based on an underlying blackbody spectrum. In each case, the value
for the source temperature best representing the 8 to 13-y observationg
was assumed; these values ranged from 200 to 600 K. The source temper-
atures assumed made little difference to the optical depths determined
from the narrow bandwidth observations, but the optical depths determined
from the broader bandwidth observations are uncertain by 0.3 because
of the uncertainty in the temperatures. The errors given by the fits
range from 0.2 to 0.4, but the real uncertainty in the optical depths
is due to the fact that the underlying spectrum is unknown. The
assumption of an underlying silicate emission feature should give an
upper limit on the optical depth, while the assumption of a smooth
underlying spectrum gives a lower limit.

The extinction curve given in Table 2 has about 307 as much absorp-
tion at 8 and 13 y as at 9.7 y. This value is very uncertain; it
could range from below 10% to about 507%. The absolute 10-p fluxes
are therefore uncertain by about a factor of 3, as are the short wave-
length to 10-p colors.

The difference between the optical depths measured with broad
and narrow bandwidths arises from two causes. Firstly, the 9.5-y

broadband measurement refers to the average flux over approximately
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a l-p bandwidth; because the flux is a minimum near 9.5 u, as shown
in Figure 3, the average is higher than the actual 9.5-py flux. The
spectrometer observations are not significantly affected because of
their smaller bandwidth. Secondly, there is an extremely red back-
ground around some of the sources. Because of the larger aperture
used for the spectrometer observations, the measured flux at wave-
lengths longer than 11 p is too large. The background can be seen
in the observations of IRS1 presented in Figure 3; the effect of the
background is to lower the temperatures and raise the optical depths
derived from the spectrometer observations. TIf the reasons for the
differences between the narrow and broadband optical depths are
considered, it seems that the narrow band optical depths best represent
the true extinction to the sources, except in the sources which are
significantly contaminated by background flux in the larger aperture.
In these sources, TIRS1 and 10, some average of the narrow and broad-
band optical depths should be used.

The values of T7(9.7) that were derived under the assumption of
blackbody emissivity represent lower limits to the total silicate
absorption to each source listed in Table 3. 1If it can be shown that
any source has no intrinsic silicate absorption, the value of 7(9.7)
to that source will be a lower limit to the interstellar absorption.
As discussed below, IRS7 appears to be a star surrounded by a dust
shell, which emits at 10 p. In order for IRS7 to have significant
intrinsic absorption, the 9.7-p optical depth of the dust shell would

have to be much greater than unity, because for small optical depths
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the silicate feature appears in emission; the emission feature only
disappears when the optical depth is greater than approximately 1.
From the short wavelength observations, the 2.2-p optical depth of the
dust shell appears to be only 0.3 magnitudes (sub-section c). Day,
Steyer, and Huffman (1974) present laboratory measurements of the visual
and 10-p extinction cross-sections of amorphous quartz. If the ratio
of 5890 K to 2.2-1 extinction of the quartz is the same as that of
visual to 2.2-p given by the extinction curve adopted above, a 2.2-n
absorption of 0.3 could imply a 9.7-u absorption of 1.5 magnitudes.
Such a large value was, however, found only for the single most extreme
sample; more typical values imply a factor of 6 less 9.7-p absorption.

1. showed that the rvatio of 9.7-n

Mie theory calculations by Day et
to visual, and presumably to 2.2-p, extinction depends on particle

size and composition. The largest calculated 9.7-p to viéual extinction
would imply about 2 magnitudes of silicate absorption to IRS7. Either
larger or smaller particles, or a different composition, would reduce

the amount of absorption. Furthermore, a ratio of 9.7 to 2.2-p extinc-
tion as large as the largest calculated by Day et al. has not been
observed in any astronomical object. Finally, even a total optical

depth of 2 would produce only about 1 magnitude of apparent silicate
absorption, because of filling in by silicate emission. Thus, it appears
that the interstellar extinction at 9.7 p is greater than or equal to

3.6 magnitudes; the difference between this value and the value of

4.1 given for IRS7 in Table 3 is due to the presence of 12% more

extinction to IRS7 than the adopted interstellar amount.
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The value of T(9.7) = 3.6 is consistent with the values of T(9.7)
for IRS1, 2, 5, and 10 only if those sources have an underlying spectrum
with a silicate emission feature. The minimum optical depth to any
of those sources for the broader bandwidth observations is 7(9.7) = 3.7
magnitudes, end this value has been adopted as the minimum 9.7-n
absorption to sources in the Galactic center. The absorption correc-

tions at 8.7, 9.5, 11.2, and 12.5 n are given in Table 1.
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Attention should be drawn to the anomalous [11.2u] - [12.5u]
color for IRS7, as shown in Figure 5. Possibly the form of the extinc-
tion curve assumed is incorrect; this seems unlikely because of the good
fits to the observations of other sources. Another possibility is
that there is more extinction to IRS7 than was assumed, in which case
IRS7 would have a silicate emission feature. Uncertainties of the
size of the anomaly in IRS7 are inherent in the extinction correction.
The extinction correction at 20 w is even less certain than the
total amount of 10-p extinction. The best estimate that can be made
at present is from laboratory measurements of lunar rocks and meteorites
(Knacke and Thomson 1973, Penman 1976). The optical depth averaged
over the band pass of the 20-p filter appears to be at least 0.3

of 1(9.7), but this correction may be too small.

c) 1IRS7

IRS7 is one of the most interesting sources in the Galactic
center region. At 2.2 u, it is four times brighter than any other
source within 1.5 pc of the Galactic center (BN); after correction for
interstellar reddening (see Figure 5), it has a blue spectrum from
1.2 to 4.8 u. The presence of CO in absorption at 2.3 p suggests that
the source is a star, but the source is considerably brighter at 10 u
than would be expected from extrapolating the short wavelength observa-
tions. Figure 5 shows the 1 to 20-py energy distribution of IRS7
corrected for interstellar extinction; also shown for comparison are

the energy distributions of HD143183 (Humphreys and Ney 1974) and
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AC Her (Gehrz 1972). HD143183 is an M3 Ia supergiant; if this star
were observed at the distance of the Galactic center it would be
three times brighter at 2.2 u than IRS7. AC Her is an RV Tauri star
with an unusual energy distribution; the reddening and distance are
unknown, so its flux is plotted in arbitrary units.

All three sources plotted in Figure 5 have similar energy distri-
butions. The spectra rise from 3.5 to 2.2 yu, wavelengths where the
flux is emitted by the stellar photospheres. The spectra also rise
toward wavelengths longer than 5 u; this emission is probably due to
optically thin circumstellar dust shells. The excess in IRS7 is not
an artifact of the extinction correction; even with no correction
near 10 p there is still excess emission. An additional reddening
correction amounting to 12% of the total would make the 1.2 to 5-p
energy distribution of IRS7 almost identical to that of HD143183.
IRS7 would then be intrinsically fainter than HD143183 by a factor of
2.5; the luminosity of IRS7 is about 105 LO. There might be an error
in the distance to HD143183 (Humphreys and Ney 1974), but stars as
intrinsically bright at 2 p and as luminous as IRS7 certainly exist.
Although the total extinction at 10 p is very uncertain, it appears
that IRS7 has a larger excess than HD143183, but less than AC Her.
The apparent absence of a silicate emission feature in IRS7 might be
due to an underestimate of the silicate extinction, or the composition
of the dust shell could be carbon-rich, as is the case for AC Her
(Gehrz 1972). 1In summary, it appears that IRS7 has the properties

of a late-type supergiant situated at the Galactic center.
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d) Stellar Sources — IRS11, 12, 16, and 19

In addition to IRS7, four of the sources observed are brighter,
after correction for absorption, at 1.6 u than at 2.2 or 3.5 p. The
corrected energy distributions of these sources, IRS11, 12, 16, and
19, are shown in Figure 4. CO absorption has been observed in IRS11
and 12 (Neugebauer et al. 1976), but not in IRS16; IRS19 was not
observed. As mentioned in sub-section a, the fact that the corrected
colors are close to 0O and the presence of CO absorption in two of them
suggest that these four sources are stars or star clusters.

The spectra of these sources differ at wavelengths longer than
3 u with those of IRS11l and 19 continuing to decrease, while those
of IRS12 and 16 increase. Some or all of the increase in IRS12 and
16 may be due to contamination from other sources; as shown in Figure
2, IRS12 is near IRSZ, and IRS16 is near the ridge between IRS1 and 2.
The long wavelength turn-up, if not due to contamination, could be due
to dust mixed in with the stars or to non-thermal processes. 1In this
regard, there is a non-thermal source near the position of IRS16

(Balick and Brown 1974, Lo et al. 1975).

e) Ridge Sources - IRS1, 2, 5, 6, 9, and 10

In order to determine the relationship between thé compact infrared
sources and the thermal radio source Sgr A-West, observations of the
Ne IT line at 12.8 p must be used as a substitute for radio continuum
observations, because the presently available radio observations

do not have sufficient spatial resolution. The Ne II emission is
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proportional to the free-free radio emission, provided the neon
abundance and fractional ionization are constant.

Table 4 gives the Ne II flux as observed in 5" apertures centered
on seven of the 10-p sources and on one position on the ridge. Figure
2 shows, superposed on the 10-u map, the positions of the apertures
and the Ne II flux measured in each one. The continuum fluxes measured
agree with those of Rieke and Low (1973), if allowance is made for the
difference in the wavelength of observation. The continuum fluxes
agree less well with the present 10-p map, because the small aperture
and small chopper spacing with which the map was made tend to cancel
extended features.

Several points about the distribution of Ne flux can be noted.
First, the Ne flux peaks on the ridge of emission that extends from
IRS5 to 1 and to 2. This is in general agreement with the radio
observations (Ekers et al. 1975), which have lower angular resolution.
Second, there is little or no Ne emission north of the ridge. Third,
the intensity of the Ne emission along the ridge is not correlated
with the presence of individual 10-u sources, in particular IRS1.

This can be seen from Table 4, which shows that the Ne equivalent width

in IRS1 is only half that of the other sources along the ridge. Further-
more, the Ne equivalent width measured with a 25" aperture is 0.035
(Aitken et al. 1976) compared to less than 0.030 p for most of the sources
along the ridge. That the compact sources do not contribute much to

the Ne flux is in agreement with the radio observations (Ekers et al.

1975), which showed that at most 107 of the radio flux comes from
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TABLE 4

Ne II OBSERVATIONS

Observed Corrected Equivalent
Source Ne IT Flux Ne IT Flux Width
1078y en?) (1073 )

1 7.0 £ 1.3 23 16

2 11.4 + 0.9 44 42

3 <1.6 < 10.9 <11

4 3.6 £0,7 15.7 36

6 4,6 = 1.2 19.4 28

8 < 3.6 15.7 <63

10 5.8 £1.3 21 24
8" S, of 7 7.9 £1.6 27 28
Total* 75 250 35

o

" os5m aperture (Aitken et al. 1976).
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sources less than 10" in diameter. Fourth, the total flux measured
is only about 40 x 1018 Wm ~, even if allowance is made for sources
that were not measured such as IRS5. This is significantly less than
the 75 x 10-—18 W cm—2 measured with a 25" aperture (Aitken et al.
1976), indicating that a large part of the Ne emission arises from an
extended source. As further evidence for an extended source, Wollman
et al. (1976) have detected significant Ne II emission from regions 20"
or more north and south of the 10-u concentration, and the radio
observations (Ekers_ggvgl. 1975) directly indicate the presence of an
extended region of ionized hydrogen.

The distribution of the Ne line flux allows several conclusions
to be drawn. First, because the Ne surface brightness is roughly
constant along the ridge, the density of ionized gas must also be
approximately constant, unless abundance or ionization effects exactly
cancel the effects of different densities. The gas density may decrease
to the north and south of the ridge. The detection of Ne II apparently
not associated with any discrete 10-u source implies that the H II
regions are density rather than ionization bounded; it is therefore
likely tHat the whole region near the Galactic center is ionized.

Second, the 10-p sources must represent individual sources of energy,
if the gas to dust ratio is constant. Because the density is constant,
the continuum infrared flux can increase only where the dust particles
are hotter, i.e., where they are near an energy source. The heated

regions have a typical size of 0.1 pc, comparable to that of compact

H II regions. The energy distributions of the ridge sources are also
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similar to those of compact H II regions, as shown in Figures 6 and

7. The sources differ from compact H II regions in having less 20-yu
flux relative to 10 u, as shown in Figure 6, little or no Ne II
emission, as shown in Figure 2 and Table 4, and little or mo intrinsic
silicate absorption, as shown in Figure 7. While examples of compact
H IT regions having one or even two of the above properties exist,

no example having all three is known; the 10-u sources in the Galactic
center are therefore not normal compact H II regions.

Third, there are at least two possible sources of the ionizing
photons that must be present in the Galactic center. One possibility
is that the 10-p sources are also the sources of ionization, but the
nearly constant Ne surface brightness suggests that this is not the
case. Small variations in the Ne surface brightness are, however,
present, and the 10-p sources cannot be ruled out as supplying the
ionizing radiation. Another possibility is that the ionization is
due to a single source. The ridge is shaped like an arc &itﬁ a non-
thermal radio source (Balick and Brown 1974) near the center. The
lack of Ne IT flux near IRS3 could be caused by the neon being doubly
ionized in that region.

The mass of emitting dust in the sources can be crudely estimated
from the fitting procedure used to get the silicate absorption. The
fit to the 8 to 13-y observations gives the temperatures, which range
from 200 to 600 K. Dust masses of order l()-—4 MQ were derived; the
9.7-u absorption coefficient of the dust was taken to be 3 x 103 cm2 gnl

(Gillett and Forrest 1973). The ratio of the mass of gas to the mass
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of dust found by the above method is typically lO4 for compact H II
regions (Gillett et al. 1975); if this ratio holds, the total mass of
a compact source is of order 1 M@. This mass is to be compared

with the total of 1 to 10 M@ within a 5" aperture, derived from
observations of the Ne line by assuming the abundance of Ne II is the
same as the cosmic abundance of neon. The small mass derived for

the compact sources provides further evidence that the density along
the ridge is little affected by the compact sources. A lower limit
to the luminosities of the sources can be computed from the corrected
fluxes given in Figures 6 and 7, if it is assumed that the sources
have a Rayleigh-Jeans energy distribution at wavelengths longer than

the longest observed. The luminosities are of order 105 L the

0;
largest, that of IRS1, is 4 x 105 L@. These luminosities are typical
of 06 or 07 main sequence stars (Panagia 1973), and one such star
produces about enough ionizing photons to account for the Ne II1
emission in a 5" aperture. The compact sources along the ridée, if
they are 0 stars, would be sufficient to ionize the ridge, but
additional sources of high energy photons are necessary to maintain
the ionization of the extended background discussed below.

Finally, the 10-p sources are not all the same. 1IRS9 is relatively
brighter at 2;2 v than the other 10-p sources and has a [1l.6u] -

{2.21u] color indicative of the presence of stars, as shown in Figure

6. 1IRS1 is also relatively bright at 2.2 yu.
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f) Other Sources - IRS3 and 8

IRS3 is a unique source in the Galactic center complex because
it is an isolated, unresolved source (BN) and has a larger silicate
absorption than any other source (Table 3). Also, as shown in Figure
6, the spectrum at wavelengths of 5 y and longer is bluer than that
of IRS1 and 9. 1In fact, the energy distribution of IRS3 most closely
resembles those of the Becklin-Neugebauer object in Orion (Becklin,
Neugebauer, and Wynn-Williams 1973), or 1612 MHz OH sources studied
by Beckwith and Evans (1976), all of which have silicate absorptions
and higher color temperatures than the ridge sources.

The nature of IRS8 is unknown. Because it is isolated, IRS8 is
easier to study than the ridge sources. Its high color temperature
would suggest that it is like IRS3, and no Ne II was detected from
it. The Ne II upper limit is, however, twice the equivalent width
observed in the ridge sources and is therefore not significant. As
shown in Figure 6, IRS8 has no silicate absorption; it has been
spatially resolved (BN). Pending detection of Ne II or a significant
upper limit, it appears that IRS8 is a source similar to those along
the ridge. If so, its isolation from other sources makes it unlikely

that all the ionizing radiation comes from a central source.

g) Extended Emission - IRS4

Approximately one-fourth of the 10-u flux from the region mapped

by BN is due to low surface brightness extended emission. This emission
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shows up in the present results as a difference in the flux as
measured with the spectrometer using a 5" aperture from that measured
with broadband filters using a 2V3 aperture. The difference is largest
at the longest wavelength, 12.5 u, indicating that the background is
very red. Furthermore, for IRS4, the reddest source near 10 p, the
difference is the same at all wavelengths. If a source with the color

16

of IRS4, an intensity of about 10 ~~ W m“2 Hz—l Ster—l, and a size
larger than the 5" beam is subtracted from the spectrometer observa-
tions, the spectrometer colors agree very well with the broadband colors.
It therefore appears that the extended background is similar in color
to IRS4; in fact IRS4, which is itself very extended, may be merely
a condensation in the extended background.

Most of the Ne II flux observed by Aitken et al. (1976) in a 25"
aperture must come from the extended background. This can be seen
by comparing the sum of all the Ne II fluxes given in Table 4 to the
total flux. A few of the discrete sources were not observed with the
spectrometer and so are not included in Table 4, but the observations
in Table 4 all include some contribution from the extended background.
The equivalent width of the Ne II line in a 25" aperture is 0.035
(Aitken et al. 1976), the same as that of the Ne II line in IRS4.
This strengthens the conclusion that the spectra are similar.

That there is Ne II flux from the extended background was shown
more directly by Wollman et al. (1976), who detected emission from
regions where there are no discrete sources. Their observations

show that emission comes from a region at least one arc minute in
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diameter. It seems likely that this emission region coincides with
the northern far-infrared source in the map of Harvey, Campbell, and
Hoffmann (1976). It would be interesting to see if there is any Ne II

emission from their southern source.

IV. CONCLUSIONS

The main conclusions of this study are as follows: (1) IRS7,
11, 12, 16, and 19, the sources with the bluest energy distributions
between 1.6 and 3.5 u, are stars or star clusters. The luminosity
of IRS7 is about lO5 L®, while the other sources have luminosities
of order lO4 L@' IRS7 has excess emission near 10 p. (2) There is
extended emission from ionized gas and dust. The emission peaks at
the ridge, where the dust temperature is higher than average, and on
IRS4. (3) The density of ionized gas in thé discrete sources along
the ridge is no higher than elsewhere on the ridge. The ridge consists
of an H II region, which is density bounded. (4) IRS3 is a compact
source, not associated with the ridge, of unknown nature. IRS8 may
be similar to the compact sources along the ridge, or may also be
unique. (5) The extinction is moderately uniform towards most of the

sources observed. The visual extinction is about 28 magnitudes, and

the 9.7-u extinction is about 3.7 magnitudes.
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