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ABSTRACT 

New observations or the star rormation region NGC 

7538 are presented. Energetic outrlows are commonly 

associated with regions or active star rormation, despite 

the ract that the star rormation process itselr must be 

predominantly one or inrall. This work shows how multi-

wavelength observations can be used to study such phenomena 

on a variety or scales, in an attempt to inrer their 

connection with star rormation processes. Included are 

near-inrrared spectroscopy or IRS 2; carbon monoxide J = 1-0 

emission line mapping Or the central regions or the NGC 7538 

molecular cloud; and high spatial resolution maps or IRS 1 

at 5 and 15 GHz. Other recent observational data are also 

considered, including rar-inrrared continua mapping, maser 

sources, and spectroscopy of numerous atomic and molecular 

species. 

A very large (r L 1.5 pc) and massive (m L 100 solar 

masses) distribution Or high velocity (~VFWHM = 35-40 km 

-1 s ) molecular gas is identiried in NGC 7538. The 

correspondence of far-infrared emission with the extent of 

the high velocity gas, along with the near-equality between 

the observed momentum flux of the gas and that which is 

available from radiation pressure [L*/c(IRS 1-3)] leads to 

xii 



the proposal of an in situ mechanism for 

xii i 

radiative 

acceleration of the gas. This mechanism operates in cases 

where the optical depth of dust is insufficient to permit 

the "snowplow" outflow effect from strong radiation 

pressure. On the 1/2 - 1 pc minimum scale of these molecular 

observations, no obvious bipolarity or collimation is 

detected, consistent with the in situ mechanism. 

The highly luminous infrared source IRS is 

identified as the probable source of this high velocity 

phenomenon. It is the,most luminous source of the three 

(IRS 1-3) upon which the high velocity gas'distribution is 

centered. The presence on a scale of 100 - 1000 AU of a 

high density 

distribution of 

ridge perpendicular to a collimated 

ionized gas is strongly indicated in both 

mid-infrared and radio emission, and by anomalous optical 

and infrared extinctions. There is thus a startling discon

tinuity between collimation of gas on this scale and the 

lack of it observed at the arcminute scale of the molecular 

observations. 



CHAPTER 1 

INTRODUCTION 

As the field of astronomy broadens, the level of 

sophistication that must be brought to each specialty rises. 

There is a strong temptation to immerse oneself in a single 

branch or wavelength range, or set of closely related 

disciplines. The values in this approach are obvious: many 

astrophysical objects are creatures of a dominant spectral 

band, and i\ilS i ghts into the i r nature are best ga i ned by a 

highly rigorous examination of just that band. In addition, 

the simple limits on availability of observing instruments 

often place a practical barrier against a broader 

investigation. 

In the field of star formation, however, the dangers 

of "wavelength chauvinism" are acute. Scattered everywhere 

among protostellar and neostellar sources are objects which 

manifest themselves not only over several spectral decades 

but over many magnitudes in scale. There are several sources 

for which this recognition came more or less accidentally: 

x-ray radiation from the highly obscured young stellar 

objects in Ophiuchus, non-thermal radio emission from 0 and 

B stars, and high velocity wings on molecular emission lines 
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in Orion are only a few such examples. A true understanding 

of such sources cannot be had without attempting to inter

connect the scales by means of a unifying physical process 

or set of processes. Nor can those processes be fully 

understood until emission at as many as possible of the 

available wavelengths are fit into a coherent picture. 

Much of the initial mystery of star formation was in 

how stars actually formed, what triggered the collapse of 

gas. As we learned more about the molecular clouds which 

showed every evidence of being the birthplaces of stars, the 

mystery was turned around. No longer was the question, "Why 

do stars form?"; with observations showing that most clouds 

cannot support themselves thermally against collapse, the 

question became, "Why don't more stars form?" Abundant 

triggers exist both in theory and practice, in the form of 

cloud-to-cloud collisions, supernovae events, and strong 

mass-loss winds from early type stars, among others. 

Connecting these possible triggers circumstantially to the 

actual existence of new stars or protostars has been a 

difficult task, however. 

Given that stars do in fact form, a logical area of 

interest is in predicting the time-dependent observable 

characteristics of a collapsing protostar. Here we have 

been I imited as much by the earth's atmosphere as by 

observing technology. Such protostars are "warm" (i.e., 
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having envelopes or several hundred degrees K) as opposed to 

"hot" (the Terr or an 0 star is typically - 35,000 K) and 

thererore their characteristic radiation is in the mid- to 

rar-inrrared. Heretorore the large beams or airborne 

inrrared observations have not been able to resolve the warm 

point sources expected. It appears, indeed, that most or 

the sources originally labeled "protostars" are in ract 

rull-rledged (even ir still pre-Main Sequence) stars which 

are simply highly obscured. With the advent or IRAS, 

however, there promises to be a huge sample or potentially 

real protostars available ror rurther investigation. 

The mass spectrum or stars in the Galaxy may be 

well-determined, but on the scale Or individual star rorming 

regions there is strong evidence ror a predominance or 

narrow mass ranges. Some clouds, notably Taurus and 

Ophiuchus, contain low-mass stars almost exclusively, while 

others seem conducive only to high mass star rormation. 

Studies or the macroscopic characteristics Or star-rorming 

clouds -- their densities, temperatures, and turbulent cell 

sizes, ror example -- may eventually lead to a better 

understanding or this mass selectivity. 

There is no lack or issues in the study or newly 

rormed stars. Anomalous emission line strengths rrom the 

ionized regions surrounding the more massive young stellar 

objects point to the errects or extreme gas densities and 



sharp velocity and temperature gradients. 
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In addition. 

free-free radio continuum emission from such sources is 

often weak or non-existent, suggesting high densities 

appropriate to self-absorption. 

It appears that many, perhaps most, young stars do 

not confine their birth pains to their local environs: 

evidence for high velocity gas motions caused by these 

sources is turning up in recombination line profiles, 

molecular emission line wings, and the proper motions of 

Herbig-Haro objects. These are frequently seen at distances 

of as great as a few parsecs from the presumed origins. 

There are two main areas of concern in these observations: 

first, how the mass motions are driven, since the source 

luminosities are generally insufficient to do so 

radiative1y; and second, how mass is confined or directed 

into the bipolar configuration so often observed. 

Interestingly, these problems are not confined to high mass, 

high luminosity young stars, but carryall the way down to 

solar mass stars, as well. If the phenomenon is as 

widespread as 

probable that 

it presently appears to be, then it is 

star formation itself helps to support 

molecular clouds against further collapse into stars. 

forming 

manifest 

NGC 7538 is 

region in 

themselves 

a classic example of a complex star 

which active and diverse phenomena 

on many scales and with both high and 
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low energy radiation. Many authors have contributed 

substantially to the understanding or its nature on one or 

another scale, and a rew have straddled rather wide 

wavelength ranges in doing so. The following work is an 

attempt to connect the broadest range of observations and 

ideas to date, while contributing a rew new ones. The aim 

is to synthesize, to match the puzzle pieces together and to 

rind a untried representation or this intricate and 

dirricult region. 

Specirically, we rind NGC 7538 to be a 

representative case ror many or the issues mentioned above. 

It contains a distribution or high velocity molecular gas, 

extending over several parsecs and apparently centered on a 

trio or newly rormed 0-8 stars. Up to a radius or roughly 

1/3 parsec, the gas appears collimated along an axis roughly 

in the plane or the sky, but beyond that scale all evidence 

or collimation disappears. Several independent pieces or 

evidence point to the existence of a disk which extends very 

close (~ 100 AU) to the highest luminosity member or the 

trio, and that disk is the probable collimating agent. The 

high velocity gas distribution, with a mass of roughly 100 

Mo' is found to be consistent with an in situ radiative 

acceleration process powered by a low energy density 

radiation field and further dependent on moderately low gas 

densities. 
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The errort to understand recent star rormation in 

NGC 7538, which is reported in the rollowing chapters, has 

been and continues to be immensely satfsrying for several 

reasons. There is an enormous variety or observable 

phenomena in the region, many or them unique or rarely seen 

elsewhere in the Galaxy. Virtually every previously known 

signpost of current and recent star rormation exists there, 

including masers, rerlection nebulae, shocked H2 emission, 

ultra-compact HII regions, and highly luminous inrrared 

point sources. It is the relative ease with which these 

various data lend themselves to a relatively simple and 

uniried interpretation that makes NGC 7538 such a rewarding 

source ror study. In addition, its variety in source ages 

may well provide a wealth or understanding or how star 

formation procedes with time and how the evolution of young 

stars arrects their immediate environment. 

As additional motivation ror this study, we quote 

rrom the work or Sir William Herschel (1789). On comparing 

the heavens he observed to a garden, he asked: 

whether we For ..• is it not almost the same thing, 
live successively to witness the 
blooming, roliage, recundity, rading, 
corruption or a plant, or whether a 
specimens selected rrom every stage 
the plant passes in the course or his 

germination, 
withering, and 
vast number or 
through which 
existence, be 

brought at once to our view? 



CHAPTER 2 

HISTORICAL BACKGROUND 

The focus of observational work on NGC 7538 was 

initially on the visible nebula. This emphasis gradual ly 

shifted to the obscured sources south of the nebula as 

instrumentation improved and interest in regions of current 

and recent star formation widened. 

Visible Observations 

NGC 7538 was apparently first observed by Sir 

William Herschel with his 18.7" Newtonian refractor just 

prior to 1789. In his second catalogue of bright nebulae 

(Herschel 1789), the faint nebula 11706 is described as 

having a size of approximately 1 x b 1 = 2' x 1/2', with 

two stars involved with its nebulosity. Dreyer (1888) gave 

it the identification NGC 7538 in his second catalog, 

calling it very faint but large, again with "two pretty 

bright stars involved." Sharpless (1959) listed it as 

object 52-158 in his second listing of HII regions, but made 

no comment about associated stars. The region was found to 

1. The notation (1, b) indicates galactic co
ordinates; henceforth all references are to 1 II' b JI . 

7 
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be nearly centered in Lynds' dark nebula L1238, which is 

some 14 square degrees in extent (Lynds 1962), and was also 

catalogued among her bright nebulae (Lynds 1965) at = 
o 1 1 1 .58 • In observations performed (and others discussed) 

by Chopinet et ~ (1973), the two stars seen with the 

nebulosity were identified on the basis of color and line 

emission as a normal K giant and an 07 star. 

Beetz et ~ (1976) used R and I band photography to 

conclude that an additional star is contained within the 

brightest emission at the center of the visible nebula, and 

that it has a spectral type of 06 or 07. A thorough study 

of the morphological and kinematic structure of the nebula 

was made by Deharveng et ~ (1979). They identified this 

star with the 5 GHz radio continuum peak mapped by Israel 

( 1977) and also showed a ring of noticeably higher 

excitation nebular emission around the other 07 star. They 

concluded that both stars are contributing to the ionization 

of the nebula. 

An enlarged photograph of the NGC 7538 nebula is 

shown in Figure 1. The major infrared sources, which are 

discussed in the next section, are indicated. This 

enlargement comes from an 0 (blue) plate of the Palomar Sky 

Survey. 



Fig. 1. Blue photograph of the NGC 7538 Nebula 

This photo is an enlargement of the NGC 7538 
region taken from a Palomar Sky Survey 0 (blue) plate. 
All IRS sources are indicated. 
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+II 

Fig. 1. Blue Photograph oF the NGC 7538 Nebula 
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Infrared Observations 

NGC 7538 was detected in the 10' beam of the AFGL 

survey (AFGL 3048, Price and Walker 1976), emitting strongly 

between 4 and 20 ~m. Wynn-Williams et ~ (1974b) 
/ 

identified eight individual sources (IRS 1-8) in a broad-

band photometric search of the region between the H band 

(1.65 ~m) and 20 ~m. IRS 4-7 were found to be located 

within the optical nebula and to correspond to other 

emission peaks; IRS 8 shows no such correlation and is 

presumed to be background to the optical nebula. IRS 6 and 

7 coincide with the earlier observed 07 and K stars, 

respectively; IRS 5 corresponds to the star identified by 

Beetz et ~ Just south of the optical nebula are IRS 1-3, 

forming a triangle roughly 12" on a side. A knot of optical 

emission seen on the red print of the Palomar Sky Survey 

corresponds, within the positional errors, with IRS 2; 

neither IRS nor IRS 3 is associated with any visible 

nebulosity. Willner (1976) did 8-13 ~m spectrophotometry at 

5" spatial resolution of these three sources, and found that 

IRS shows a very deep (~9.7~m 2 6) silicate absorption 

feature indicating extremely high visual extinction (Av 2 80 

magnitudes), while IRS 2, just 10" north, shows ~9.7~ = 1.4, 

which implies an Av = 20 magnitudes. 

Large-beam mapping of the region at mid- and far-

infrared wavelengths was done both by Werner et ~ (1979) 
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and Thronson and Harper (1979). A total luminosity for IRS 

1-3 was found to be 2.5 x 105 L by Werner et ~ and o 5 x 

105 Lo by Thronson and Harper. Werner et ~ also 

identified three additional point-like near-infrared 

sources, IRS 9-11, located south and east of the other IRS 

sources found by Wynn-Williams et al. (1974b). 

High resolution imaging in the near-infrared (at 5, 

10, and 20 um) was done on IRS 1-3 by Hackwell et ~ 

( 1982) . They found IRS and 3 unresolved (9 ~ 2"), with 

IRS 2 L 10". On the basis of the three wavelengths 

observed, IRS was found to have a color temperature 

Significantly higher than that of either IRS 2 or 3 (290 K 

vs. about 185 K). 

Gautier (1978) first observed the 2.1 urn vibrational 

transition of H2 in NGC 7538. Emission from this line, 

presumably shock excited, was mapped with a 34" beam in the 

regions around IRS 1-3 and IRS 9 by Fischer et ~ (1980). 

Spectroscopy in the 1.4 - 2.4 um spectral region of IRS 2 is 

reported in Campbell and Thompson (1984, hereinafter CT) and 

is presented in detail in Chapter 7. 

Radio: Centimeter Wave 

Schraml and Mezger (1969) were the first to publish 

a radio map of NGC 7538 (G111.5+0.8). With a 2' half-power 

beam width ~HPBW) at an observing wavelength of ~ = 1.95 cm, 
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they round a single 17.4 Jy source that showed no evidence 

or complex structure or multiple components. Lada and 

Chaisson (1973) presented a map or H94a line strength across 

the visible nebula. These early observations suggested a 

west-to-east rotation or the nebula which more detailed 

recent observations do not appear to support. 

Following up on observations or OH emission by 

Downes (1970), Habing et ~ (1972) round the OH source 

displaced rrom the nominal center or radio emission (which 

was in turn approximately coincident with the visible HI! 

region) by "" 12" (± lO"). This was the rfrst suggestion 

that sources besides those associated with the visible 

nebula existed, and it drew an important connection between 

compact HII regions and OH masers. 

Martin (1973) mapped NGC 7538 in 2.7 and 5 GHz 

continuum and detected a compact source with a total rlux or 

1.5 Jy at 5 GHz. Further examination at 2" resolution 

showed the source to consist or three components, the 

southernmost or which (B) was unresolved and coincident 

within the errors with the OH source rrom Downes. Harris 

and Scott (1976) later partially resolved this source (by 

now shown to be at the position or IRS 1) at 15.4 GHz with a 

2/3" beam. More recently, the highest spatial resolution or 

the Very Large Array (VLA) has been uti1 ized to map IRS 1 at 
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2 cm (Turner and Matthews 1984) and 6 cm (Rots et ~ 1981). 

(See also Campbell (1984) and Chapter 8 of this work.) 

Read (1980) observed the 21 cm line of HI both in 

emission and absorption in the region around NGC 7538. He 

found evidence for an expanding neutral shell around the 

visible HII region, as well as for disocciated H2 at the 

location of the compact sources IRS 1-3, which is a site of 

strong 21 cm absorption. 

Radio: Masers 

The OH maser emission discovered by Downes (1970) 

was given a positional accuracy of roughly 3" by Wynn

Wi 1 1 f ams et ~ (197 4a), and a further accuracy of ,.., O. 1" by 

Dickel et ~ (1982) using the VLA. These positional 

accuracies made possible the identification of the OH maser 

with IRS 1. (Another OH maser source found by Wynn-Williams 

et ~ (1974a) is located much farther south, near IRS 11.)

Water vapor maser emission at 1.35 cm, first observed at the 

southern OH source by Johnston et ~ (1973), suddenly 

appeared at IRS 1 in 1976 (Genzel and Downes 1976), having 

gone undetected in all previous searches. 

The formaldehyde line at 6 cm, which normally 

appears in anomalous absorption, was detected in emission at 

both NGC 7538 and Orion KL, but both sources had been 

thought to be thermal in origin (see Downes and Wilson 
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1974). Limits on source size placed by Forster et ~ 

( 1980) , however, strongly suggested a maser mechanism 

operating in NGC 7538, and this was Further substantiated by 

Rots' e't 2.L.. (1981) and the theoret i ca 1 mode 1 i ng work of 

Boland and deJong (1981). 

Radio: Millimeter Wave 

The earliest observations of NGC 7538 in the 2.6 mm 

J = 1-0 rotational transition of carbon monoxide were 

reported in Wilson et ~ (1974). These authors sampled a 

very limited region in and near the visible nebula, and so 

did not attempt to map the emission. Dickel et ~ (1981) 

1 t d d .J: 12ca .. t d . 1 t a er pro uce a map o. emlSSlon ex en lng over amos 

two square degrees. High-sensitivity mapping of the central 

region of the NGC 7538 molecular cloud in 12ca and 13CQ , 

including the detection of high velocity gas, was done by CT 

and comprises Chapters 5 and 6 of this work. Numerous other 

molecules have also been observed toward NGC 7538 and maps 

of their spatial distribution produced (see Churchwell and 

Bieging 1982 For a compilation). 



CHAPTER 3 

INSTRUMENTATION OF NEW OBSERVATIONS 

Observations from several wavelength bands will be 

discussed in the following chapters. Many of these have 

been published by other authors, and the instrumentation 

involved in those will not be dfscussed here. Three sets of 

new observations, which have been described earlier in CT 

and Campbell (1984), are described much more fully here. 

Near Infrared 

The near fnfrared spectroscopic observations 

presented in Chapter 7 were obtained with the Steward 

Observatory Fourier Transform Spectrometer (SOFTS), the 

basic operation of which is described in detail by Thompson 

and Reed (1975). The principle of operation is that of a 

two beam Michelson spectral interferometer. Light entering 

a Michelson interferometer is ffrst separated into two beams 

by a beam splitter. After a known and controlled phase 

delay is applied to one of the beams by means of the 

translating mfrror, the two beams are then recombined. This 

results fn a pattern of constructive and destructive 

interference in the combfned output, and that varying 

pattern is a functfon of the known phase (i.e., path length) 

15 
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difference between the two beams. The motion of the 

translating mirror therefore codes each incoming wavelength 

in terms of a specific output frequency. Recovery of the 

incident wavelength spectrum is accomplished by Fourier 

transforming the output. Without detail ing the design of 

the interferometer itself, we will briefly outline the 

mathematical theory behind it. A broader development is 

given in Schnopper and Thompson (1974). 

Let I(k) be the incident spectrum over all 

wavenumbers -1 k (cm ) • The optical path length difference 

between the split input beams is~, which corresponds to a 

phase difference t(k) of 2ukx between the two beam signals. 

The output signal is therefore 

f(x) = _~f~ I(k) exp(2uikx)dk 

which is the inverse Fourier transform of the incident 

spectrum. The original spectrum I(k) can therefore be 

obtained by taking the transform of f(x), 

~ 

I(k) = _~f f(x) exp(-2uikx)dx 

In practice, several additional functions are 

convolved with the output to find the actual incident 

spectrum, Io(k). The most important of these are: 
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1. Apparatus Function [A(x,a)]. The resolution of the 

observation depends on the total range of path 

length difference (2a = max(x», and the resolution 

element 6k is proportional to l/a. If no alteration 

of the interferogram is performed, the apparatus 

function is a rectangle function (1 where there is 

signal, a elsewhere). This function produces a large 

amount of ringing (also known as the Gibbs 

phenomenon) which manifests itself as ripples in the 

spectrum on either side of a spectral feature. It 

is especially serious where high spectral resolution 

is desired, where faint features appear near strong 

ones, or where any sharp discontinuities occur 

in the spectrum. This can be altered by multiplying 

the interferogram by a different function (such as a 

triangle function) whose Fourier transform has a 

broader central maximum but lower side lobes. 

2. Digitization [D(Nx/2a)]. The data are discretely 

sampled N times over the total path length 

difference, at a spatial interval d = 2a/N. Spectral 

sampling therefore occurs at wavenumber steps = 

m/2a, where m is an integer. 

These functions multiply the output f(x) and are 

convolved with the actual input spectrum, lo(k): 
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I (k) = J f(x) A(x,a) D(Nx/2a) exp(-2nikx) dx 
o -

Sampling intervals are referenced physically to the 

zero-crossings in the sinusoidal modulation of a 6328 A 

Helium-Neon laser whose beam enters the interferometer 

displaced from the combined source beam. A simi larly 

displaced white light signal is also sent through the 

interferometer. Its maximum interference fringe location 

provides an absolute reference for the addition of 

successive scans. 

The high sensitivity of the SOFTS system is due to 

several different advantages: 

1. The use of two individual detectors allows 100% 

signal throughput in the two beam system. These are state 

of the art InSb detector systems developed by Drs. George 

and Marcia Rieke. 

2. The SOFTS is optimized for observations of faint 

sources, and thus the translating mirror scans at speeds 

slow enough to match the frequency response of the detector 

systems. The characteristic frequencies of atmospheric 

scintillation (~200 Hz) produce noise in the spectrum at 

those speeds, but they limit the signal-to-noise ratio only 

for bright sources (mk <+5). 

3. Since in this region of the electromagnetic spectrum 

observations are detector-noise limited for sources dimmer 
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than mk = +5, the noise is not proportfonal to signal level. 

The Felgett advantage therefore applies. This means that if 

there are N resolution elements in the full spectrum, there 

is a reduction in noise proportional to N 1/ 2 compared to a 

grating or prism spectrometer with a single detector. 

4. The SOFTS simultaneously observes both a source and 

the sky 30" adjacent. The two-beam setup splits each input 

and combines them at the output such that (Source + Sky) and 

(Sky) are 1800 out of phase. This provides first order sky 

background subtraction. The source and sky input beams are 

switched after each scan, and the resulting output is 

subtracted from that of the previous total, thus effectively 

reducing any residual background signal due to instrumental 

assymetries. 

5. The output signal of the SOFTS is digitized in 

electronics attached to the telescope base and therefore 

immediately adjacent to the interferometer itself. Only 

then is the digital signal transmitted to the computer for 

recording or quick-look analysis. This technique 

effectively eliminates transmission noise which can 

compromise an analog signal • 

For the observations reported in Chapter 7, the 

SOFTS was used on the Steward Observatory 2.3 m telescope 

located on Kitt Peak. An f/45 secondary was in place. The 



spectral range examined was 1.4 - 2.4 ~m (7000 - 4000 

at a -1 resolution or 2 cm (~/6~ = 2000). The circular 

aperture beams were 8" in diameter; the beam switching was 

done arter each mirror scan. The spectrum presented 

represents a sum or rour nights' results during the period 

August 1979 through September 1981, and a total source 

integration time or approximately 60 minutes. 

Berore adding, the raw data were corrected ror 

telluric absorption by dividing the source spectrum with a 

standard G star spectrum; air mass correction was 

accomplished by comparing observations Or that G star at 

dirrerent air masses. Relative r1ux calibration was then 

made by comparison with a normal A star having a 10 4 K 

blackbody spectrum in the 1.4 - 2.4 ~m region. In each case 

the standard stars were observed the same night as the 

source. The spectral region between 5150 and 5550 cm- 1 has 

been deleted due to the high degree or telluric water 

absorption in that band. Absolute r1ux calibration was made 

using the 5" spectrophotometry or Werner et ~ (1979), 

-17 -2 -1 wherein F(2.2 ~m) = 10 watts cm ~m = 0.16 Jy, mk = +9. 

The individual corrected spectra were weighted (W) 

according to their respective sfgna1-to-noise ratios and 

then added, with 

W a (S/N)2 
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All the SOFTS observations and the standard 

corrections perrormed on the spectral data were made by 

Rodger I. Thompson, assisted by Harley A. Thronson. 

Millimeter Wave 

The millimeter wave spectroscopic observations 

presented in Chapters 5 and 6 were obtained at the 11 m 

radio telescope or the National Radio Astronomy Observatory 

(NRAO)2 during September and December 1981, and April and 

May 1982. A cooled Cassegrain dual-channel mixer receiver 

was used. Both the 12C160, 2.60 mm (v = 0, J = 1-0, \J = 
115.27120 GHz) and 13C160 , 2.72 mm (v = 0, J = 1-0, \I = 

110.20127 GHz) rotational transitions were observed. 

Errective beam widths were 65" ror 12CO and 68" ror 13CO . 

Two 128-channel rilter banks at 250 KHz and 500 KHz 

resolution were used for each polarization channel; this 

corresponds to resolutions or 0.65 and 1.30 km s-1 for 12CO, 

and 0.68 and 1.36 km s-1 for 13CO • The two polarizations at 

a given resolution were averaged together to increase the 

signal-to-noise ratio. 

All observational data were calibrated by the 

chopper vane method described in Ulich and Haas (1976), and 

2. The National Radio Astronomy 
operated by Associated Universities, Inc., 
with the National Science Foundation. 

Observatory is 
under contract 
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were made in a positon-switching mode only. The off-source 

position was located 30 north of the position labeled 7538C 

2 h m s = IRS 1 (a 1950 = 3 1 1 36.5 y cS 1950 = +61
0 

11' 51", line 

-1 
center velocity Vo = -57.9 km s ). The only line emission 

* occuring at this offset position was a weak (T
A = 

-1 feature at roughly -85.0 km s . 

Observations on-source and off-source 

0.5 K) 

were 

alternated every 30 seconds; a 10-minute spectral scan, 

therefore, represents a total integration time of 5 minutes 

on source and 5 minutes off. All 12CO observations were 

taken in 10 minute scans; the 13CO data were taken in 10 

minute scans (in 1981) and 8 minute scans 0in 1982). As a 

general rule, the source was not followed below 200 

elevation fn order to prevent severe baseline distortion. 

Sky calibration was accomplished at least every 30 minutes, 

and generally more frequently. The resulting spectra have 

high signal-to-noise (rms noise typically 0.05 - 0.10 K) and 

well-defined baselines. In several cases the large number 

of baseline elements needed by the computer algorithm for 

calculating accurate rms nose included the 0.5 K offset 

feature, and so the derived rms noise is artificially high y 

* by an average of 0.02 K fn rms TA . 
Absolute ca 1 f brat f on was made with the standard 

* source IRC+I0216, with an assumed TA = 4.2 ± 0.5 K (U 1 i ch 

and Haas 1976). Ca 1 f brat 1 on was direct for the 1981 
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observations, but indirect for the May 1982 observations due 

to the position of the sun at that time and limitations of 

the assigned observing schedule. In May 1982, data from 

position 7538C are used to calibrate data from all other 

observed positions, as that one position had been observed 

extensively in the September 1981 run where direct IRC+10216 

calibration was made. Uncertainties for the 1981 data are 

approximately 15%, reflecting the accepted performance of 

this telescope; 1982 data carry additional uncertainty due 

* to the secondary calibration. The reported values of TA 

are the observed antenna temperatures ( = power / kAv, where 

k = Boltzmann's constant) automatically corrected by the 

observing software for atmospheric attenuation, ohmic 

losses, and rearward spillover. A forward beam efficiency 

of 0.6 is assumed and utilized in all data reduction. 

Observations of the NGC 7538 region were made with 

an i nit i a 1 l' spac i ng. The observing grid extended to 5' 

west, 3' east, 3' north, and 4' south of 7538C: however, a 

region only 4' x 2' roughly centered on 7538C was completely 

sampled. In addition, 1/2'-spaced positions were observed 

within at least l' of 7538C. A map showing the region 

observed is given in Figure 2. The 1982 observations were 

made as a courtesy by Charles J. Lada on his observing time; 

earl ier observations were done by the author. 

the observations is given in Table 1. 

A summary of 
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Fig. 2. Grid or 12CO and 13 CO Observations 

The locations in NGC 7538 observed with the NRAO l1-
m telescope during 1981 and 1982 are shown. The grid is in 
units or arc minutes relative to (0,0) = IRS 1 (see text). 
These grid units are repeated in Figures 4-6 and 19-21. 
Details or each observation are listed in Table 1. 
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TABLE 1 

Carbon Honoxfde Observations in NGC 7538 

12CO 13CO 

POSITION D FROM MAP OBSERVING NUMBER OF TOTAL TIME ON OBSERVED RMS NOISE NUMBER OF TOTAL TIME ON OB~ERVED RMS NOISE 
NAME CENTER ( , ) RUN# SCANS SOURCE (MINS) TA (OK) (OK) SCANS SOURCE (MINS) TA (OK) (OK) 

C 0 l 15 75 18.39 0.073 5 25 7.89 0.054 
4 10 50 18. 14 0. 1 19 6 30 7.01 0. 141 

E3 1/2 E 2 ·3 15 9.48 0.058 
4 3 15 15.35 0. 193 

E6 E 5 25 14.42 0. l l 1 2 10 7.46 0.075 

E12 2 E 1 2 10 13. l 7 0. 1 72 
3 4 3.38 0.095 

E18 3 E 1 5 12.24 0.256 
3 4 2.97 0. 133 

W3 1/2 w 2 3 15 6.86 0.071 
4 3 15 18.22 0. 164 

W6 w 4 20 17.35 0. 103 5 25 6.06 0.059 

Wl2 2 w l 2 10 21.01 0. 151 
3 4 5.68 0. 108 

W18 3 w l 5 17.90 0.214 
4 2 8 4.41 0. 107 

W24 4 W 4 3 15 15.82 0. 124 2 8 5.29 0.079 

W30 5 W 4 5 13.82 0. 160 2 8 4.49 0. 109 

53 1/2 s 2 3 15 10.07 0.058 
4 4 20 18.20 0. 152 

56 1 s 7 35 18.57 0. 108 4 20 9.42 0.056 

512 2 s 8 40 19.23 0. l 08 4 20 7.37 0.063 

518 3 s 7 35 14.92 0. 125 5 25 4.34 0.054 

524 4 S 2 10 12.99 0. 195 5 4. 10 0.092 
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TABLE l (continued) 

12CO 13CO 

POSITION D FROM MAP OBSERVING NUMBER OF TOTAL TIME ON OBSERVED RMS NOISE NUMBER OF TOTAL TIME ON OBSERVED RMS NOISE 
NAME CENTER ( , ) RUN _# SCANS SOURCE (MINS) TA (OK) (OK) SCANS SOURCE (MINS} TA (oK) (OK) 

N3 1/2 N 2 3 15 5.96 0.061 
4 4 20 14.22 0. 1 1 0 

N6 N 5 25 8.75 0. 132 3 1 5 2.46 0.073 

N12 2 N l 5 25 8.32 0.090 
3 4 1 . 32 0.063 

Nl8 3 N I 2 10 1 2 . 1 1 0.237 
3 4 2.61 0. 123 

S3E3 1/2 S,l/2 E 1 4 20 19.48 0. 142 
2 3 15 10.98 0.061 
4 4 20 17.30 0. 144 2 8 6.32 0. 1 18 

S3E6 1/2 S,l E 4 2 10 14.50 0.228 4 16 5.72 0.064 

S3W3 1/2 S, 1/2 W 1 4 20 20.94 0. 164 
2 3 l 5 8.86 0.064 
4 5 25 19.07 0. 153 

S3W6 1/2 S,l w 4 4 16 5.58 0.064 

S6E6 S, 1 E 1 6 30 17.33 0. 1 1 7 
3 4 5.42 0.058 

S6E12 S,2 E 4 10 50- 13.05 0. 140 6 24 4.29 0.067 

S6W6 S, 1 w 1 6 30 1 7. l 7 0. l 08 
3 4 7. 19 0.079 

S6Wl2 S,2 w 4 3 15 12.80 0. 189 2 8 4.82 0.093 

S6Wl8 S,3 w 4 5 13.59 0. 183 2 8 4. 10 0.079 

S12E6 2 S, 1 E 4 3 15 14.07 0. 136 2 8 4.22 0.095 
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TABLE l (continued) 

12CO 13CO 

POSITION D FROH HAP OBSERVING NUMBER OF TOTAL TIME ON OBSERVED RMS NOISE NUMBER OF TOTAL. TIME ON OBSERVED RMS NOISE 
NAME CENTER ( , ) RUN# SCANS SOURCE (MINS) TA (OK) (OK) SCANS SOURCE ( t1 I NS) TA (OK) (OK) 

N3E3 1/2 N,1/2 E 1 5 25 14.75 0. l 04 
3 4 5.47 0.012 
4 5 25 12.41 0.096 

N3E6 1/2 N, 1 E 4 2 8 4.50 0.083 

N3W3 1/2 N,1/2 W 1 4 20 14.55 0.089 
2 3 15 4.73 0.085 
4 5 25 13.35 0. 133 

N3W6 1/2 N, 1 w 4 3 15 17.37 0. 171 4 16 2.89 0.067 

N6E6 N, 1 E 1 6 30 9.26 0. 132 
3 4 2.51 0.065 

N6W6 1 N, 1 w 1 7 35 11.70 0.083 
3 4 2.23 0.060 
4 2 1 0 10.77 0. 142 

N6Wl2 l N,2 W 4 3 15 14.48 0. 159 2 8 3.59 0.082 

N6Wl8 1 N,3 W 4 3 15 1 5 . 5 1 0. 161 2 8 2.92 0.075 

N6W24 1 N,4 W 4 5 14. l 0 0.217 2 8 4.07 0.084 
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Centimeter Wave 

The centimeter wave continuum mapping observations 

presented in Chapter 8 were obtained with the A 

configuration (highest spatial resolution) of the Very Large 

Array (VLA) of the National Radfo Astronomy Observatory 

(NRAO)3 at Socorro, New Mexico. The observations were taken 

over a 5.5 hour period on 20 November 1983, and were 

obtained at 5 GHz (6 cm) and 15 GHz (2 cm), with a bandwidth 

of 50 MHz. Observations on source totalled just over 25 

minutes at each frequency, split into three separate 

integrations spread over the observing period. A data 

averaging time of 10 seconds was chosen to minimize 

amplitude losses. Due to the high declination of the source 

and the time over which it was observed, the uv coverage was 

excellent. Final synthesized half-power beams were: 

o. 1 13" x O. 1 05" 

0.356" x 0.343" 

(15 GHz) 

(5 GHz) 

Twenty-seven antennae, with a maximum baseline of 

29.7 km, began the observations. However, technical 

problems removed two antennae successively roughly midway 

through the observing period; these were located closest in 

3. The National Radio Astronomy 
operated by Associated Universities, Inc., 
with the National Science Foundation. 

Observatory is 
under contract 
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and halrway out along the east arm or the array. Much or 

the data rrom these two impaired antennae were subsequently 

rlagged and eliminated by the observer in the data reduction 

process. 

Minimum baseline on the A conriguration is 0.68 km, 

leading to an errective restriction on the largest scale 

structure which can be mapped with rull rlux density. For 6 

cm / 5 GHz observations, this means structure beyond 7" may 

be compromised; ror 2 cm / 15 GHz, the upper limit is 2". 

The estimated source size or IRS 1, ~ 2" (conrirmed by our 

observations), led us to expect no signiricant problems. It 

was expected, however, that rlux rrom IRS 2 9" north or 

IRS 1 and extended over 9", see Chapter 7) would be severely 

underestimated in mapping by the A array: this was indeed 

the case. Integrated rlux density or IRS 2 at 5 GHz was ~ 

40% or all previously reported values; at 15 GHz, that 

source was not observed to a level signiricantly above the 

rms noise. 

Observations were complicated by inclement weather 

(winds -1 
~ 11 m s , and recent passage or a weather rront) 

which particularly degraded the phase stability or the 15 

GHz data. The strength or IRS 1 at both rrequencies, 

however, allowed successrul mapping, cleaning, and selr-

calibration. Final rms noise was 0.43 mJy/beam at 15 GHz 

and 0.33 mJy/beam at 5 GHz. Total rlux uncertainties as 
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reported in Chapter 8 result primarily from differences 

encountered in successive cleanings and self-calibrations of 

the maps. 

A detailed discussion of data acquisition and 

reduction techniques may be found in "An Introduction to the 

NRAO Very Large Array" (also known colloquially as the Green 

Book) • 



CHAPTER 4 

DISTANCE 

The distance to NGC 7538, as for many star formation 

regions, is not easily determined. The nebula is 

apparently located in the Perseus arm, a part of the Galaxy 

exhibiting striking non-circular motions (Humphreys 1976). 

Based on the most straightforward models of Galactic 

rotation (e.g., Schmidt 1965), the kinematic distance for 

o this object (at a Galactic longitude 1 = 112 and VLSR = -57 

km s-1) is 4.5 - 5.0 kpc. As shown by Humphreys, however. 

there are velocity residuals (VKin(r) - VObs(r» of as much 

10 20 km S-1 P bO t h dO t as - among erseus arm 0 Jec s w ose 1S ances 

can be reasonably well determined. 

Humphreys used the Schmidt model for calculating 

VKin(r) from assumed distances of stars, clusters, and 

nebulae. This model predicts VCr) rising to a peak of about 

250 km s-1 at 8-10 kpc, then decreasing monotonically with 

radius out to 50 kpc. The galactocentric distance of the 

Sun, R , is given as 10 kpc, and the solar circular velocity o 
-1 is 250 km s • More recent work by Blitz (1979) and Blitz 

et ~ (1982), however, shows the rotation curve in the 

solar vicinity flattenfng, then rising out to 16 kpc. To 

31 
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test the eFFect of such uncertainties on a kinematical ly 

predicted distance For NGC 7538, we Found the heliocentric 

distance 0Kin From VLsr = -57 km s-l 1 = 111.60
, From Four 

rr~dels, three of which diFFer signiFicantly From the Schmidt 

mode 1 . The parameters of these models are given in Table 2 

below and are represented in Figure 3. 

TABLE 2 

Models of Galactic Rotation 

MODEL V o(km 
-1 

s 1- R oCkpc) VELOCITY LAW REF. a 

S 250 10 (r/R )-.3-.4 ( 1 ) 
0 

OC 238 8. 15 V(r,LI0 kpc) = 245 (2) 

K1 220 8.5 (r /R ) 0. 1 (3) 
0 

K2 220 8.5 (r/R )0.2 (3) 
0 

a. (1) Schmidt (1965); (2) Ostriker and Caldwell (1983); (3) 
Knapp (1983) 

The details of the analysis, similar to what already exists 

in the literature, are given in Appendix C. 

The values of heliocentric distance 0Kin obtained 

From the models as a Function of Vr , the observed radial 

velocity relative to the LSR, are shown in Table 3. The 

extremes of -40 and -70 km s-1 are chosen to reFlect the 

broad velocity dispersion observed in the visible nebula, as 

described by Oeharveng et ~ (1979). 



Fig. 3. Models or Galactic Rotation 

The theoretical galactic rotation models 
described in Table 2 and the text are illustrated 
here, adapted rrom the sources listed below Table 2. 
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TABLE 3 

Distance as a Function of V r 

V (km -1 
-r s .1 

-40 -57 -70 

S 3.31 4.62 5.66 

DC 3.89 5.38 6.65 

K1 4.26 6.19 7.87 

K2 4.88 7.07 8.99 

Note that the models which assume a lower value for 

R and a constant (or near-constant) velocity law o give 

considerably higher values for the distance than does the 

Schmidt model. This suggests that if the NGC 7538 nebula is 

indeed at a distance more commensurate with its radiative 

properties (see below), the non-circular motions in the 

Perseus arm must be even more severe than those found by 

Humphreys. Table 4 shows the velocity residuals (in units 

of km s-1) which result from application of the DC, K1, and 

K2 theoretical rotation curves to prospective heliocentric 

distances of 2.0, 2.7, and 3.5 kpc. These larger residuals 

indicate that the Schmidt model, which shows decreasing 

circular velocities outside the solar circle, nevertheless 

is a better fit to the velocities in the Perseus arm than 

the flat or rising models of DC and K, which ignore that 
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local anomaly. However, the larger residuals are apparently 

more physically valid, as the flatter models appear to 

better represent the behavior beyond the Perseus arm and 

asymptot i ca 11 y. 

TABLE 4 

Model-Dependent Residual Velocities 

Distance (kpc) 

Model 2.0 2.7 3.5 

OC -36.1 -29.9 -21.7 

Kl -38.9 -32. 1 -24.3 

K2 -40.9 -34.7 -27.7 

With such comp 1 i cat ions and model-dependent 

uncertainties inherent in any determination of a kinematic 

distance, it is necessary to find more intrinsically 

physical distance indicators. One of the earliest and 

simplest distance estimates to the NGC 7538 optical nebula 

came from Schraml and Mezger (1969). They used data from 

the open cluster NGC 7510 and HII region NGC 7635, which 

bracket NGC 7538 in the Cas OB2 association, to infer a 

distance on the basis of velocity, shown in Table 5. These 

compare to the distance of 2.7 kpc given to the Cas OB2 

association in IAU Transactions (1964). Newer observational 

data, reported in Humphreys (1976), gives distances for the 

bracketing objects as 2.9 and 2.5 kpc, respectively, 
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supporting the earlier estimate. In a more recent work on 

stars in the Cas OB2 association, Humphreys (1978) gives a 

distance of 2.63 kpc. However, the radial velocities given 

For only Four association members ran~e From -42 to -81.7 km 

-1 s , making any Firm identiFication of NGC 7538 with that 

precise distance unwise. 

NGC 7510 

NGC 7635 

NGC 7538 

TABLE 5 

Distance by Bracketing 

'::L (km s -1 ) 
,-sr 

-57 

-49.4 

-57 

11 1 

112.2 

111 .58 

o 3. 16 

+0.2 2.4 

+0.8 2.8 

Georgelin et ~ (1973) perFormed spectrophotometry 

on the brighter 07 star exciting the visible nebula (IRS 6, 

= 11.88) and Found a distance of 3.10 kpc, ± 20-301 •• 

They assumed a main sequence luminosity class V, however, 

and note that iF the star is instead a supergiant (1), the 

distance is closer to 5.4 kpc. To determine more accurately 

the allowable range of distances using this method, we will 

First take the predicted Mv For an 07 star of various 

spectral classes From Panagia (1973). Using the observed Mv 

Tor 07 V, III, and I stars From Conti et al. (1983) changes 
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the distance values only slightly. In Table 6. those values 

are shown in parentheses beside those obtained uS,ing Panagia 

(1973). We use the E(B-V) = 1.57 from Chopinet et ~ 

(1973), and Av/E(B-V) = 3.05 from van de Hulst's #15 

extinction curve in Johnson (1968). 

a. 

TABLE 6 

Distance by Spectral Class 

Spectral Class M M a Distance (kpc) - m 
-v -v -vo 

ZAMS -4.2 11.3 1.8 

V -4.8 11.9 2.4 (2.5) 

I I I -5.5 12.6 3.3 (3.5) 

-6.3 13.4 4.8b (5.2) 

m = apparent magnitude corrected for extinction vo 

b. The reason for the discrepancy between this value and 
the 5.4 kpc estimate from Geogelin et ~ (1973) is not 
clear. The likely cause is in the use of a different 
extinction law, or in the assumed Mv for 'an 07 supergiant, 
or both. 

More extensive high resolution spectroscopy is 

needed to determine the spectral class accurately. Goy 

(1980) reports a spectral type of 07V for the star, based on 

a private communication from Georgelin. Actual data 

substantiating this interpretation have apparently not 

surfaced in the literature, however. Uncertainties also 
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arise from the derivation of Chopinet et ~'s color excess 

out of the Ha/HS ratio, and from the reddening law adopted. 

In the latter case, however, we find that the region 

immediately around NGC 7538 is unusually transparent -- that 

is, there is relatively little obscuration by molecular 

cloud material (Simonson and Van Someren Greve 1976 and 

Sargent 1977). This argues for use of the theoretical van 

de Hulst reddening law instead of those obtained from stars 

in the more highly obscured Cepheus or Cygnus regions, which 

are in the same general part of the sky as NGC 7538. 

Finally, limits on the distance can be placed by the 

nebular excitation from two 07V stars (or one 07 and one 06, 

IRS 6 and 5 respectively). Israel (1977) gives a radio flux 

density for all components of the visible HII region as 

5(4995 MHz) = 19 Jy. The maximum emission measure 

from an 06 and 07 star together is 9.5 x 1061 cm-3 (Panagia 

1973). Assuming an optically thin 104 K gas emitting at 5 

GHz (Mezger et al. 1974), 

-3 cm 

We therefore find a maximum distance to NGC 7538 of 3.8 kpc, 

if only these two stars are contributing to the nebula's 

excitation. (The maximum distance drops to 3.1 kpc for ZAMS 

stars.) Any appreciable additional ionization source, 

however, would be detectible at visible or infrared 
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wavelengths, so it is reasonable to assume that only two 

exist. (IRS 7 appears to be a cool K star of an 

undetermined luminosity class.) Recall that IRS 1-3 and 9-

11 are considerably south or east of the visible nebula. 

For purposes of all data analysis appearing in this 

work, therefore, we will adopt a distance to all parts of 

NGC 7538 optical' nebula, molecular cloud, obscured 

infrared and radio sources -- of 2.8 ± 0.3 kpc. In cases 

where important conclusions are based on distance-dependent 

values, we will show that dependence explicitly. 

Clearly, spectroscopy of the visible stars in the 

NGC 7538 nebula would do much to resolve this problem of 

distance. It would first of all establish more firmly the 

spectral types and classes; in addition, the velocity limits 

on interstellar absorption lines may in turn brackett the 

kinematic distance to the region. 



CHAPTER 5 

CARBON MONOXIDE OBSERVATIONS: QUIESCENT GAS 

The mapping program perrormed at NGC 7538 yielded 

high signal-to-noise data which show clearly the presence or 

gas moving at velocities signiricantly beyond the canonical 

velocity dispersion ror a cloud or that mass, 5-7 km -1 
s 

Despite the attractiveness or those data, there is much to 

be gained rrom a deeper analysis or the quiescent CO 

distribution in understanding the structure or the larger-

scale cloud complex. 

Morphology and Excitation 

Maps or the spatial distributions or emission rrom 

the J = 1-0 rotational transitions or 12CO and 13CO in NGC 

7538 are shown in Figures 4 and 5. A description or how 

these data were obtained is round in Chapter 3. The ratio 

or 12CO/13CO antenna temperatures (T
A

*) varies rrom roughly 

2 to 6, with the higher ratfos generally occurring north and 

west or center, lower ratios to the south and east. Values 

ror 1(13CO ) = 1
13 

T *( 12CO)/T *(13CO ) 
A A 

TA*(13CO)/TA*(12CO), 

are seen to vary inversely with 

across the cloud: we expect 

and this dependence holds until 

emission is also optically thick (see Appendix A). The 
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Contours are in units or degrees Kelvin. The 
position or IRS II near the peak is marked. 
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observed maximum in t 13 is 0.6, the minimum 0.1. Combined 

with an interstellar abundance or 12co/13co = 40-90, this 

implies a broad range in t12 = 4-55. 

Since t12 » 1 , the excitation temperatur'e T ex ror 

the CO gas is simply proportional * 12 With to T A ( CO) • t 13 

and T ex' we are then able to derive column densities or 

molecular hydrogen (N(H 2 ) cm-2 } across the region observed. 

A complete discussion of the analytical method used is found 

in Appendix A. A map of the resulting column density 

distribution is shown in Figure 6. 

Since 't 12 > > 1, * 12 and Tex a TA ( CO) or T * ( 12CO ) 
R 

(which is antenna temperature corrected for telescope 

efficiency), we can interpret the map of 12CO emission in 

Figure 4 also as an approximate distribution of excitation 

temperatures. Figure 5 shows that the peak excitation 

temperature (45 K) occurs approximately 1/2' southwest or 

map center (IRS 1) and again at 2' west. In fact, the 

excitation appears to drop by less than 50% over 3' in all 

mapped directions around the center except to the north, 

where the reduction is considerably higher. This negative 

excitation gradient occurs in a band running generally east-

west across the north and coincides with a similar reduction 

in column density seen in Figure 6. Note that the boundary 

of the visible nebula (shown as the shaded area on Figure 6) 

also occurs along this east-west ridge. The peak column 



Fig. 6. Distribution of H2 Column Densities 

Contours are in u~~ts ~~ 10% of the peak 
column density of 1.099 x 10 cm , at position 56 (= 
0, IS). The positions of IRS 1-3 and IRS 11 are 
marked as dots, with the extent of the visible HII 
region also shown. 
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density, = 1.09 x 1023 -2 cm 

45 

is found l' south of 

map center and appears to be distributed symmetrical ly over 

scales of order two arcminutes. At larger scales, however, 

there is a suggestion of a general elongation east to west. 

Without having a clear three-dimensional picture of 

the NGC 7538 cloud, it is difficult to define a column 

length in the line of sight. Our mapping is limited to the 

innermost few parsecs of what is clearly a giant complex. 

Dickel et ~ (1981), however, map a much larger region, 

from which it is possible to estimate reasonable symmetries 

and thus column lengths. Their 5% contour of 13CO emission 

has the dimensions Q x ~ = 21' x 8.5', or 17 pc x 7 pc. 

Using these values, we find n(H 2 ) to be between 2.4 x 103 

However, this fails to take into 

account the observed column density gradient, which is 

roughly a negative exponential; thus these n(H 2 ) are 

averages along the column and lower limits to the central 

density of the cloud. In addition the values of '13 ~0.5 

suggest that 13CO emission may well not sample the densest 

material in the cloud core. The presence of molecular 

emission at the cloud core from such species as HCN (Turner 

and Thaddeus 1977), CN (Churchwell and Beiging 1981), and CS 

(Linke and Goldsmith 1980), can be used to estimate 

densities in the core. For each species there is a minimum 

density ncrit requfred to produce excitation temperatures 
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signiricantly higher than the background temperature. As 

long as the resulting radiative transitions are optically 

thin, then, varies with A(s-l), where A is the 

spontaneous emission coerricient. The lines are still 

detect"able even ror densities ~ 0.1 ncrit . An extremely 

abundant species such as CO is orten optically thick in the 

lowest transitions at densities or order ncrit ' so species 

or lower abundance and higher n 0t are more -- crl userul in 

probing high density cores. Their presence in NGC 7538 

implies densities ~ 5 x 10 4 cm-3 • 

Comparisons with Other Molecular Observations 

The 12CO map rrom Dickel et ~ (1981) has the same 

nominal spatial resolution as our data. That map has a 

large spatial coverage, however, and the dynamic range 

required in mapping such an extended molecular cloud means 

that any details or possible structure in the innermost 

regions have apparently been averaged out. It is thererore 

possible to use the maps to compare only the large scale 

distribution: ror example, the overall elongation in the 

Galactic plane shown by Dickel et al.'s map is also 

suggested (especially toward the west) in our Figures 4 and 

5. Dickel et al. do, however, show the distribution or both 

12CO and 13CO along a northwest-southeast cut passing 

through IRS 1. We have adapted their Figure 4, showing our 
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observed points in comparison (Figure 7). Note that ror 

both observers the peak emission occurs at or just slightly 

south or IRS 1. Their maps indicate a peak column density 

or'N(H
2

) L 5 x 1022 cm-2 . 

These authors also report observations or H2S and 

H2CO, both optically thin under conditions appropriate to 

all but the densest cores or most molecular clouds. Their 

mapped emission, thererore, should broadly rer1ect the 

column density distribution; it should also roughly indicate 

the density distribution or those species when mapped over 

small angular areas, since there would be little change in 

the actual column over short distances. A repeat or the 

same northwest-southeast diagonal cut on these two molecules 

shows the peak in their emission occurring l' southeast or 

IRS 1, which is consistent with our peak at l' south. 

Ho et ~ (1981) mapped NH3 (J,K = 1,1) and CS (J = 

1-0 and 2-1) emission in the central regions or NGC 7538. 

They concluded that the CS J = 1-0 emission was optically 

thin, while the other two transitions observed were probably 

optically thick. Indeed, the maps produced rrom NH3 and CS 

(J = 2-1) emission are virtually identical, showing an 

emission peak elongated rrom IRS 1 to approximately 1.5' 

south, very similar to that seen in our Figure 4 (T *(
12CO) A 

The optically thin CS (J = 1-0) map suggests an 

east-west extension much like that in our Figure 6 (N(H 2 ». 



Fig. 7. Comparison of Column Density Distributions 

This illustrates a comparison between our data 
and those of Dickel, Dickel, and Wilson (1981), 
discussed in the text. The smooth lines represent the 
Dickel et ~ distribution, using a line running 
northwest to southeast through the same central 
position, IRS 1. The vertical axis shows a 
dimensionless fraction of the peak value normalized to 
unity for each data set. Peak colu~2 deQZity from 
Dickel et ~ is given as NH2 2 5 x 10 cm 
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Turner and Thaddeus (1977), in sampl ing several 

positions around IRS 1, 
+ + 

found HCO and N2H emission to be 

strongest in 70" beams centered on IRS 1 and the southern OH 

maser position near IRS 11, which lies 1.2' south of IRS 1. 

Comparison with HI Observations 

Read (1980) performed 21 cm aperture synthesis 

mapping at 2' resolution of a 10 square region centered on 

NGC 7538 (5158) and including 5159. As pointed out by the 

author, there is a remarkable anti-correlation between the 

areas of CO emfssfon mapped by Dickel et al. (1981) and 

those of HI emission -- f.e., between areas of molecular and 

atomic gas. A 'hole' near the visible nebula NGC 7538 seen 

by Read (actually a region of extremely high HI absorption, 

~ ~ 3.5) corresponds generally to the positions of IRS 1-3. 

At the grid spacing of 0.9' utilized in the mapping, 

however, any ffrm identification is impossible. In fact, 

the strongest absorptfon appears to occur both at IRS 1-3 

and at a posftfon 0.9' south, 0.9' west of there; 

significantly high absorption is also evident 0.9' west of 

IRS 1-3. Read interprets this absorptfon as resulting from 

shock-dissociated H2 , caused by HII gas expanding into the 

molecular cloud. We will discuss this further in Chapter 9. 
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Comparison with Far Inrrared Observations 

Inrrared maps or the central rew arcminutes or NGC 

7538, at 30, 50, and 100 pm, and at 1 mm, were published by 

Werner et ~ (1979). The resolution or these maps is not 

much less than those or our CO maps and thererore allows 

almost direct comparison. Their observations indicate a 

column density in the region immediately around IRS 1-3 

similar to that at a position 1-1 1/2' south. On their 

-1 assumption or a dust emissivity law e a ~ , they show that 

the dust temperature is higher (45 K) at IRS 1-3 than at the 

southern position (35 K). The errects of multiple sources 

at the IRS 1-3 position (one or which, as we will show 

later, is both quite luminous and very hot) on the rar 

inrrared spectral distribution, however, may mimic that or a 

slightly higher temperature. It is consistent with what we 

observe to this point to suggest that there is only a minor 

variation in the large scale temperature Or dust (and thus 

or molecular gas) rrom IRS 1-3 to 1 1/2' south. 

We conclude, therefore, that there is a broad (1' -

2' north-south, l' east-west) excitation and column density 

peak Or both molecular gas and dust in the center or the NGC 

7538 molecular cloud. This peak appears to be centered 

approximately l' south or IRS 1-3. It is consistent with 

the large-beam observations described here to state that the 
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IRS 1-3 complex is not the only contributor to the peak in 

excitation: the coincidence of IRS 11/0H(S) with the 

southern end of the elongated maximum points strongly to its 

involvement in· the quiescent cloud heating. 

Core Width Distribution 

A cursory examination of any of the 12CO emission 

1 i.nes from NGC 7538 is sufficient to show their unusual core 

widths. In fact, although Wilson et ~'s (1974) 6V FWHM = 

10 km s-l was not remarkably out of line for those early 

-1 
observations, the 9 km s value reported by Bally and Lada 

(1983) in their survey for high velocity sources is highest 

of the 45 sources they examined. 

It is worthwhile to mention that a true Doppler 

(thermal) width for an optically thin CO line from a typical 

-1 warm molecular cloud (T L 30K) is ~ 0.1 km s This is 

considerably smaller than any of the line widths actually 

observed, most of which are well resolved in velocity width. 

Presumably one is observing a convolution of the discrete 

motions of turbulent cells within a cloud, each having a 

small velocity width, but with the population of cells 

having a disperson 6V(observed) ~ 5 km s-l 

The observed column of 12CO emission at any 

position is not representative of the total cloud thickness 

because of the high optical depths in the line core. 
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Emission from 13CO , however, is relatively thin (unsaturated 

core optical depths are 0.1 ~ ~ 13 ~ 0.6) and therefore may 

effectively probe conditions throughout much of the true 

cloud column. I ts core line widths., therefore, shou I d be 

representative of the behavior of the turbulent cells in the 

columns. On the one hand, if internal heating due to star 

formation has increased gas motions at some cloud locales, 

13CO columns cutting through those volumes should show 

increased core line widths relative to the rest of the 

cloud. On the other hand, one might expect those observed 

widths, integrated along a column, to remain roughly 

constant with pOSition (and thus with column density) over 

all but the periphery of the cloud, which should result if 

the cloud is in equi librium and without significant internal 

heating. 

We have analyzed the distribution of core 

widths in three general ways: (1) the ful I width at half 

maximum (FWHM) of the line versus its radial distance from a 

central position, (2) the blue half width at half maximum 

(HWHM) 

HWHM 

of a line versus radial distance, and (3) the blue 

* 13 * 12 versus TA ( CO) and TA ( CO). As we have assumed 

that 7538C is at or near the column density and excitation 

peak of the cloud (see previous section), it is reasonable 

to use that point as the central position in the initial 

analysis. Note, however, that we have used both FWHM and 
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HWHM for the 13CO lines: observations show asymmetries to 

the red (see next section) which make the blue HWHM, 

measured from the emission line peak, by far the more valid 

measure of core line width. The comparison with 13CO TA* is 

made because of its almost linear variation with column 

density. 12CO strengths, on the other hand, are more 

indicative of a dominant excitation temperature through the 

column sampled. 

Results of these comparisons are shown in Figures 8-

12. On each plot, a handful of points are significantly 

discrepant. As justified below, some of these points have 

been excluded in determining the linear correlation. 

Figure 8 shows a plot of the FWHM(13 CO ) versus the 

radial distance from 7538C. A linear best fit to the 

points, excluding 524 and 518, is 

-1 AVFWHM (km s ) = 6.57 - O.61r pc 

Also shown on the figure is a linear fit to all the points. 

524 and 518 have been omitted due to particularly strong 

contamination on the red side of their 1 ine cores (see next 

section and Figure 17). This emission is seen to some 

extent in virtually Ell positions observed; therefore, a 

tighter correlation should exist with the blue HWHM of the 

13co lines. Figure 9 illustrates that relation: 



Fig. 8. FWHM(13CO ) vs. Radial Distance From 7538C 

The solid line is a linear Fit to all points 
excepting 518 and 524, which are excluded due to red 
side contamination (see text). Other exceptionally 
broad lines are also identiFied. Concentric circles 
jndicate multiple points having the same values. The 
dotted line is a ll~ear Fit to all points, AV FWHM = 
6.28 - O.26r km s pc 
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Fig. 9. Blue HWHM(13 CO ) vs. Radial Distance from 7538C 

The solid line is a linear fit to all points 
excluding those specifically identified on the plot. 
Concentric circles again indicate repeated data 
points. The best-fIt line to all points is VHWHM = 
2.65 - O.22rpc km s . 
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6VHWHM-blue (km s ) = 2.62 - 0.31r pc 
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Note that several points now are out of line with the 

otherwise relatively tight linear fit. In including these 

points a second fit is derived and shown on the plot. Our 

choice of 7538C as the origin for radial distances is 

clearly not appropriate, as the discrepant pOints are just 

those near cloud center for which the data are best 

determined. Figure 10 shows the same data plotted, using S6 

(1' south of 7538C) now as the central position: recall 

that, within the uncertainties y this position is also at the 

column density and excitation peak of the NGC 7538 cloud. 

This correlation is best fit by: 

AV+ -1 
U HWHM-blue (km s ) = 2.77 - 0.33rpc 

The slope for both (2) and (3) are essentially equal y as we 

expect. To further show the difficulty in using FWHM 

values y however, note that 2 x 6VHWHM (0) < 6V FWHM (O) , 

while the slopes carry the doubling factor almost exactly. 

By re-centering our analysis we have removed S24 and S6 as 

discrepant points, but several remain, notably W30 and N12. 

These two points are awry because they appear in locations 

where the temperature and density gradients from either the 

center or S6 are significantly different from the average 

(see Figures 5 and 6). 



Fig. 10. Blue HWHM(13 CO ) vs. Radfal Distance from S6 

The same HWHM values as fn Figure 9 are 
plotted, now against their distance from position 56, 
l' south of 7538C. The best fit line excludes N12 and 
W30 (see text). 
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We now compare the AVHWHM-blue or each line with 

its TA* in 12eo and 13eo respectively. Ir AV a N(cm-2 ), the 

rirst correlation will be stronger; fr the latter 

correlation dominates, then AV a Tex Figures 11 and 12 

show these relations among observed points: 

While both dependences are clearly weak and subject to 

signiricant scatter about a linear rit, it appears that the 

uncontaminated core widths or optically thin 13CO correlate 

better with column densities than with excitation 

temperature. 

Multiple Cloud Observations 

A 75 minute integration or the J = 1-0 i2CO line, 

taken on the central position or NGC 7538 (7538C) by the 

author in September 1982, is shown in Figure 13. The 

apparent asymmetry to the red, without any concomitant 

evidence ror selr-absorption, suggests that the line may 

contain more than one component. Examination or the 

narrower 13eo line does not, ror this position, conrirm the 

presence or other line cores. Virtually all other positions 

mapped in the region, however, exhibit rar less ambiguity in 

that regard. (Figures 14a,b show position S6E12 (1'S, 2'E 



Fig. 1l. Blue HWHM(13 CO ) vs. T * ( 12CO ) 
A 

The best fit line to all pOints except N12, 
N6, and N6E6 suggests a very weak correlation of core 
line width with excitation temperature. 
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Fig. 12. Blue HWHM(13 CO ) vs. TA*(13 CO ) 

The best fit line to all points except N12 and 
S12E6 indicates a moderate correlation between core 
line width and column density. 
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The J = 1-0 transition of 12CO observed at position 
7538C (= IRS 1) is shown. The data cover a total of 75 
minutes of integration on source, with an rms noise of 0.073 
K. 



Fig. 14(a,b). Position S6E12 in 12CO and 13CO 

Position Sy~12 (1' l~uth and 2' east of 7538C) 
is shown in both CO and CO emission. The beam 
includes IRS 9, at 0.85' south 1~96' east of 7538C. 
Note the three separate core line components (Main 
Cloud plus Clouds B and C). 
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of 7538C) in both 12CO and 13CO , where 3 components are seen 

very clearly.) Using these other positions, we establish 

the approximate velocity centroids of the core 1 i ne 

components in the NGC 7538 molecular cloud, shown in Table 

7: 

TABLE 7 

Secondary Line Cores 

CLOUD VELOCITY CENTROID (km -1 
s .1 -1 1 (1 ( km s .1 

Main -57.0 0.7 

A -53.4 1.0 

B -50.2 1.0 

C -44.6 0.7 

D -61.6 1.3 

The relative and absolute strengths of the secondary 

components we observe vary across the region mapped and do 

not generally Follow the strength of the main line. This 

may be concluded simply From a visual examination of the 

data themselves. However, quantitative inFormation is 

obtained by means of a Gaussian extraction of the Main line 

core. The residuals are then successively Fit by the 

estimated component centroids, until the maximum residual 

* * level approximates 5TA (rms), or TA = 1 K. At this point 
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the iteration stops. Two key assumptions are made in this 

procedure: 

1. The blue side or the Main line core is assumed to be 

a pure Gaussian. This is glaringly in error ror only one 

position near the center, where component 0 is seen (Figure 

15a,b, N6E6). For other positions where the presence or the 

o component is possible, a Gaussian is rit using the AV(I/e) 

= ~ or the nearest uncontaminated position (typically 6-7 km 

-1 s ) . 

2. For the successive secondary components, which we 

1 k G . "V 5 6 km S - 1 a so ma e aUSSlan, we assume a U FWHM = -
There is considerable uncertainty (± 2 velocity 

resolution channels) in the velocity centroids ror the 

secondary line cores. The errect or this uncertainty in the 

residual ritting is thererore severe and undermines 

conridence in accurate numerical estimates ror the component 

strengths. It is equally roolhardy to attempt to map their 

distribution, given the quality or the data. General 1 y, 

however, the rollowing can be concluded: 

Cloud A is ror the most part not observed south or 

the center (0 == +61 0 12'). It is easily traced along the 

east-west ridge rrom 3' east (E18) or center to 5' west 

(W30), peaking at l' east (E6). In addition, there is 

strong emission at 2' and 3' north or center, easily seen in 

Figure 16. 



Fig. 15(a,b). Position N6E6 in 12CO and 13CO 

Note the secondarY3emissfon peak just blueward 
of the Main core line in_ 1 CO, indicating the presence 
of Cloud 0 at -61.6 km s (see text). 
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The apparent asymmetry in the lin~l is caused by 
strong emission from Cloud A (-53.4 km s 11 and reduced 
emission from the Main Cloud Core (-57.0 km s ). 
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Cloud ~ appears to be almost anti-correlated with 

Cloud A, as its contribution disappears quickly above 

center. It is most prominent to the south and southeast, 

peaking at l' south (56) and holding constant to 4' south 

* (524). At its peak, Cloud B is comparable in estimated TA 

to Cloud A, at about 9 K. 

Cloud C is seen only in the south, below 56. Figure 

17, 518, shows both Cloud B and Cloud C very clearly. This 

* component is not observed above TA ~ 3 K. 

Cloud 0 shows up most clearly in 13CO at N6E6 

(Figure 15), but for only two positions in the southwest 

(56W12 and 56W18, see Figure 18) is its contribution to 12CO 

emission able to be deconvolved successfully. It never 

* appears above TA ~ 2·K. 

Supporting Observations 

It is important to compare these observations to 

others on a large scale for confirmation Ot- our results. 

The HI maps of Read (1980), while not at comparable spatial 

resolution 

vs. 0.7 km 

(2' vs. 1') or velocity resolution (3.3 km 

-1 s ) may be used to compare the appearance 

-1 
s 

of 

gross features in successive velocity bins. (Of Read's four 

identified HI clouds, Clouds 2-4 are all outside our mapped 

area.) We will assume for the sake of argument that the 

anticoincidence between 13CO and HI emission that he 
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The strength of Clouds Band C is clearly obvious 
here. 
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Note the excess or emission just blueward or the 
Main core line, suggesting the presence or Cloud D (see 
text) . 
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describes is generally true for this molecular cloud 

complex, and we will look for particular HI absorption areas 

which are confined to a narrow, definable velocity range. 

Read's Cloud 1 is centered at a = 23 h 11 m, 0 = +61 0 

OS'. It is characterized by a large velocity width which 

can be followed from V = -50.7 to -60.6 km s-l, with a broad 

maximum in absorption at roughly -54.0 km s-1 Despite the 

disparity in the velocity centroids, th is is almost 

certainly our Main line cloud at -57.0 km s-1 which is the 

primary component of the emission mapped in Figure 4. Read 

estimates the column density of HI in this cloud as N(HI) L 

7 
20 -? 

X 10 cm" allowing for saturation of the absorption 

features. Estimating the ratio of atomic to molecular 

hydrogen to be 10-3 - 10-2 , we find a molecular column 

density N(H 2 ) L 1023 cm-2 very much in line with our 

observations. 

Our Cloud A, at v = -53.4 ± 1.0 km -1 s al so 

correlates with Read's Cloud 1 except in spatial extent. 

Instead of matching HI absorption Cloud A appears to cover 

an area of strong HI emission ringing Cloud 1 and the 'hole' 

at IRS 1-3. At the approximate velocity of our Cloud B, -50 

km -1 s and over the positions where we observe that 

component, no pronounced absorpton in HI is evident, except 

Tor Read's Cloud 1. Given the strength of Cloud B relative 

to the Main cloud I ine in CO, we are unable to account for 
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this. There is a large band of HI absorption seen by Read 

at -44.1 km s-1 running parallel to the Galactic plane and 

intruding on the area Just south of NGC 7538. Thfs is 

easily correlated with our Cloud C. Given the weakness and 

apparent limited coverage of Cloud D. no attempt at 

correlation with HI is possible. 

A set of observations by Minn and Greenberg (1975) 

provide additional evidence for our tentative interpretation 

of multiple clouds. These authors Observed H2CO in 

absorption at 4.83 GHz with a 6.6' beam over the NGC 7538 

region. They showed the presence of three individual 

-1 absorbing clouds: Complex 1 at -55.5 km s • Complex 2 at 

-52.5 km s-1. and Complex 3 at -49.5 km s-1. The absorption 

is strongest from complex 2 (AV = 3 km s-1. 1 = 0.30), but 

much broader in velocity extent from complex (AV = 6.5 km 

-1 s 1 = 0.43). On the basis of velocity centroids. we 

tentatively identify Complexes 1. 2, and 3 respectively with 

our Main cloud, Cloud A, and Cloud B. 

Minn and Greenberg's spatial distributions of the 

* H2CO absorption TA and AV indicate that at the position of 

IRS 1-3 (7538C), column densities from the Main cloud and 

* Cloud A should result in a TA ratio of 4-6 to 1. Our 

* * data (TA (Main) = 18.25K, TA (A) = 4K) are close to this 

prediction. A similar comparison for Cloud B is impossible, 

however, as H2CO absorption for Complex 3 is shown to come 
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no closer than 5' east or IRS 1-3. This is contrasted to 

our comparative strengths or the Main cloud and Cloud B at 

the easternmost position mapped in CO (E18 = 3' east or 

* * 7538C): TA (Main) = 12.2K, TA (B) = 4K). This is 

especially disconcerting, given the close velocity agreement 

or Complex 3 and Cloud B. 

Minn and Greenberg make an additional point in 

regard to their complexes which is important in any modeling 

considerations: to the limit or their observational 

accuracy, there is no evidence that NGC 7538 and its 

associated 4.8 GHz continuum sources lie behind these 

clouds. We will use this point later, along with the 

characteristics or our Cloud A, to construct a se1r-

consistent geometry ror the central, active regions or the 

NGC 7538 molecular cloud. 

Errect on Main Cloud Parameters 

Since the presence or the additional line cores at 

NGC 7538 is so well documented, it's appropriate now to 

consider their errect on the derived characteristics or the 

molecular cloud. We have heretorore not attempted to 

separate out the parameters or the Main Cloud alone, which 

is the cloud at -57.0 km s-l hosting both the visible HII 

region and IRS 1-3. 
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The secondary cloud core lines (rrom Cloud A and 

also to some extent rrom Cloud B) have Gaussian tails which 

may substantially add to the true main cloud antenna 

temperatures at -57 .'0 km s-1 This may then artiricially 

raise the Tex and NH2 assumed ror that Cloud. Given the 

admitted uncertainties in the velocity centroids and peak 

antenna temperatures or these secondary lines, it is not 

possible to gauge very accurately this particular errect. 

For the ,egion near cloud center, however, where Clouds A 

and B contribute very strongly, it is most important to 

attempt an estimate or the errect: we wish both to position 

conridently the true cloud center and to shed more light on 

the sharp compreSSion Just north or center. 

Table 8 summarizes the errect or the secondary 1 ines 

ror several representative positions. In each case, the 

rractional value represents the minimum rraction or the 

original parameter value which is due solely to the Main 

Cloud. 

The maximum estimated reduction is determined 

assuming that both Clouds A and B have ~V(FWHM) = 6 km s 

by 

-1 

and that their redward AVS rrom the Main Cloud line core 

-1 are a minimum or 2.4 and 5.8 km s ,respectively. From the 

analysis we can make these conclusions: 

1. The position 7538C = IRS 1-3 is most likely not the 

true center or the Main Cloud. Without adjustment ror 
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TABLE 8 

Effect of Clouds A and B on Line Cores 

* * POSITION IA 'IT T 'IT N(H 2 )'/N(H 2 ) -A -ex -ex 

C 0.84 0.86 0.80a 

53 0.93 0.93 0 .. 94 

S6 0.96 0.97 0.97 

512 0.97 0.97 0.97 

N3 0.79 0.81 0.85 

N6 0.57 0.54 0.61 a 

N12 O. 19 0.24 0.20a 

N6E6 0.62 0.67 0.59 

N6W6 0.83 0.85 0.89 

13CO * a. Calculated using adjusted TA 
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multiple lines, the column densities at 7538C/53/56 are in 

the ratio 1.0/1.1/1.2; after adjustment, the ratio is 

1.0/1.3/1.5. The accuracy in the determination of column 

densities of quiescent gas is limited primari 1 Y by 

* uncertainties in the calibration for TA . On the basis of 

repeat observations, we estimate the effect to be ~ 151.. 

2. 7538C is still possibly coincident with the 

excitation peak in molecular gas. The excitation 

temperatures of the three locations C, 53, and 56 are all 

within 51- of 44 K before adjustment for secondary core 

contamination. After adjustment, the T ex at 53 and 56 is 

st i 11 only 101. above that of 7538C (37.5 K) • Given the 

small magnitude of this change, we cannot confidently 

exclude our original result. 

3. The sharp reduction in the level of emission north 

of 7538C is circumstantially associated wth the visible HII 

region. Before the analysis on line cores, position N18 

shows roughly twfce the column densfty as N6. N18 itself 

exhibits essentially DQ emission from Clouds A or B, so that 

the proportion increases to a factor of over three to one 

when that contribution is considered. The central regions 

of the visible nebula, including the two 0 stars responsible 

for the excitation and corresponding to the peak density of 

ionized gas, are roughly 2' north and l' west of 7538C. It 

appears that the expansion of the visible nebula has driven 
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molecular gas strongly southward (causing the sharp gradient 

Just north of the main cloud center) and backward along our 

line of sight; this latter motion may be observed as Cloud 

A. 

Despite the only partially conclusive results, the 

analysis pursued in this section serves an additional 

purpose by merely identifying the line compo~ents. This 

allows' us to show clearly how much of a total line profile 

is composed of quiescent Gaussian cores, and how much is due 

to emission at velocities very different from that of the 

quiescent molecular cloud. 

the following Chapter. 

We will pursue this analysis in 



CHAPTER 6 

CARBON MONOXIDE OBSERVATIONS: HIGH VELOCITY GAS 

The diFFiculties in deconvolving line wing emission 

out of the complex line structure in NGC 7538 were brieFly 

alluded to in the previous Chapter. Here we derive rough 

parameters For the high velocity material based on that 

deconvolution, with a Full discussion of the uncertainties 

inherent in the process. 

Extraction of Emission Line Wings 

Bally and Lada (1983) were First to note the 

presence of line wings in CO emission From NGC 7538, Finding 

-1 
a Full width at,the 100 mK level of 35 km s at the central 

IRS 1-3 position observed by them. Our observation of 7538C 

shown in Figure 13, with an rms noise of 0.07K, conFirms 

their detection and suggests a Full width at zero intensity 

-1 (FWZI) of 6VFWZI = 40 km s at this position. The mapping 

program undertaken as part of this work seeks to trace the 

extent of high velocity gas in the region and deFine the 

mass of molecular material involved. 

A complete description of the criteria used in 

deFining how much of the total CO emission is due to high 

velocity material is contained in Appendix B. Also included 

77 
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in that section is a discussion or the analytical method 

employed in rinding column densities or the high velocity 

gas. 

Analytical Complications 

Despite the simplicity or the procedure outlined in 

Appendix B ror obtaining the column densities and ultimately 

the mass or high velocity gas, its application exposes some 

dirriculties. 

There is a total or six mapped points ror which high 

quality 12CO data were obtained on two separate observing 

runs (see Table 1). Ideally these pairs should be valuable 

in testing the repeatability or our various analytical 

methods. Indeed, when calibrated rrom 7538C (as described 

in Chapter 3), the peak antenna temperatures are well within 

101. or each other, and thus also within the 151. uncertainty 

associated with this telescope. Quiescent column density 

determinations within each pair thererore show 1 itt 1 e 

dirrerence and were averaged together in presenting those 

results in the previous Chapter. 

For line wing emission, however, where the data are 

* TA with values typically or the order or a rewa, 

considerably 

these pairs 

more uncertainty arises. Dirrerences within 

* 12 on N ( CO) are in two cases as high as 351.. 

These disparities do directly correlate with 
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* observational rms noise nor with the main line TA or 

cal ibrated they appear therefore to point out 

uncertainties inherent in the analytical method itself. 

In the analytical procedure, both wing and plateau 

emission are extracted using an assumption about where the 

contribution from core lines ends (see Appendix B). For a 

given line, the number of channels in the plateau will of 

course be larger for a smalller plateau value, and vice 

versa. The plateau contribution itself is typically 70% (± 

151.) of the total N*( 12CO); in addition, its contribution to 

the possible error in N*( 12CO) is 

* n x f1TA (rms) 

where n is the number of channels in the plateau. For these 

six pairs of data, each of which shows strong wing emission. 

* * the ratio f1N IN rms never exceeds 2010. For two of the 

observed pairs, this difference is sufficient to account for 

their internal discrepancy in plateau distribution and total 

column density; for the other four, however, both these 

* values are far higher than the combined 6N rms of each pair. 

Obviously wing emission is not constant with 

frequency, such that the only difference in choosing a 

* plateau width n would come from f1TA (rms). We therefore 

investigate the effect of varying the plateau limit channel 

by one unit in or out (as this limit is dictated by the red 
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side of the 1 ine, that is the side we choose to vary). The 

resulting changes from the already determined plateau levels 

average + 25-30% and in every case are sufficient to account 

for the discrepancy within a pair of observations. 

We conclude that it is this choice of plateau level 

which is very likely the weakest part of the analytical 

method. Due to the complex nature of the core CO lines in 

NGC 7538, the plateau portion of the high velocity emission 

is necessarily overemphasized. 

accuracy of the results is 

Its negative impact on the 

therefore magnified. In 

addition, the problem is relatively far worse for positions 

having weak wing emission, as the channel-to-channel 

uncertainty 

approach the 

higher for 

positions. 

in choosing the plateau level will begin to 

rms noise--which is itself frequently much 

the less thoroughly observed peripheral 

In using the pairs or discrepant data, we have 

averaged together those pairs whose difrerence is less than 

25%. However, only in the cases of 7538C and N6W6 are these 

values used in anything but mapping: the other rour 

positions are 1/2-beam points and cannot thererore be added 

in to the total mass or high velocity material. 
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Distribution of High Velocity Molecular Gas 

The previous analysis suggests that the highest 

accuracy to be expected From our results is +50%. It would 

appear diFFicult, thereFore, to map successFully the 

distribution of high velocity column densities. 

Nevertheless such a map is presented in Figure 19. Figure 

20 then plots the data as red-shiFted and blue-shiFted. 

Given our conclusions in the previous section about the 

deleterious impact of including plateau emission, the 

results of this latter plot carry an equally high 

uncertainty. As a possible check of those results, we have 

determined the ratio of red- to blue-wing emission For each 

position; these are shown on Figure 21. 

Campbell and Thompson (1984, CT), presented a 

"First-pass" analysis or the same raw data; the overall 

character of the results is the same as shown here. There 

is one marked diFFerence, however: while that earlier paper 

showed the column density peak in high velocity material 

occurring at 56 (1' south of center) and extending slightly 

northward, the present analysis shows the peak centered on 

7538C = IRS 1-3. The only signiFicant diFFerence between 

the respective analyses comes in removing the core 

contribution of Cloud C (at -44.6 km S-I), the strength of 

which had been underestimated in the earlier work. Note 
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Th i t t d 1 · . . i . 12CO i h e negra e lne wlng emlSS on ln s sown, 
with the central cross marking the position of IRS 1. 
Contours ~7e iQ210% increments of the peak value of N12CO = 
1 .01 x 10 cm . 



Fig. 20. Distributi2n or Red- and Blue-shirted High 
Velocity CO Column Densities 

The red- and blue-shirted distributions are 
superimposed on this map, again with the cross marking 
IRS 1. Note the almost exact correspondence between 
the two distributions. Contours 1gre i2 10% increments 
or t~6 pe~~ values or 5.56 x 10 cm (red) and 4.34 
x 10 cm (blue). The plateau emission _~as been 
divided about the center channel (-57.0 km s ), with 
the central channel disregarded. 
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Fig. 21. Ratio of Red-shiFted to Blue-shiFted Emission 

At each position where high velocity material is 
detected, the ratio of red- to blue-shiFted emission is 
shown. 
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that the northward elongation exists, as do the gross 

reatures or the east and west extensions, as well as a local 

peak at S6E12. The high velocity material does not appear 

to be involved in the sharp density gradient that is 

observed north or the center in the quiescent gas (see 

Figure 6). The western excess appears to correspond roughly 

to what is seen in both the column density and excitation or 

quiescent gas in that direction. Wh i 1 e, no such 

correspondence exists ror the southeastern peak, the 

inrrared source IRS 9 (0.85' south, 1.96' east) is at least 

circumstantially connected. 

Red- vs. B1ue-Shirted Gas and Bipolarity. 

It appears here as suggested by CT that there is 

little or no dirrerence in the two-dimensional distribution 

or the approaching and receding gas. The eye is drawn to an 

apparent relative lack or red-shirted emission to the north 

or center; however, this is an artiract or our choosing to 

show no contours above about 1/2' north or 7538C. As 

* * shown in Figure 21, the ratio or N (red)/N (blue) increases 

above that point (although the actual emission is not very 

strong, as can be seen in Figure 19). This errect may also 

be connected with the visible HII region, in that there is 

less molecular gas on its near side (approaching) than there 

is behind it (receding). 
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In light or past studies or star rormation regions 

where high velocity molecular emission has been mapped, it 

is worthwile to look closely at NGC 7538 ror the bipolar 

morphology which seems to characterize other similar sources 

(cr. Bally and Lada 1983). Because or the obvious 

subjectivity or contour mapping, we examine as well 

* * N (red)/N (blue) as a runction Or position. As shown in 

Figure 19, there is a broad range over the mapped region, 

rrom where red and blue emission are roughly equal to where 

red is over twice as strong as blue. The average value or 

* * N (red)/N (blue) = 1.6, consistent with CT. 

Bally and Lada (1983) give an explanation ror this 

errect which can be summarized as rollows: The blue- and 

red-shirted volumes are assumed to be respectively in rront 

or and behind the source. There is a gradient T a ex 
-a 

r 

with respect to the cloud heating source -- by which this 

gas is presumably also excited and driven outward. The 1 = 

emitting surrace or the blue-shirted material is rarther 

rrom the source than that ror the red-shirted gas. 

Thererore the T appropriate to the respective slabs ex 

emitting at 1 = 1 is higher ror the red-shirted gas than ror 

the blue-shirted gas, hence its dominance in emission line 

wings. Conversely, one can say that the emission rrom gas 

having a given Tex (and given r) surrers more selr-
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attenuation on the blue side than on the red, as the I ine-

of-sight intervening gas is cooler in the former case. 

Using both the somewhat subjective evidence of 

* * Figures 19 and 20 and the N {red)/N (blue) ratios over the 

mapped area, we find DQ support for a bipolar distribution 

of high velocity material. The existence of such a 

distribution is consistent with the observations only for 

two special cases. 

1. The axis between the blue-shifted and red-shifted 

volumes is almost exactly along the line of sight. 

2. Bipolarity extant on small scales has somehow 

disappeared or been smoothed out at the scale of the CO 

beam, ~1/2'. 

The former case argues that the observer is in a favored 

position vis-a-vis NGC 7538, and it is therefore suspect; we 

will examine the latter case in Chapter 9. 

Energetics 

It is quite clear that much of the high velocity 

phenomenon in NGC 7538 has not been mapped and in fact 

extends much further to the east, west, and south than do 

our observations. Any estimates of the parameters of the 

phenomenon, therefore, are lower limits. In addition, 

because of the high uncertainties in the determination of 

column densities which were discussed earlier, we estimate 
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that possible errors in the values dependent on that 

determination are roughly an order of magnitude. Whi 1 e 

uncomfortably high, these-uncertainties do not prevent us 

from deriving rough physical parameters or later discussing 

a model for the high velocity phenomenon in NGC 7538. 

TABLE 9 

High Velocity Molecular Gas 

Centroid 

Radius 

V max 

Lifetime (t = 

* Peak N (H
2

> 

* N (H 2 )/N(H2 ) 

R/V ) max 

h m 0 
Q = 23 11.5 , cS = +61 12 ' 

L 2' (1. 63 pc) 

20 km s-1 

L 8 x 10 4 yr 

1.25 x 1021 cm-2 

0.01 

Mass L 125 Mo 

Mechanical Energy (EK=mv 2 /2) L 3 x 1047 ergs 

Mechanical Luminosity (LK) L 30 Lo 

Mechanical Force (p = mv -2 -1-1 = mv/t) 3 x 10 Mokm s yr 

Radiative Force (L*/c) 

Mass Loss Rate (m = mIt) 

* Average Density <n (H2 » 

4 x 10-3 M km s-lyr- 1 
o 

-3 -1 1.5 x 10 Moyr 

150 cm-3 

Centroid. We have adopted the position 7538C = IRS 

1-3 as the centroid of the high velocity gas. We estimate 

the possible error in this choice at no more than 1/2'. 
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Radius. The most rapid decline in wing emission 

occurs to the north, where it is still at a L 20% level some 

2' north or the peak. Despite the presence or emission at 

even higher levels than this at 4' west or the peak, we 

choose the minimum 2' radius. 

Ymax One-haIr or the rull width at zero intensity 

(FWZI) Or the 12CO line is taken as the maximum gas velocity 

ror a given position. As might be expected, the maximum 

value is round at and immediately around 7538C. The minimum 

value or 1/2(FWZI) is necessarily L 10 km s-1 because or the 

restrictions or the procedure ror determining wing 

contribution. 

Liretime. This value is predicated on a simple 

model in which gas is blown out rrom the source or its 

immediate environs with a constant radial speed V max The 

physical validity or such a model wil I be discussed later in 

Chapter 9. 

The peak column density in high velocity 

gas at 7538C has an uncertainty which is likely to be 

somewhat less than an order Or magnitude. The value is at 

least 50% uncertain because or the poorly known 

N(H
2

)/N(13CO ) and NC 12CO)/N(13CO ) ratios; however, the two 

separate observations made on 7538C give values only 20% 

apart. The percentage Or total gas which has high velocity 
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is obtained at 7538C and 56. the peaks for high velocity and 

quiescent gas column densities. respectively. 

Mass. The mass determined here is clearly a lower 

limit. as mentioned earlier. However. in addition to the 

* uncertainties associated with N (H2 ). the mass is dependent 

on distance as (d/2.8 kpc)2. Chapter 4 presents arguments 

for this uncertainty not exceeding 10-15%. 

Mechanical Energy. For this parameter we have 

treated the entire mass as if it were moving at 3/4 Vmax 

While over a region as large as this (R 2 1.5 pc) there 

clearly must be deceleration in the outer regions. the bulk 

of the high velocity mass is observed to have V = V The max 

approximation therefore has little effect (roughly a factor 

of two) on the accuracy of this number. given all the other 

uncertainties. 

Mechanical Luminosity. The mechanical luminosity of 

the high velocity phenomenon is taken as EK/t and is several 

orders magnitude less than the radiative 

associated with IRS 1-3. about 2 x 105 L . 
o 

luminosity 

The primary 

uncertainty in this value is due to the poorly-determined 

total mass; the LK a distance uncertainty is not important 

here. 

Mechanical Force. This value represents the 

measured momentum flux in the high velocity material. It is 

subject to the same errors as LK. 
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Radiative Force. If the high velocity material is 

radiatively driven (see the discussion in Chapter 9) then 

the amount of force available to the material in a single 

scattering is directly proportional to the bolometric 

luminosity of the radiative source, here taken to be IRS 1. 

Mass Loss Rate. While the validity of interpreting 

this large-scale phenomenon as stellar mass loss is highly 

questionable, • m can also be interpreted as an average mass 

flux over the region. Its accuracy is at very best within 

an order of magnitude. 

High Velocity Phenomena in Context 

Bally and Lada (1983), in presenting observations 

and discussion on several high- and moderate-velocity 

sources, summarize their properties and make comparisons 

among many of the parameters listed in Table 8 above. We 

will review some of the more important relations and 

parameters and discuss where NGC 7538 fits into the general 

class of similar objects. 

Velocity. The full population of CO 1 i ne wing 

souces reported by Bally and Lada range in velocity (6V(FW) 

* -1 at TA = 0.1K) from well over 100 km s (Orion A) to just 

over the 6V(FWHM) of the quiescent 1 i nes, 2- 10 km -1 or s 

Very few sources exceed a 6Vof -1 50 km s , however; NGC 7583 

is very near the mode for the distribution. For several 
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sources where signiricant coll imation exists, the observed 

6V is apparently only a projection or the true gas velocity; 

the symmetric nature or the phenomenon in NGC 7538 argues 

against that being a consideration here. 

Size. Assigning a value to the spatial extent or 

any or these sources carries obvious selection effects. The 

strongest sources (i.e., those with most pronounced wing 

emission, not necessarily the largest 6V) are more likely 

to be mapped out to extended peripheral regions. For more 

distant sources which may not be significantly larger than 

the observer's beam (~ 1'), beam dilution may rurther reduce 

the detectibil ity or the outer regions. The intrinsically 

smallest sources (e.g., Orion) will be detected only if 

closeby. Nevertheless, the sources mapped to date exhibit 

sizes of order one parsec. NGC 7538, extended over a 

minimum of 1.5 parsec, is certainly among the largest known 

sources, and further mapping promises to increase that 

ranking. 

Mass. The masses of high velocity material in these 

sources vary from a few tenths to roughly 100 Mo' Bally and 

Lada discuss several contributions to the uncertainty of 

this parameter; the most notable in the case of NGC 7538 is 

the lack or supporting 13CO emission. Once again, despite 

the severe uncertainties, NGC 7538 is clearly among the most 

massive sources mapped. 
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Density ~ Size. These sources are presumed to 

result from star formation activity within the dense cores 

of large molecular clouds. One might therefore expect that 

the larger the volume occupied by the high velocity gas, the 

lower the average density. This trend is indeed observed; 

NGC 7538, with one of the largest sizes and lowest 

densities y also obeys this trend. 

Mechanical Force vs. Radiative Force. In all the 

• 2 
cases presented by Bally and Lada, p/(L*/c) > 10. This is 

problematical when radiative acceleration is presumed to be 

the mechanism behind the phenomena. Multiple scatterings 

are invoked (L HV ~ (P/(L*/C»2), but as Bally and Lada point 

out, the implied continuum extinctions are then too high for 

what is actually observed. Because of the very high 

luminosity associated with IRS 1, this disparity is much 

reduced in NGC 7538; within the uncertainties y we estimate 

that LHV ~ 25. The implications of such a low value will be 

examined in Chapter 9. 



CHAPTER 7 

INFRARED OBSERVATIONS OF IRS 1-3 

Extensive rar-inrrared measurements in NGC 7538 have 

been made by Werner et ~ (1979) and Thronson and Harper 

(1979). They indicate that the obscured trio or sources IRS 

1-3 produce a total luminosity or between 2.5 and 5 x 105 

Lo. On the scale or the beams used to make these 

measurements, however, ft is impossible to determine how the 

luminosity is distributed among the three sources. The 5, 

10, and 20 ~m observations or Hackwell et ~ (1982) give 

extinction-corrected luminosities ror IRS 1, 2, and 3 or 2 x 

105, 4 x 104 , and 6 x 103 Lo' respectively. Willner (1976) 

had earlier derived a luminosity ror IRS 1 alone or between 

2.4 and 3.0 x 105 L. These luminosities are all based on a o 

distance to NGC 7538 or 3.5 kpc, except ror Thronson and 

Harper, who use 4.3 kpc. Scaled to a 2.8 kpc distance, the 

total luminosities reduce to: 2.1 x 105 Lo rrom Thronson 

and Harper, and 1.6 x 105 L rrom Hackwell et ~ and Werner o 

Due to cited rlux uncertainties, the luminosities 

are estimated to be accurate only to withfn a ractor or two. 

Hencerorth all luminosities are given scaled to 2.8 kpc ror 

comparison fn the text. 

94 
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Of the three sources analyzed by Hackwell et ~, 

IRS stands out both because of the extreme depth of its 

9.7 um absorption feature (Willner 1976) and because of the 

high color temperature of its mid-infrared emission (T 10- 20 

= 291 K vs. 185 K for IRS 2 and 3). This temperature, um 

combined with the upper limit on size of 1" set by Werner et 

~ (1979), leads to a blackbody luminosity slightly in 

excess of that derived directly by Hackwell et ~ (6 x 10 5 

5 1.3 x 10 L), implying a ~omewhat smaller size to o 

the emitting dust region -- or a 50~ overestimate in the 

temperature. 

Assigning a true temperature to the dust local to 

IRS 1 is difffcult at best, as the situation is more likely 

that of a superposition of increasingly larger and cooler 

black bodies. Examination of color temperatures obtained at 

higher frequencies, therefore, should yield higher values 

than those obtained in the mid-infrared. For example, we 

have taken the 5 urn flux of IRS 1 from Hackwell et ~ and 

the 1 urn flux from Persson (1984, private communication) to 

find Tc = 735 K. Substituting Werner et al.'s K(2.2 um) 

band flux for the higher frequency gives Tc = 620 K. A 

reasonable conclusion, given the character of IRS 1 at high 

frequencies which is not matched by IRS 2 or IRS 3, is that 

most of the emitting dust at IRS 1 is located very close to 

the source and is therefore heated to the high temperatures 
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near those or evaporation, T L 1,500 - 2,000 K. Even at the 

distance or 1/2" rrom the luminosity source, in ract, 

assuming no intervening absorption, dust temperatures should 

be roughly 300 K. 

On the basis or their respective luminosities, both 

IRS and IRS 2 might reasonably be expected to be powered 

by hot, early type stars. The high degree or visual 

obscuration encountered ror the entire trio or IRS 1-3 

supports a younger evolutionary stage. As early type stars, 

their ionization should be detected rrom HII regions 

surrounding them, and that in turn should provide a double 

check on the intrinsic luminosities that have been 

tentatively assigned each source. 

IRS 2 

The near inrrared spectrum Or IRS 2 is shown in 

Figure 22. Absolute rlux calibration is perrormed in the 

manner described in Chapter 3. All measured line rluxes and 

limits are listed in Table 10. The Bry line at 2.17 ~m 

dominates the spectrum, as expected ror an emission nebula 

in this spectral region. 

Other similar measurements have been made or IRS 2, 

though at considerably lower spectral resolution. The Br y 

line was measured by Werner et E..!..:. (1979) with a 5" beam at 

a -12 -2 -1 rlux or 1.3 + 0.1 x 10 ergs cm s . Fischer et E..!..:. 



Fig. 22. Near-Infrared SOFTS Spectrum of IRS 2 

The SOFTS spectrum was taken with an 8" 
and has been corre~ted for telluric absorption 
normalized to a 10 K blackbody between 1.4 and 
~m. Line strengths are given in Table 10. 
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TABLE 10 

IRS 2 Emission Line Fluxes 

Line Wavelength -1 Flux (ergs -2 -1 
(em 1 em 2. 1 

Bry 4618 1.5 + o .01 x 10- 12 

H2 5 ( 1 ) 4711 7.0 ± 1.0 x 10- 14 

He 4859 5.0 + O. 1 x 10- 13 

BrIO 5760 1.7 + O. 1 x 10- 13 

Br 11 5950 2.0 + O. 1 x 10- 13 

Br12 6095 1.2 + o. 1 x 10- 13 

Br13 6208 9.7 + 1 .0 x 10- 14 

Br14 6297 2. 1 + 1 .0 x 10- 14 

Br15 6369 ~ 2.0 x 10- 14 
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(1980), however, find 2.8 ± 0.3 x 10- 12 ergs cm-2s- 1 in an 

11" beam, essentially double both Werner et ~'s value and 

our 8" flux. (Fischer et ~ also report an even larger 

flux of -12 -2 -1 . Br y of 3.8 ± 0.3 x 10 ergs cm s ln a 36" 

beam centered 22" north of IRS 1. A casual examination of 

the Palomar Sky Survey E (red) plate shows this region to be 

strongly contaminated by the visible HII region, suggesting 

that large-aperture observations of IRS 2 are suspect on 

that ground alone. In addition, unresolved IRS 1 is only 9" 

south of IRS 2 and may itself be contributing to line 

emission in larger beams set on IRS 2.)4 The similarity of 

the fluxes at 5" and 8", along with the larger 11" flux, is 

consistent with a core-halo morphology for IRS 2. The 

distribution of ionized gas certainly resembles that of the 

emitting dust (i.e., the 2-20 l.Im size of roughly 10"). 

No absolute measurement of the luminosity of IRS 2 

from emission lines is possible without first finding the 

extinction to the source and thus the absolute line 

strengths. This is by far the largest source of uncertainty 

in the procedure. Due to the existence of multi-wavelength 

4. Any extended emission 30" east or west of our 
IRS 2 position would have entered into the simUltaneous sky 
subtraction beam of the SOFTS. Our reported line emission 
in that event would be only a lower limit. There is, 
however, no evidence for extended emission in those 
directions. 
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observations of IRS 2, several means of determining 

extinction are available. 

DiFFerential Extinction Among Emission Lines. By 

measuring the extinction at several wavelengths, we can use 

reddening theory to predict the visual extinction. We have 

utilized the Following hydrogen recombination lines to 

determine several sets of difFerential extinction: Bra From 

Fischer et ~ (1980); Bry and BriO reported here and in CT; 

and P7 and P9 From McGregor et ~ (1984). Listed in the 

next table are the various diFFerential extinctions and the 

implied Av resulting from each. All predicted 

strengths are made assuming Case B (at 104 K and 104 

line 

-3 cm 

density) using values From Osterbrock (1974) and Giles 

(1977); the reddening law is van de Hulst's curve #15 From 

Johnson (1968). 

The average extinction using these ten values is 

14.4 + 2.2 mag. This agrees well with 16 ± 3 mag (Fischer 

et ~) and 14.5 mag given by McGregor et ~ on the basis 

of line and continuum Fitting in the 0.6 - 1 pm spectral 

range. 

Comparison With Free-Free Radio Continuum Fluxes. 

One can also use nebular theory to predict the ratio of Flux 

due to thermal bremsstrahlung to that in any hydrogen 

recombination line. Certain assumptions in temperature, 

density, and abundance are of course required; in addition, 
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TABLE 11 

Extinctions to IRS 2 

Line Paira,b All (mag) A (mag) -v 

Bra/Bry 0.829 18.24 

Bra/BrIO 1.994 17. 12 

Bra/P7 4.852 13.51 

Bra/P9 5.619 13.62 

Bry/Br10 1.165 16.42 

Bry/P7 4.023 12~82 

Bry/P9 4.790 13.04 

Brl0/P7 2.858 11.77 

Brl0/P9 3.626 12.23 

P7/P9 0.768 15.26 

a. All Bra measurements From Fischer et ~ (1980) have 
been reduced to an estimated 8" Flux in the same ratio as 
the Bry observations between those authors and CT. 

b. McGregor et ~ (1984) comment that P9 in general may be 
blended with several other weak lines (e.g., MgII, 01, Hel); 
that eFFect appears negligible here. 
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one assumes that both line and continua considered are 

optically thin. 

We use the formalism of Wynn-Williams et ~ (1978) 

4 for a 10 K gas, 

114 S(Bry) -12 -2 -1 mJy/10 ergs cm s S(5 GHz) = 
40.3 S(Bra) 

along with the 5 GHz continuum flux at IRS 2 of 1.3 + 0.2 Jy 

and the 11" beam Brackett line strengths from Fischer et ~ 

(This latter measurement is chosen to insure that equivalent 

spatial areas are compared.) From this we find: 

A(Bry) = 1.60 ± 0.08 

A(Bra) = 0.77 + 0.08 

AV = 17.5 + 1.0 

A = 17.0 + 1.7 v 

which while larger than the extinctions obtained directly 

from line ratios, is well within the uncertainties of gas 

temperature and composition on which this procedure is 

based. 

Comparison With 9.7 Micron Silicate Absorption. As 

the dust responsible for the broad silicate absorption 

feature at 9.7 microns is likely to be also responsible for 

the visual extinction, we can use the tg 7 to estimate • pm 

that extinction. Willner (1976) cites two radically 

different model-dependent values for t 9 . 7pm ' 1.4 ± 0.2 and 0 

(see section on IRS 3). Gillett et ~ (1975) give a 
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relationship between 19 7 and A as A /19 7 = 14. Rieke . ).1m v v. ).1m 

and Lebofsky (1984) cite a value of A /19 7 = 16.6 ± 2.1. v .).Im 

We will therefore adopt a compromise value for the ratio of 

15. This implies that the extinction to IRS 2 may in fact 

be as high as 24 magnitudes! Given the high uncertainties 

in both the determination of 1 9.7 ).1m and its empirical 

relationship with Av ' we merely accept this as an extreme 

upper limit of extinction to IRS 2. 

For all purposes henceforth we will assume an 

extinction to IRS 2 of 15.5 ± 3 magnitudes. With this value 

in hand we can now take several routes to find a corrected 

luminosity for IRS 1. 

Line Emission Measures. With the assumption that the 

emission lines have a known extinction, we can derive the 

volume emission measure Ne
2V -3 (cm ) for the IRS 2 nebula 

= 104 K, n e 104 -3 
= cm ): 

N 2V 3.5 x 1058 S(Bry) d kpc 
2 10A(Bry )/2.5 -3 = cm e 

where S(Bry) is in units of 10- 12 ergs cm-2s- 1 We use 

distance of 2.8 kpc and A(Bry) = Av/11 = 1.4 to find Ne
2V 

(Te 

a 

= 

In an ionization bounded nebula such as 

IRS 2 (and unlike the visible NGC 7538 nebula, as Deharveng 

et ~ (1979) suggest) the Ne
2V is directly proportional to 

the stellar flux at ~ < 912 A and thus to the spectral type 

of the excitfng star. Thompson (1984) gives this relation 
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for Zero Age Main Sequence (ZAMS) stars, which is what we 

will assume the star exciting IRS 2 to be. We therefore 

find IRS 2 to contain an 09.5 star with Teff = 33,000K and 

luminosity equal to 3.8 x 10 4 Lo' 

Radio Continuum Emission Measure. In a similar way, 

an estimate of the volume emission measure can be obtained 

from the optically thin free-free radio flux: 

N 2V = 3.43 x 1056 S(5 GHz) d 2 e kpc 
-3 cm 

where S(5 GHz) is in mJy. Here we find Ne 2V = 3.8 x 1060 

-3 value appropriate to an 09.2 star having Teff cm a = 

34,000 K and L = 4.2 x 10 4 L . The 
0 

differences of 10'7. 

between these and the values obtained using emission 1 ines 

should be considered quite good agreement. 

Presence of High Excitation Emission Lines. 

McGregor et ~ (1984) remark on the presence of [SIll] 

~~9069, 9532 in the IRS 2 spectrum and suggest that the 

inordinately high strength of those lines indicates a 

stellar temperature Teff = 30,000 K as opposed to a higher 

value. The presence in our spectrum (Figure 22) of HeI 

~20581 at a strength comparable to that of Bry, however, 

tends to set a lower limit on the stellar temperature of 

30,000 K. 

Stellar Black Body Spectrum Observations. McGregor 

et ~ (1984) readily derive a v2 continuum from IRS 2 in 
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the 0.6 - 1 ~m range, using the predicted A. They consider 
v 

the continuum to originate rrom the stellar photosphere, 

thererore the total stellar luminosity can be estimated. 

Arter rolding in our extinction and estimate or intrinsic 

color ror ZAMS/V stars or spectral type 80 and earlier, we 

rind as those authors did that IRS 2 is projected to have a 

luminosity L _> 10
5 

L 0' 
implying a spectral type as hot as 

06.S! Clearly, given the relatively risk-rree derivation or 

luminosities by Hackwel1 et ~ (1982) which so markedly 

contradicts this last result, we must inrer that the red 

visible continuum seen by McGregor et a1. is not a simple 

stellar black body which has been heavily reddened, but may 

instead be the high rrequency tailor a hot dust 

distribution peaking in the near- to mid-inrrared. Even ir 

stellar luminosity were present which is not directly able 

to ionize the nebula (e.g., absorbed by dust very close to 

the star), the total luminosity seen at mid-inrrared 

wavelengths must match that or the star in this ionization 

bounded nebula. 

Table 12 lists our rina1 adopted parameters ror IRS 

2. 



A = v 

N 2V = e 

SP = 

T eff = 

L = 

TABLE 12 

IRS 2 Parameters 

15.5 ± 3.0 mag 

X 1060 cm-3 3.1 ± 0.3 

09.4 ZAMS 

33,000 K 

4 x 10
4 

Lo 

IRS 3 
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Due to its faintness in the near- to mid-infrared, 

little is known of IRS 3. To date no emission lines have 

been detected from the source, and its free-free radio 

emission is roughly two orders of magnitude less than that 

from nearby IRS 2 (Harris and Scott 1976). These factors 

alone are insufficient to dismiss IRS 3 as a true low 

luminosity object: an approximate measure of foreground 

extinction comes in the 9.7 ~m silicate absorption feature 

measured by Willner (1976). The emissivity model favored by 

that author was that of the Trapezium, and it yielded a 

sharply larger t9.7~m than did the simple blackbody 

emissivity model, t9.7~m = 2.4 ± 0.8 vs. 0.6 ± 0.7. This is 

larger than that obtained for IRS 2 (1.4 + 0.2 and 0 from 

the two models) and clearly implies an increased extinction 

to IRS 3 over that to IRS 2. (If the higher 
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values of 19 7 are used for IRS 2 and 3, the luminosities . ~m 

given by Hackwell et ~ (1982) would rise by roughly half 

an order of magnitude.) 

On this basis,' we estimate the maximum luminosity 

contributed by IRS 3 to the total luminosity of the trio to 

be ~ 6 x 103 Lo' appropriate to a B1 ZAMS star. A simple 

prediction of Bry strength based on this value and the 

minimum extinction estimates is S(Bry) ~ 2.0 x ergs 

-2 -1 cm s consistent with its lack of detection in the 

observations made to date. 

IRS 1 

The obvious conclusion to be drawn from the 

foregoing is that IRS 1 is the source of at least 80% of the 

total luminosity of the group IRS 1-3. We have accounted 

4 for approximately 4.5 x 10 L of this total in IRS 2 and 3, o 

leaving IRS 1 to produce up to 1.7 x 105 Lo on its own. 

In order to substantiate this "back door" reasoning, 

we will again derive values for the extinction which, when 

matched with observed quantities, provides estimates of the 

intrinsic source luminosity. 

Differential Extinction Among Emission Lines. Unlike 

that of IRS 2, the line spectrum from IRS 1 is not very 

illuminating. There exists only one measured line strength 

to date, that of Bra by Simon, Simon, and Joyce (1979) at 5 



x 10- 12 ergs cm-2 -1 s (This measurement was made with 
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an 

11" diameter beam and may thus be contaminated with emission 

from IRS 2.) Werner et ~ (1979) obtained an upper limit 

to -13 -2 -1 Bry in a 5" diameter beam at 3.0 x ,10 ergs cm s 

As in the previous section on IRS 2, we can derive a lower 

limit to the visual extinction of A > 42 mag. 
v 

Comparison With Free-free Radio Continuum Fluxes. 

IRS has been thoroughly mapped at several frequencies in 

the GHz range, but only at the highest frequencies does it 

even approach being optically thin. This complicates any 

derivation of extinction by again making possible only a 

lower limit. We will use the highest possible frequency 

available, 23.87 GHz, and predict Brackett line strengths 

via: 

5(23.87 GHz) = 94.6 S(Bry) 

5(23.87 GHz) = 33.4 S(Bro) 

With a flux of 0.6 ± 0.1 Jy observed by Henkel et ~ 

(1984), the comparison between these predicted I ine fluxes 

and observed values and limits leads to: 

A(Bry) L 3.3 ± 0.2 

A(Bro) = 1.37 + 0.2 

Av L 36.3 + 2.0 

A = 30.2 + 4.0 
v 

Although these values are not seriously discrepant 

(flux errors alone can account for most of the difference), 
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we note that the higher the 23.87 GHz Flux, the lower the 

discrepancy between the two lines' predictions. As we have 

given the turnover Frequency For IRS 1 as vT ) 21 GHz (see 

Chapter 8), it is very possible that the 23.87 GHz Flux is 

not completely thin. 

Comparison With 9.7 Micron Silicate Absorption. The 

silicate absorption optical depth at IRS is extremely 

strong, indicating a large column of cool dust in Front of 

the much warmer dust presumably associated wth the HII 

region. Willner (1976), as he does For IRS 2 and 3, gives 

two values For ~9.7~m = 6.4 + 0.3 and 4.2 + 0.2; these 

convert into A = 96 ± 5 and 63 ± 3 mag. v These extremely 

high values, when compared with those derived From emission 

line strengths, suggest that much of the line emission From 

IRS 1 is being scattered into the beam out of the unresolved 

source. 

Optical Observations of IRS 1. The red (E) Palomar 

Sky Survey plate shows IRS 2 very promfnently, with IRS 

Faintly visible just to the south. The blue PSS plate, 

interestingly, shows only a hint of IRS 2, while IRS 1 is 

Faint but clearly present. A recent series of CCO Frames, 

taken at the Steward Observatory 90" telescope in September 

(1984), examined the Field of IRS 1-3 at B, V, R, and I 

bands. IRS 2 was observed to become brighter as one shiFted 

redward, while IRS 1 grew relatively much Fainter, and was 
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in ract quite prominent at B band. Although these data are 

only qualitative at present, they support the suggestion 

that considerable scattering or higher rrequency radiation 

rrom the optically unresolved HII regio~ or IRS is 

occurring, making any extinction derived thereby inaccurate. 

On the basis or these arguments, we rind that the 

extinction derived from the 9.7 micron silicate absorption 

feature is ~ likely to be a physically accurate measure 

or the line or sight obscuration to the star powering IRS 1. 

The severe uncertainties inherent in that measurement, 

however, rorce the adoption or an lower limit at A > 60 
v 

mag. We are now able to attempt estimates or the intrinsic 

luminosity of IRS 1. 

Line Emission Measures. Despite their questionable 

value, we can use the Bra flux and Bry limit along with 

appropriate extinctions to estimate the source luminosity. 

We employ the same rormalism as ror IRS 2 to rind 

N 2V = 1.24 x 1058 S(Bra) d 2 10A(Bra)/2.5 
e kpc 

-3 cm 

In order to be internally consistent, we will maintain an 

extinction Av = 35 mag ror the line emission. This yields 

Ne
2V = 1.72 x 1060 cm-3 , a value appropriate to an 09.7 ZAMS 

star with luminosity = 3.5 x 104 L . o If the Av ~ 60 mag is 

used instead and applied to both Bra and Bry, we rind 
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N 2V (Bra) 6.0 1060 -3 
L 5.8 x 10 4 

L = x cm = e 0 

N 2V (Bry) 1.3 1060 -3 
L 2.8 x 10 4 

L = x cm = e 0 

understanding that the values for Bra are lower limits, 

while the limitations on the values obtained from Bry are at 

best indeterminate. Any of these methods fails badly to 

provide the luminosity to account for all of IRS 1-3. 

Radio Continuum Emission Measure. Using again the 

highest frequency free-free flux measurement available at 

23.87 GHz, we can estimate the minimum N 2v from e 

The 

Ne
2V = 2.55 x 1056 5(23.87 GHz) d 2 kpc 

-3 cm 

resulting value of 1.2 + 0.2 x 10 60 cm-3 is a lower 

limit, since the 23.87 GHz flux is only partially optically 

thin. We estimate the deficit between the observed and the 

true optically thin value to be no more than 25% (including 

the flux measurement uncertainty of ± 100 mJy) , however; 

this leaves us with an implied luminosity less than 3 x 10 4 

The internal consistency of the radio and emission 

line results is not surprising y and it in fact supports the 

suggestion that internal dust absorption is lowering the 

overall ionization of this ultra-compact nebula. The high 

silicate optical depth from dust outside the HII region is 

consistent with high densities of dust inside, as well -- as 
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long as the nebula is sufficiently young not to have 

expanded or radiatively driven the dust outward. We wi 1 1 

therefore adopt the parameters for IRS 1 given in Table 13. 

TABLE 13 

IRS Parameters 

Av 2- 60 mag 

N 2V 2- 1..7 1060 -3 x cm e 

L = 1 .7 x 10 5 L 
0 

SP = 06.4 ZAMS 

Teff = 40,000 K 

It is simplistic and convenient to conclude that the 

different extinctions to the three sources IRS 1-3 is a 

result of their varying depths in the cloud. In the case of 

IRS 2 and 3, it is possible that such a conclusion can be 

safely drawn. It appears in the case of IRS 1, though, that 

much of the extinction is very close to the source, perhaps 

in the form of a disk. This implies that the extinction 

contributed by the cloud alone is difficult if not 

impossible to define. It is reasonable, in fact, that the 

three sources are as close to each other as their angular 

separation on the sky suggests, ~ 0.13 pc. The sparseness 

of other obscured sources in the cloud (only IRS 9, 10, and 

11 within 2') makes a chance superposition unlikely. 
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VLA OBSERVATIONS OF IRS 1 

VLA observations of NGC 7538 IRS 1, taken with the A 

configuration, provide the highest spatial resolution of any 

observations of that source to date. While observations at 

the arc-second scale or better are necessary just to resolve 

the structure of IRS 1, resolutions of several arc seconds 

are required to separate the source from the nearby and more 

extended IRS 2. With the use of a 0.1" beam at 15 GHz and 

0.35" at 5 GHz, considerable information on the structure 

and density distribution of IRS 1 is now available. 

Mapped parameters for IRS 1 are listed in Table 

14. Stated flux errors do not result from rms variations in 

the calibrator, which average only 1-2%. Data reduction via 

cleaning and self-calibration is complicated by diffuse 

emission in the beam, and repeatability of these procedures 

with only minimal changes in input parameters is accurate to 

only + 10 mJy. Source sizes and position angles are 

accurate down to roughly the 5% emission contour. The 

contour used to find source size at 5 GHz outl ines a much 

lower surface brightness than that at 15 GHz (5% of 20.05 

113 
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TABLE 14 

Observed Radio Parameters of IR5 1 

5(5 GHz) 

5 (15 GHz) 

a(5 GHz) 

a(15 GHz) 

Position Angle (5 GHz) 

Position Angle (15 GHz) 

TB (5 GHz) 

TB (15 GHz) 

120 ± 

418 ± 

1.1" x 

0.9" 'X 

-300 

-200 

8.42 x 

4.63 x 

1.94 x 

1.07 x 

10 GHz 

10 mJy 

10 mJy 

2.3" 

2.0" 

103K (max) 

103K (avg) 

104K (max) 

104K (avg) 

mJy/beam and 42.22 mJy/beam, respectively). Therefore, if 

both are optically thin on the periphery (as will be shown 

true later), the 5 GHz contour should be slightly larger 

than that at 15 GHz, as indeed it is. The difference in 

position angles, which are both referenced to a center at 

+61°11'50", is small and can be ignored given the necessary 

subjectivity of the determination. The angle refers to the 

bending of only the northern half of the source with respect 

to an exact north-south elongation. The turnover frequency 

VT is obtained by assuming that the 15 GHz flux is 
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completely optically thin and the 5 GHz Flux completely 

thick. Since we will show that the Former assumption is 

incorrect based on observations at higher Frequencies, the 

turnover Fr'equency here is thereFore on 1 y a zero-order 

estimate. It is clear that the necessarily high value of TS 

derived From the small-beam 15 GHz Flux implies densities in 

the core of IRS 1 which are probably suFFicient to lead many 

important atomic coolants to approach their high density 

limits, and thus Force a higher equilibrium temperature For 

the gas. 

Source Morphology 

Figure 23 shows the mapped 5 GHz continuum emission 

From IRS 1, which corresponds well to an earlier map by Rots 

et ~ (1981) made at approximately 50% lower resolution. 

The peak emission h m 
is centered at 01950 = 23 11 

s 36.665 , 

~1950 = +61 0 11' 49.62", and the Full low surFace brightness 

extent is > 4" north-south. Soth maps show the bending to 

the northwest of the northern part of the source. 

The 15 GHz continuum is mapped in Figure 24. 

Clearly resolved at the center is a peanut-shaped core of 

emission consisting of two lobes of roughly equal surFace 

brightness, which we designate IRS I-N (north) and IRS I-S 

(south). Positions For these are (1950 epoch)5: 

5. Absolute positional uncertainties For all new VLA 
observations reported here are ±0.1". 
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The data for this map was obtained at the VLA (A 
array) in 5 GHz continuum. The contour levels are -1% 
(dashed), 2.5, 5, 10, 20, 40, 60, 80, and 100% of the peak 
flux of 20.05 mJy/beam. The synthesized beam size of 0.356" 
x 0.343" at a position angle of 21 0 is sho~n and corresponds 
to a linear size at 2.8 kpc distance of 10 A.U. 
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Fig. 24. VLA Map or IRS 1 at 15 GHz 

These data were obtained at the VLA (A array) in 15 
GHz continuum. Contour levels are 1, 2.5, 5, 10, 20, 40, 
60, 80, and 100% or the peak rlux at 42.22 mJy/beam. The 
synthesized beam size or 0.113" x 0.105" at posftfon angle 
18

0 
is shown and corresponds to a linear size or roughly 

300 A.U. 
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brightness enhancement 

= 23 h 11 m 36.657s , ~1950 = +61 0 
1 1 ' 

essentially coincident within the errors 

GHz emission. The distribution of lower 

frequency emission elsewhere in the source, however, shows 

only minimal correspondence with that at higher frequency; 

it appears merely to coincide with areas of low radio 

optical depth, particularly in the innermost core regions. 

The innermost structure of IRS 1 viewed at the 

highest possible resolution and sensitivity is of great 

interest. Figure 25 shows an enlarged view of the core of 

IRS 1 at 15 GHz, isolating only surface brightness contours 

greater than 50% of the peak level. The double nature of 

the core 1S clearly evident, the 0.2" separation 

corresponding to 560 AU at a heliocentric distance of 2.8 

kpc. Even more notable is the resolution-limited 

constriction between the two lobes of ~ 60 AU. An estimate 

of their respective fluxes at the >50% peak brightness level 

is 92 and 112 mJy for 1-N and 1-5. 

Continuum Emission Parameters 

The values in Table 14 above are derived without 

strong dependence on uncertain parameters such as density 
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This is a rurther detail or the inner region or IRS 
1 in the 15 GHz continuum. Contour levels are 50, 60, 70, 
80, 85, 90, 95, and 100% or peak rlux or 42.22 mJy/beam. 
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and temperature. Additional inrormation can be gained, 

however, by making reasonable estimates or the electron 

temperature Te rrom the observed brightness temperature TB. 

Because (as we will show) the IS GHz rlux is itselr 

optically thick, the brightness temperatures obtained rrom 

it are clearly lower 1 imfts. In deriving rurther parameters 

ror IRS 1, we will thererore initially assume T (core) > 2 x e -

104 K , Te(average) L 104 K. 

The highest rrequency emission measurement to date 

comes rrom Henkel et ~ (1984): 5(23.87 GHz) = 600 ± 100 

mJy. Ir we assume that value now to be optically thin, we 

can derive the rollowing emission parameters ror the IRS 

rree-rree continuum: 

TABLE 15 

Radio Emission Parameters of IRS 1 

't c (15 GHz) 0.4 

'tc (5 GHz) 1.8 

T (core) 1-e 5 x 10 4 
K 

Te (average) 1- 3 x 10 4 
K 

N 2V (IS GHz)a 1-e 2.52 x 1060 cm -3 

ne 1- 1.6 x 105 cm-3 

a. Corrected for 't c (15 GHz) 
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volume emission measure N 2V comes from Mezger e 

et al. (1974) as 

N 2V 4.761 x 1048 
x T -0.45 S(Jy) Dkpc 

2 -3 
= cm e e 

a(v,Te ) 

C(v,Te ) 5 (Jy) DkPC 
2 -3 

= cm 

5xl03 K 3. 148 

C[15 GHz, 10 4 K ] = 3.892 x 1059 

2xl04 K 5.094 

Both 5 and 15 GHz derivations carry a large 

uncertainty due to the lack of unique solutions in the 

cleaning and self-calibrating software at the VLA6. We are, 

therefore, reluctant to assign a firm value to TB, and 

thus to a derived Te and ne. For purposes of further 

discussion we will adopt the parameters shown fn Table 15. 

With this rough estimate of the density, we are able 

to calculate a minimum turnover frequency for the free-free 

6. I n our own data r'educt i on on IRS 1 , the 
variation in successive cleaning and self-calibration 
iterations was only ± 0.3 mJy/beam about the eventual peak 
flux of 42.22 mJy/beam. Nearly identical observations by 
Turner and Matthews (1984) yield a peak flux of 34.09 
mJy/beam. As they appeared to have used reduction 
techniques the same as ours, we are at a loss to explain the 
discrepancy. 



122 

spectrum or IRS 1, rrom vT = V(1
C

= 1), as 

V
T 

= 0.305 (N 2L )10/21 T -0.643 GHz 
e pc e 

where L is the column depth or the source, here 0.9" = 1.22 

-2 4 x 10 pc, and T = 2 x 10 K. (The errect or a ractor or e 

two in Te rigures extremely heavily here, + 50%.) We rind 

vT ~ 6 GHz (and thus 1c(15 GHz) = 0.0), both or which are 

consistent with the values given earlier in Tables 14 and 

15. They are inconsistent, however, with the spectral 

turnover implied rrom considering rluxes other than 5 and 

15 GHz. 

Some clarirication or this inconsistency comes in 

examining the rull rree-rree continuum rrom 1.665 to 23.87 

GHz; Figure 26 is a plot or the observed rluxes ror IRS 

over that range. The inrlection between 15 and 25 GHz lends 

support to a spectral turnover at v L 21 GHz; a second 

inrlection at roughly 5 GHz suggests the presence or an 

additional, less thick component in the emission. The high 

rrequency turnover, usfng the equation above, implies a 

density or We conclude that the 

electron density in IRS 1 is only weakly constrained at a 

lower limit or 1.6 x 105 cm-3 and that it likely exceeds 6 x 

105 in and about the core regions. Reducing the assumed Te 

to 104 K, however, almost exactly compensates ror this 

increase, making the assumption or TB = 2 x 10 4 K crucial. 



Fig. 26. Free-free Radio Continuum Spectrum of IRS 1 

Flux values are fit to an approximate power 
law with y = 1.4 (see text). Sources for the data 
points are: 1.665 + 1.720 GHz, Dickel et ~ (1982); 
2.695 GHz, Wink et ~ (1975); 5.0 GHz, Campbell 
(1984); 8.085 GHz, Wink et ~ (1975); 15.0 GHz, 
Campbell (1984); 15.4 GHz, Harris and Scott (1976); 
23.87 GHz, Henckel et ~ (1984). 
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It is impossible, however, to Fit any three points 

at either inFlection in the Free-Free spectrum with a simple 

two-component model. Even the inclusion of a third, thin 

component (suggested by the Flattening at low Frequencies) 

does not allow such a Fit. A simple core-halo source 

thereFore appears inconsistent with the data. 

It is entirely possible that the complete free-free 

emission spectrum of IRS reFlects a continuum of 

conditions in the source. The overall slope of the spectrum 

From 1.665 to 23.87 GHz is y = + 1 .4, For Sa'\) y • For an 

extend.ed -a envelope with ne a r we can adopt the Formalism 

of Panagia and Felli (1975), where 

a = b..l 0 5 2-y + • 

This relation behaves asymptotically as y approaches the 

optically thick value of 2, where a =~. Our observed slope 

thereFore implies a L 3. IF such a density distribution is 

the result of a constant mass loss wind, continuity requires 

that the velocity law V a -a r , have a positive exponent L 1. 

Over a scale size for the source of 1" (or 2800 AU), such an 

acceleration is not likely: in observed mass loss winds 

from early stars, essentially all the acceleration takes 

place in the First Few AU. In Fact, we might more 

reasonably expect that the wind decelerates over that larger 



125 

range as it encounters the dense molecular cloud 

surrounding. One can also consider the effects of a time-

dependent mass loss rate on the derived density field. In a 

simple approximation with constant velocity, the mass loss 

rate would have to rise by an order of magnitude in the 

travel time of material across the ionized region; this 

latter value can be estimated from r(IRS 1)/v . d' or 1500 
Wln 

AU/1000 km/s = 7 years. This would clearly be an impulsive 

eventl More rigorously, again under the assumption that a 

reasonable maximum exponent for a velocity power law over 

this source is 0, we can derive an estimate for the minimum 

dm/dt required. Through the surface defined by any radius r 

> r*, ~(r) a n(r) v(r) r2, so since r = vt, m(t) a t. This 

again implies an increase in the mass loss rate with time. 

n (r) 
e 

10 12 

then, 

At an average radius of 0.5" = 1400 AU = 250 r*, 

5 -3 = 1.6 x 10 cm leading to an estimate of ne(r*) = L 

-3 -1 cm For a constant wind velocity of 1000 km s 

m(current) = 6.5 x 10-5 Mo yr- 1 

dm/dt = 10-5 Mo yr-2 

Re-examining the uneven spectrum in Figure 26 in light of 

this last hypothesis indicates that dm/dt would not be a 

uniformly smooth function of time, however. 
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The physical reality of such a scenario can be 

tested only in limited ways. The distribution of ionized 

material maniFesting itselF as the radio source IRS is 

consistent with an interpretation of time-dependent mass 

loss, but over an almost worthlessly small time interval ( t 

< 10 years). Observations of high velocity material 

external to the radio source, and thus extending its time 

interval, exist only in CO data. Density gradients in this 

latter data appear less severe (a r-0 • 3 ) than in the ionized 

gas, but due to beam dilution and unknown source geometry 

they are also Far less certain. Furthermore, iF one assumes 

that the high velocity molecular material is directly 

related to mass loss, then the time scale For that mass loss 

is orders of magnitude longer (10 5 years vs. <10 years) and 

the implied rates over that time are on the average = 10-3 

-1 
mo yr 

IF we posit that the density distribution need not 

be From mass loss, then continuity restrictions are relaxed, 

but we are still Forced to speciFy a process which will 

provide the apparent density distribution. It is tempting 

to suggest that it reFlects the presence of accreting 

material which gave rise to the stares) at IRS 1. However, 

the thermal crossing time For the ionized region is a mere 

700 years. IF the original density distribution is still in 
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place close around IRS 1, then the source is being viewed at 

an extremely young age. 

Spatial Distribution of Spectral Index 

Closely all ied to the arguments presented in the 

last discussion is the distribution of the ratio of 15 to 5 

GHz fluxes. With the high spatial resolution of the VLA we 

are able to construct a spatial representation of the 

spectral shape of IRS 1. The contours in Figure 27 are 

ratios of S(15 GHz)/S(5 GHz) in units of mJy/beam area, 

which have been corrected to the 15 GHz beam of 0.1". The 

maximum flux ratio of 3.2 occurs at a 1950 = 23 h
ll

m36.664s , 

&1950 = +61 0 11'50.0", and the ratio at the flux boundary is 

0.3. The change in flux ratio of roughly 10 (see Figure 

caption) implies a drop in spectral index y of 2. This is 

consistent with a transition from a fully optically thick 

core (S a v
2 . 1 ) to a fully thin outer region or halo (S a 

0.1) v • That a full ~y of 2 is apparently observed over the 

source supports our assigning a turnover frequency for the 

core of IRS 1 at > 15 GHZ, or in fact nearer to 21 GHz. 

Models for the Core of IRS 1 

We have assumed in our previous discussions 

(Chapters 5-7) that IRS 1 is a single stellar source. We 

have also observed powerful and large-scale distributions of 



Fig. 27. Ratio of 15 GHz to 5 GHz Flux over IRS 1 

This map presents the distribution of the 
ratio 5(15 GHz)/5(5 GHz) in units of mJy/beam area, 
normalized to a 15 GHz beam size of 0.1". Contour 
values are 3, 2.5, 2, 1.5, 1, R.5'mand 0.35 with a 
maximum value of 3.2 at 01950 = 23 11 36.664, ~1950 
= +61 0 11' 50.0". 
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high velocity gas apparently originating rrom IRS 1. The 

morphology or the source at the 0.1" resolution or 15 GHz 

observations presents some very intriguing possibilities 

which cannot have been suggested heretorore. We present two 

models, one or which will be shown simpler and more 

consistent with what is observed at other wavelengths. 

Binary Stars 

One is immediately drawn to the possibility that the 

5 -3 lobes are two ultra compact (r ~ 500 AU, ne L 10 cm ) HII 

regions around a young binary pair or stars. To rollow this 

conception through, we derive parameters ror the system 

which are presented in Table 16. 

TABLE 16 

Binary Star Models ror IRS 1 

MODEL #1 

North/South 

Ne
2V (cm-3 ) 1.13(60) 1.39(60) 

Spectral type (ZAMS) 09.8 09.7 

Mass (mo ) 20 

Separation [a sin i] (AU) 560 

Orbital Period (yr) 2100 

Orbital Speed (km s-l) 8.0 

MODEL #2 

North/South 

1.1(61) 1.48(61) 

07.7 07.2 

28 

560 

1770 

9.4 
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Both sets of parameters are based on Te = 104 K as a 

conservative average for the entire source; the N 2V almost e 

doubles for Te = 2 x 104 K. The entire IRS 1 15 GHz flux of 

418 mJy is utilized, and SI5(S)/SlS(N) = 1.2. In model #1, 

all parameters derive from the measured 15 GHz flux which is 

assumed to be thin. Model #2 takes the estimated total 

luminosity for IRS 1 to be 1.7 x 105 Lo (see Chapter 7) and 

assumes two ZAMS stars are producing it in the ratio of 1.2 

to 1. Assigning a precise mass to a given spectral type (a 

difficult task!) makes little difference to our value of the 

orbital period of 2000 years. Nevertheless, the results of 

model 2 are expected to be the more accurate because of 

other arguments for the minimum spectral type of IRS 1 (see 

Chapter 7). 

The relative frequency of binary mass ratios of 

order unity (corresponding for ZAMS stars to similar 

spectral types) is reviewed by Abt (1983). For 

spectroscopic binaries in general, where an overall binary 

frequency of 30% is observed, one expects mass ratios of 

order unity to dominate that distribution, with a very 

gradual falloff for higher values. Observations of 

unevolved 0 stars, however, while showfng a similar binary 

frequency, exhibit an extremely sharp falloff in the 

frequency of systems having unequal mass. We find, 

therefore, that whi 1e the initial mass function argues for 
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the rarity of an 0 star in the field, the association of two 

o stars is DQi relatively rare, given the presence of one 

such star. 

The binary star model ,provides an explanation for 

the observed rotation in position angle of the source. The 

change of 200 in that angle is complete over a distance of 

at least 3/4". We can assume that the ionized gas is being 

blown away in a preferred direction from the stars, which 

for the sake of this discussion are taken to be orbiting in 

the plane of the sky. The observed velocities of such 

outflows range from 100 km s-1 for broadened hydrogen 

recombination lines (Simon et ~ 1983) to > 1000 km s-l for 

mass loss wings from early stars (cf. Castor et ~ 1975). 

We can therefore estimate the time scale for this apparent 

axis rotation 6e at 10-100 years. From our previous 

estimate for the orbital period of approximately 2000 years, 

such an angular rotation would have been accomplished in 

2000 x o 0 (20 /360 ) = 100 years. The observed bending is 

therefore consistent with a binary star interpretation. 

The strongest ,evidence against such an 

interpretation of IRS 1 lies in the existence of suitable 

collimation mechanisms (see Chapter 9). There appears to be 

an exact al ignment of the projected major axis of the binary 

system with the direction of ionized gas expansion and thus 

with the density gradient. If this is a binary star system, 
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that alignment could only be coincidental. Moreover, if 

there is in fact an equatorial disk suggested by the 

cinching of free-free emission which is (or was) associated 

with IRS 1, it is flattened due to angular momentum about a 

north-south axis: angular momentum transfer seems to forbid 

the formation of a binary pair with an orbital plane 

perpendicular to this disk. We therefore conclude that 

there is a single star responsible for all the phenomena at 

IRS 1, and that star is between the two 15 GHz lobes, at 

d 1950 = +61 0 11' 49.9". 

Single Star 

Parameters for the proposed single star at IRS 1 are 

given in Table 17 below: 

TABLE 17 

Single Star Model for IRS 1 

MODEL #1 MODEL #2 

Luminosity (Lo) 3.7 x 104 1. 7 x 105 

N
e

2V (cm-3 ) 2.5 x 1060 2.6 x 1061 

Spectral Type (ZAMS) 09.5 06.5 

Mass (Mo) 20 32 

As seen before in the Binary Star Models (Table 16), 

there is an extremely high discrepancy in the two methods of 
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obtaining the emission measure Ne
2V. The higher value is 

obtained directly From the total luminosity presumably 

originating from a ZAMS star; a signiFicant portion of this 

luminosity is thus capable of ionizing atomic hydrogen and 

helium. In the pre-ZAMS stage, however, where relatively 

constant luminosity Is maintained over as much as a one 

decade increase in temperature, such a discrepancy might not 

be unexpected. 



CHAPTER 9 

STAR FORMATION IN NGC 7538: ISSUES AND SUMMARY 

In the previous chapters we have presented new 

observations or NGC 7538 at several wavelengths. We have 

endeavored to synthesize those data with the observations 

made by other authors. It is important now to merge the 

tentative conclusions we have obtained into a selr-

consistent picture or the center or star rormatfon in NGC 

7538, IRS 1-3. 

Luminosity 

When adjusted to a distance or 2.8 kpc, the total 

luminosity or the IRS 1-3 trio is roughly 2 x 105 Lo' This 

value is uncertain. ror several reasons: 

1. Far-inrrared rlux uncertainties alone are cited at + 

30% (Werner et ~ 1979, Thronson and Harper 1979). 

2. Mid-inrrared rluxes must be heavily corrected ror 

the 9.7 micron silicate absorption. The value or the 

correction is strongly dependent on the model or dust 

emissivity chosen. Actual rlux measurements appear to be 

accurate to ± 10% (Hackwell et ~ 1982, Willner 1976). 

3. Hydrogen recombination line rluxes, nominally a 

measure or the source ionization and by extrapolation its 

134 
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luminosity are plentiful only for IRS 2. IRS 3 to date has 

had no such detections, and only one such line (Br a) has 

been measured at IRS 1. 

4. Extinction estimates are essential in converting line 

and continuum fluxes Into true luminosities. Only for IRS 2 

are those extinctions well determined. Scattering severely 

complicates the derivation of extinctions in IRS 1. 

5. The degree to which the free-free continuum of these 

sources is self-absorbed is also not fully determined. This 

problem is most acute for IRS 1, where it may well be that 

DQ flux measurement to date provides an optically thin 

volume emission measure. 

6. Reasonable but uncertain estimates of the 

evolutionary status of the ionizing sources must also be 

made. There are substantial differences in ionizing ability 

among main sequence V, ZAMS, and pre-main sequence stars of 

similar luminosity. 

Despite these limitations, we can be reasonably 

certain that IRS 1-3 as HII regions are ionization bounded. 

It certainly appears that no ionizing radiation is leaking 

from the sources and out of the various observing beams, 

particularly the mid- to far-infrared. This assures 

911 luminosity from each source is being measured, 

sufficient wavelength coverage. With the degree of 

that 

given 

visual 

obscuration present, the mid- to far-infrared measurements 
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almost certainly give the best measurement of the total 

luminosity. This is true for an additional reason: the 

line and continuum emission measures, in addition to the 

limitations listed above, also assume that Ell ionizing 

radiation emitted from each star is available for nebular 

ionization. In such high density regions as these, however, 

the density of dust close in to the stars suggests that much 

of the ionizing radiation may be lost to dust heating within 

the nebulae. Whereas the line emission can only hint at the 

magnitude of this effect indirectly by differential 

extinction, and the free-free continuum can only do so when 

the degree of self-absorption is known, the re-radiating 

dust returns this "robbed" luminosity directly into the 

observer's beam. 

Following the analysis of Chapter 7, we conclude 

that, although IRS 1 and IRS 2 show approximately the same 

emission measures, IRS 1 produces at least 75% of the total 

luminosity of IRS 1-3: 

1. The extinctions and volume emission measures of IRS 

2 indicate a luminosity that agrees very well with that 

obtained from mid-infrared fluxes: L = 4 x 10 4 Lo 

2. All observations point to IRS 3 as being by far the 

weakest member of the three, by approximately an order of 

magnitude. 
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3. IRS 1 has the highest extinction of the three, with 

A > 60 mag (and a suggestion that A = 90 mag, see Chapter v - v 

7). This extinction is obtained from the 9.7 micron 

silicate absorption feature observational comparisons 

(Gillett et ~ 1975, Rieke and Lebofsky 1984) and is 

therefore an absorption by cool dust of a warm dust 

continuum. In this case, therefore, the extinction directly 

to the stellar source may be greater by virtue of the 

substantial column of ~ dust present close to the source. 

The remarkably strong scattering of a blue continuum seen on 

unresolved CCO images at the V and B bands supports the 

presence of thick dust closeby. 

(Figure 28a,b shows the spectral distribution of 

continuum emission from IRS 1, from just short of 1 ~m to 20 

cm. The far infrared points (30, 50, 100 ~m, and 1 mm) are 

of course all upper limits due to beams which also include 

IRS 2 and 3.) 

By process of elimination on this circumstantial 

evidence, IRS is im~licated as the highest luminosity 

source among the three. 

High Velocity Gas 

The issue of luminosity is not simply academic, 

because of the presence in the region of a large scale 

distribution of high velocity molecular gas. Since stellar 



Fig. 28(a,b). Continuum Spectral Distribution of IRS 1, 
0.9 ~m - 20 cm 

These two figures present the total continuous 
spectrum of IRS 1 from 0.9 ~m to 20 cm. The sources 
for these observations are as follows: 0.9 ~m - 1.04 
~m, Persson (1984, private communication); 1.65 and 
2.2 ~m, Werner et ~ (1979); 4.8 ~m, Wynn-Wi 1 liams et 
~ (1974b); 8-13 ~m, Willner (1976); 5 ~m, Hackwell 
et al. (1982); (*) 20 ~m, Hackwell et ~ (1982) at 
160 ± 16 Jy, and Werner et ~ (1979) at 250 ± 50 Jy; 
25, 30, 50, 100 ~m, and 1 mm, Werner et ~ (1979). 
Flux values at wavelengths of 30 ~m and longer include 
IRS 2 and 3, and are therefore shown as upper limits 
to the flux of IRS 1. Sources for fluxes beyond 1 mm 
are given in the caption to Figure 24. 
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luminosity is presumed to be the dfrect or indirect source 

or this gas motion. identirying IRS 1 as most luminous also 

makes it the implied single or prfmary source or the high 

velocity phenomenon. 

Accuracy or the Parameters 

Considerable errort has been expended in this work 

to rerfne the accuracy or all parameters derived rrom the CO 

emission line wings. 

have led to the 

Analyses on the repeatability or data 

identirication or causes or large 

uncertainty in the rinal results. 

unique to a region like NGC 7538, 

Many or the problems are 

where numerous discrete 

molecular clouds or cloud motions are seen to overlap in 

emissfon. Unrortunately. it also appears that several 

problems also apply to simpler regions. and these have not 

been seriously considered in some earl ier analyses in the 

literature. Among these problems are: 

1. variable core line width errects on Gaussian line 

tails 

2. core line asymmetries 

3. cumulative errect or rms/channel error on integrated 

wing emission 

4. choice or onset or wing emission 

It is plausible that in many cases such 

uncertainties would rar outwefgh those resulting rrom 
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calibration, emission process theory, and molecular and 

isotopic ratios; they certainly do in NGC 7538. 

With this caveat, we proceed to cons~der the 

implications of the parameters derived for NGC 7538. 

Nature of the High Velocity Phenomenon 

material 

There are almost certainly over 100 M of molecular o 
-1 accelerated by 10-20 km s over NGC 7538. This 

far exceeds the mass associated with any similar source 

observed to date. Although the magnitude of the 

acceleration does not approach the 100 km s-l seer. in Orion, 

the sheer spatial extent (L 1.5 pc) over which gas is 

accelerated hints at a powerful driving source. 

The morphology of the high velocity distribution is 

approximately radially symmetric, centered on or about IRS 

1-3. Unlike most such sources, there is no observed 

directionality or collimation to the flow of gas. 

Other evidence for current or earlier large scale 

gas motions exist in the region. Most striking is our Cloud 

A, a separate CO emission line peak at -53.4 km s-l which 

appears over an area coincident with the visible HII region. 

Its strength is greatest 2-3' north of IRS 1-3, near the 

center of the visible emission, and where the 1 ine of sight 

column through that emission is presumably longest. This 

strongly suggests that Cloud A is a relatively organized 
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motion or material that once belonged to the Main molecular 

cloud. The early expansion or this northernmost HII region 

was driven 'by two 0 stars (and perhaps a third, ir IRS 7 has 

been accurately identiried as a K star. It may thererore be 

an evolved star, but this is only suggestive until an 

accurate luminosity class and distance ror the star are 

obtained.) As measured by Deharveng et ~ (1979), who were 

rirst to comment on this possibility, the current rull 6V 

across the visible nebula is = 25 km s-1 around a mean 

velocity or -58.5 km s-1 The acceleration or a signiricant 

amount or mass out along our line or sight is thererore best 

explained by the normal expansion or this powerrul HII 

region in the process or its breakout rrom the molecular 

cloud. Support ror this also comes rrom the observed 

compression in CO column densities along a ridge south or 

the HII region, seen in Figure 4 and discussed in Chapter 5. 

The 5(1) quadrupole transition or H2 at 2.12 ~m, a 

rrequent indicator or the presence or shock-heated gas, has 

been detected at several positions over NGC 7538 by Fischer 

et ~ (1982). The strongest emission occurs in a 34" beam 

centered 30" north or IRS 1. sfgniricant emission, at 20-

25% or the peak level, is also seen at IRS 1-3 and IRS 9. 

This latter location is also observed to be a clear local 

maximum in high velocity CO emission (Figure 19) . 

Approximately 15% or the H2 emission associated with IRS 1-3 
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1s detected in our 8" beam FTS spectrum of IRS 2. This 

suggests that IRS may well be the primary source of this 

emission, as well as that from high velocity CO. While the 

H2 em iss i on around IRS 1-3 and IRS 9 i s bes.t understood in 

terms of the same process that powers the high velocity 

molecular gas, the peak H2 emission north of IRS 1-3 is not 

as well correlated with that gas. We propose that the 

compression (and possible southward gas motions) caused by 

the expansion of the now visible HII region facilitates the 

formation of a shock upon impact with material accelerated 

by IRS 1. The expansion of the more evolved IRS 2 HII 

region may also contribute to this effect. The higher AV 

from these oppositely-directed flows could conceivably 

compensate for the lower gas densities. 

Further evidence for shocked gas comes indirectly 

from the data of Read (1980). The strong absorption by HI 

at IRS 1-3 and around IRS 9 may well be, as that author 

suggests, due to shock-dissociated H2 . This can be 

accomplished by expanding ionized hydrogen gas, moving at a 

velocity of 10-20 km s-1 with respect to the ambient cloud. 

Mechanism for Gas Acceleration 

The singular problem presented by all high velocity 

sources measured to this point is that the momentum flux 
I 

contained in them exceeds by orders of magnitude that 
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NGC 7538 

offers an opportunity to examine a situation where those two 

values are roughly the same, within large uncertainties. 

The means by which high velocity material is brought 

to that state has generally been understood to be a 

radiatively driven stellar wind sweeping up material in a 

"snowplow" caused by high optical depths in the cloud. 

Since continuum optical depths are generally insufficient to 

produce such an effect, line trapping has recently been 

invoked. Dust grains are presumably heated radiatively 

(Td ), and then in collisions with H2 molecules they transfer 

kinetic energy to the molecular gas. Relatively inelastic 

collisions between H2 and CO molecules then excite the 

rotational levels of CO (Tex ~ Td ). In this scenario, t = 

r/v is an accurate 1 ifetime for the phenomenon; therefore, 

in a case as presumably old as NGC 7538 (~ 10 5 years), 

either a CO limb-brightening or a detectible evacuation of 

the central regions by the snowplow should be expected. 

This is not observed, however. It is in fact very difficult 

to envision material swept up in a wind mimicking the 

observed density distribution of CO in this source. 

We propose therefore a means for local or in situ 

acceleration. The dominant emission in the high velocity 

region for both this and the snowplow sources is far 

infrared, resulting from mid infrared absorptions by dust. 
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Thererore, essentially all radiation shortward or roughly 

100 ~m has been absorbed and is thus available ror 

accelerating the dust. This in situ process will always 

operate simultaneously with the snowplow mechanism, but ror 

objects or extreme optical depth the errects or the snowplow 

should dominate. The spatial extent or the in situ-powered 

high velocity gas emission cannot exceed that or the rar 

inrrared, since it is just that region over which 

accelerating absorptions are occurring. A comparison or the 

rar inrrared maps or Werner et ~ (1979) with our Figures 

19 and 20 ror NGC 7538 shows a nearly exact coincidence, 

both ror 100 ~m and 1 mm continua. 

A simple means or checking the reasibility or the 

in-situ mechanism rollows. • Since p = (L*/c) = ma (where m 

is the high velocity mass = 125 Mo )' we can ask how long it 

would take to produce the global high velocity motion or 2 x 

106 cm s-l Using L* = 2.1 x 105 Lo' we rind t = 5 x 105 

years. A more detailed approach addresses the issue or 

whether such a low energy (- 10 ~m) radiation rield is 

surricient to impart the flow momentum observed. Each 

absorption will provide 

-10 -1 vd = p/md = hv/cmd = 10 cm s 

requiring thererore - 10 16 accelerating absorptions per dust 

particle. Throughout a volume appropriate to the outer 
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contours of 100 ~m emission in NGC 7538 (r ~ 10 18 cm), the 

10 ~m photon density is on the average 5 x 103 cm-3 . With a 

-12 -10 2 
dust cross section 10 < QA(d) < 10 cm (depending on 

dust size and species, Leung 1975), the time required for 

dust to be radiatively accelerated up to 2 x 106 cm s-l is 

years. This is at least consistent with the 

evolutionary ages for the sources involved, in that they are 

not post main sequence stars. 

The time scale for the dust to then accelerate the 

gas is far shorter. We follow the formalism given in 

Chapter 2 of Spitzer (1978): 

tx = md/ngmg<1dvd· 

where md = 3.4 x 10- 14 g 

m = m(H2 > 
9 

n = 103 -
9 

105 cm -3 

ad = nad 
2 

= 1.3 x 10-9 cm 2 

vd = 2 x 106 cm s-l 

The observed terminal velocity of gas, v = 2 

is achievable fn 1 < t < 100 years. A time 

direct dust acceleration of CO alone is 103 -

10 6 -1 x cm s 

scale for the 

5 10 years, but 

kfnetfc equilibrfum between CO and H2 is reached almost 

immediately. The development of the high-velocity 



146 

phenomenon is thus determined by the erriciency or the 

radiative acceleration or the dust. 

Note that this two-step acceleration process is a 

collisional one that does not address the canonical dust-H 2 

transrer or thermal energy in the dust into H2 kinetic 

energy. It also does not discuss the collisional excitation 

or co to the J = 1 state. 

The timescale ror such a phenomenon is no longer t = 

r/v, but is an interval governed by the particle interaction 

rates. The rough agreement between these two timescales in 

this source is probably coincidental. The spatial extent or 

a high velocity phenomenon under this mechanism is more 

likely determined by the ambient gas density and source 

luminosity than by age. 

Knowledge or the exact location or the luminosity 

source(s) powering the phenomenon is not essential ror an 

understanding or the mechanism. The extent or the region or 

accelerated gas is almost entirely dependent on luminosity, 

as long as a reasonable portion or the radiation is at mid 

inrrared wavelengths and shortward. Since the gas is 

locally accelerated, its density distribution should mimic 

that or the ambient cloud and need not necessarily indicate 

the location or the luminosity source(s). It is entirely 

consistent wfth the observations that one or all or IRS 1-3 

are behind the gas acceleration, just as there may be other 



147 

sources such as IRS 9, 10, and 11 whose luminosity 

contributes as well (see Werner et ~ 1979). 

Who's Responsible? 

Under the in situ mechanism, the color or 

characteristic Frequency of the radiation powering the 

acceleration is essentially irrelevant. I n Fact, it is the 

relative transparency of the molecular cloud to mid- and 

Far-inFrared radiation that permits the involvement of 

material in the peripheral regions (r L pc). It thereFore 

Follows that a high ionization source is not necessary For 

the mechanism to work, and the luminosity From IRS 3 is just 

as capable as that From IRS 1 in accelerating the gas by 

this means. IRS 1, with the highest luminosity of the three 

sources, is also the prime contributor to the large scale 

molecular gas motions in the region. 

There is no doubt, however, that IRS 1 diFFers Fro'm 

IRS 2 and 3 in ways other than luminosity. The morphology 

of its highly selF-absorbed Free-Free emission (Chapter 8) 

-5 strongly suggests a dense mass loss stellar wind of 10 Mo 

yr- 1 which is highly collimated north-south. Evidence For 

velocities above thermal (L 20 km s-l) is at best indirect, 

however; 

-1 s 

typical 0 star wind velocities are 1000-2000 km 
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The presence of a half-ring of masers (H 20, OH, and 

H
2

CO) around the southern half of IRS 1 attests to some 

level of expansion of the ionized gas away from the star. 

Figure 29 shows the distribution of those masers 

superimposed on a 15 GHz map of the source; the respective 

radial velocities are also indicated next to each position. 

The radial velocities of all the masers at IRS 

range from -61.2 to -56.2 km s-l with no obvious systemtic 

trends or groupings of velocity with respect to position. 

It appears, therefore, that the masers contain DQ evidence 

for high velocity mass motions from IRS 1 unless they happen 

to be directed across the observer's line of sight. 

are groupings of masers by type, however: 

There 

1. At the southern extreme of the ionized gas 

distribution lie all but two of the OH masers (all the 1720 

Mhz and one 1665 MHz). 

2. The single water vapor maser (neglecting the one 

much further south, at IRS 11) is positioned far off 1") 

to the west, away from IRS 1 proper. 

3. The formaldehyde masers and a 1665 MHz OH maser sit 

~ 0.2" south of the peak density in IRS 1, at 50.0" north 

declination. 

4. An H2CO and 1665 MHz OH maser are positioned (within 

the errors) on the equatorial "cinching" noted earlier. 



Fig. 29. Maser Positions at IRS 

Maser sources at and near IRS 1 are shown 
superimposed on a 15 GHz radio map of the source. 
OH(1720 MHz) positions come from the VLBI data of 
Forster et ~ (1982) and carry an absolute positional 
accuracy of ± 0.1". OH(1665 MHz) positions are from 
Dickel et ~ (1982) and carry the same positional 
accuracy. The water vapor maser is reported by 
Forster et ~ (1978) at an accuracy of + 0.5". The 
two formaldehyde (H 2CO) maser positions are given by 
Rots et §h (1981) a1: ± 0.05". 
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The different physical conditions required for each 

of the maser species fits well with their being generally 

separated in space at IRS 1. We will concentrate on the OH 

and H2 CO masers in the following discussion. 

Guilloteau and Lucas (1981), in a paper establishing 

a lack of connection between the 1720 MHz OH masers and H2CO 

masers (a point later made moot by obtaining more accurate 

positions for each, Dickel et ~ 1982), estimate the 

physical conditions needed for each maser species. They 

include results of the modeling of the formaldehyde maser 

from Boland and deJong (1981). 

where 

gas. 

OH 

H2CO 

2 
EM = ne L, 

Tk = 200 K 

n(H 2 ) 10 7 -3 ( 1720 MHz) = cm 

= 106 - 108 cm-3 ( 1665 MHz) 

Tk = 20 K 

n(H 2 ) 104 -3 
= cm 

EM ( IRS 1 ) 108 - 10 10 -6 
= cm pc 

using the simple form for a pure hydrogen 

The gas density needed to produce the observed H2CO 

5 -3 emission has an upper limit of roughly 3 x 10 cm , because 

at higher densities the lower rotational levels will be 

thermalized. In the case of standard collisional pumping 
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models for OH (Elitzur 1982), required densities are roughly 

the same as those for H2CO. Guilloteau and Lucas (1981), 

however, make the case that the strength of the moderately 

high excitation satellite 1720 MHz line argues for higher 

temperatures than those at which the collisional models 

operate efficiently. We support this interpretation, 

because of the simple fact that the different maser species 

occupy very distinct regions in this source. 

If IRS 1 carried a negative radial density gradient, 

we would expect the relative proximity to the source center 

or the two maser species to be opposite what is observed. 

The observations thus provide insight into the possible 

geometry and kinematics involved. We propose that the 

satellite line 1720 MHz masers are produced in a post-shock 

region of very warm molecular gas, which has been compressed 

to densities 102 - 103 above pre-shock values. The grouping 

of these masers into a very small angular area implies that 

they are occurring within a thin shell through which the 

coherence length is very great (longest path length and a 

minimum in Av/Ar). The lack of a complete ring at this 

location simply suggests the existence of turbulent 

condensations in the medium. The H2CO masers, on the other 

hand, occur in projection against the highest concentration 

of ionized gas, in molecular gas which is well shielded from 

ionizing radiation but not from the 5 GHz continuum 
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apparently responsible for H2CO maser pumping. The 

conditions required for their formation are roughly those of 

the ambient cloud; their location in line with the peak of 

IRS is simply due to the presence of an intense pumping 

source nearby. Main line 1665 MHz masers appear at three 

separate locations, bridging the gap in local conditions 

suggested from the 1720 MHz OH and H2CO separations. One 

may draw from this either that suitable high-density 

clumping occurs all around IRS 1, or that a wide range in 

conditions are able to produce a main line OH maser. 

The shock front thus suggested at the southern edge 

of IRS gives credence to the ideas of a sharply increasing 

density gradient southward and to an expansion of the 

ionized gas. Once again, though, we have no direct support 

for velocities above those typical of this gentle expansion 

process, 10 20 km -1 s If the expansion is almost 

entirely along a north-south axis in the plane of the sky, 

however, evidence might come not in variations of radial 

velocity among the masers but in observed transverse 

velocities -- i.e., in proper motions. Given the 0.1" 

positional accuracies of the OH masers, and the 0.05" 

accuracy of the H2CO masers (see Ffgure 29 caption), 

expansions of several hundred km s-1 should be detectible in 

much less than 10 years. 
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Collimation 

Probably the most intriguing aspect or all the 

multi-wavelength observations in NGC 7538 is the collimation 

or IRS (see Figures 24 and 25) seen in rree-rree radio 

emission. Since the emission is rully optically thick at 15 

GHZ around the supposed stellar position, the observed east

west cinching there may not be due to self-absorption, but 

may instead be due to an absence or emitting gas. However, 

since we do not know where with respect to source center the 

15 GHz rlux becomes optically thick, it is equally 

consistent with the emission morphology to conclude that 

high equatorial densities have increased any 15 GHz selr

absorption. Certainly the 5 GHz emission is optically thick 

at a larger radius than any higher rrequency emission, so it 

is not surprising in either case that the cinching is not 

prominent in that map (Figure 23). An additional reature 

that should be noted is the abrupt cut-orr or emission 

toward the south; this dirrers markedly rrom the apparently 

much freer expansion to the north. 

It must be emphasized that this is collimation on 

the scale of Er£ seconds. Once the scale or CO observations 

(1/2') is reached, there exists only a mere suggestion or 

any north-south elongation. We must thererore account both 

ror the observed local conrinement and for the loss or 

directionality on the larger scale. 
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Collimation Mechanisms 

Konigl (1982) di'scusses the operation or a large 

scale density gradient in collimating or nozzling outwardly 

expanding gas. In this case, the gas expands most rapidly 

in the direction or the steepest negative density gradient. 

On a large scale, as evidenced by the map or column density 

in H2 obtained in Chapter 5 (Figure 6), the sharpest decline 

is directly northward or IRS 1. It indeed appears that 

average column density (and over this small angle, density 

as well) increases southward of IRS 1 For 1/2 - 1'. Another 

measure of decreasing densities on a somewhat smaller scale 

is the large diFFerence in dust absorption between IRS 1 and 

IRS 2, using either the optical depth of the 9.7 micron 

silicate absorption reature or the line extinction values. 

However, even these small-beam inFrared measurements are 

coarse compared to the scale or the VLA observations and 

cannot reFlect the details of local conditions. The 

inFrared and CO observations nonetheless suggest a reason 

for the relative lack or southward extent or the ionized gas 

as compared to that northward. 

If the coarsely observed density gradient is not 

sufricient to coll imate the gas successrully, then it is 

possible that the collimation occurs much closer to the 

star. A suitable mechanism is a disk which by its thickness 

may arfect the distribution or the locally ionized gas which 
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is thermally expanding or being radiatively driven away from 

the excitation source. The opening angle of ~ 300 would 

then be a function of the disk thickness and its proximity 

to the stellar surface. In this case, the density gradient 

in the ionized gas should reflect conditions of mass 

continuity, while that in the disk itself may still reflect 

that of the original protostellar accretion. 

Evidence for such a close-in disk or flattened 

density distribution is suggested in the infrared maps of 

IRS at 5, 10, and 20 ~m by Hackwell et ~ (1982). 

Although IRS 1 itself appears unresolved in declination (~ 

2"), there is an equatorial extension of length ==9" with a 

surface brightness of 1.6 x 10 10 Jy/sr (or 0.38 Jy/arcsec2 ) 

at 6 1950 = +61 0 11' 48" (+1"). The NH3 absorption map given 

by Henkel et ~ (1984), made at 23 GHz at the VLA, also 

suggests this east-west extension, having a length 60. = 5" 

at 6 1950 = +61 0 11' 49.5" (±l"). There is also the evidence 

for a small scale cinching of the ionized gas in our 15 GHz 

data (see Figure 25). 

Alternatively, if the interstellar magnetic field is 

sufficiently strong, it may be able to direct the flow of 

ionized gas along field 1 i nes. The co 1 1 i mat i on at the 

source may follow the solar model for magnetic field 

confinement, and if the ali gnment of that field with the 

interstellar field is roughly equal, the co 1 1 I mat i on may 
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easily continue much Further out than a Few r*. 

Observations of the dust polarization vector of the 

interstellar medium in this region show it to be aligned in 

the Galactic plane -- or almost perpendicular to the 

orientation of IRS 1 (Dyck and Lonsdale 1979). This is 

contrary to the relationship noted by Cohen, Rowland, and 

Blair (1984) For most other high velocity sources, that 

those two position angles are approximately equal. (In this 

reference, GL 490 is shown to be another counterexample.) 

That equality can be understood in terms of the magnetic 

field somehow being able to guide the outFlowing material, 

even over the near-parsec scales of some of these high 

velocity sources. 

Collimation and De-collimation 

We thereFore propose the Following model For 

collimation in IRS 1. The large-scale elongated shape of 

the giant molecular cloud at NGC 7538 roughly Follows the 

direction of the Galactic plane, which is again parallel to 

the polarization position angle across the cloud. A disk 

leFt over From accretion onto IRS 1 is also in approximately 

this same plane (east to west). Its ability to collimate 

the expanding ionized gas at IRS 1 is what provides the 

north to south elongated morphology observed in the 

arcsecond scale by the VLA. The disk is eFFective only by 
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brute force on that scale, however, for by the distance of 

the ionization boundary the somewhat larger-scale density 

gradient takes over. It should be emphasized that the 

velocity of this material is no longer simply due to thermal 

expansion out of the HII region, but more and more from 

radiative acceleration out of that nebula. 

merely serves to channel that 

The gradient in 

already-moving density 

material. The disk, of course, carries an extreme optical 

depth to radiation escaping in the plane, so radiative 

acceleration will be collimated as well. This will be true 

only until the characteristic frequency of radiation emerges 

isotropically from IRS 1, that is, in the near- to mid

infrared, several arcseconds away from the source center. 

At this distance, where the density gradients do not appear 

sharp enough to maintain collimation, and where the 

accelerating radiation is apparently isotropic, flow 

directional,ty becomes less organized. Indeed, to the 

extent the high velocity material has a marginal ionization 

which can react to the presence of the fnterstellar magnetiC 

field, that field will now act to change the direction of 

the motion some 900 from its emerging direction out of the 

disk. It is conceivable that the northwest bending seen in 

the freely expanding northern portions of the 15 GHz 

emission from IRS 1 are reflecting this process. 
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Conclusions 

Although it does not have the advantage of proximity 

that Orion has, NGC 7538 is an outstanding source for study 

of nearly all the current issues in star formation. We find 

it the location of an extremely energetic and widespread 

distribution of high velocity molecular gas, apparently 

powered by straightforward in situ radiation pressure with 

minimal multiple scatterings. The cloud itself shows the 

effects of a previous era of nebular expansion, in the 

existence of a coherent cloud of red-shifted gas behind the 

visible HII region. Near the core of the cloud, we see a 

trio of HII regions, one of which (IRS 1) shows every 

evidence of being an extremely young object. Observations 

at several wavelengths exist that indicate the presence of a 

disk still in place around the star; this disk has served to 

direct the expansion of gas out of the immediate vicinity of 

the 0 star at the center. While the current models for 

explaining the high velocity molecular gas require the 

presence of a strong mass loss stellar wind, we find 

direct evidence for such a wind at IRS 1 at the 103 km 

no 

-1 
s 

velocities proposed. We do, however, find circumstantial 

evidence in maser emission for the existence of a shock just 

south of IRS 1, produced by the impact of its ionized 

material with the high densities of the ambient molecular 

cloud. 
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On the large scale, NGC 7538 is a cloud/where high 

mass 0 and B stars appear to be forming preferentially. 

This assertion must be qualified somewhat, because the 

distance of the region makes the detection of very low 

luminosity, low mass sources unlfkely. Detection of true 

"protostars" in this region may also be beyond the scope of 

current observational capabilities. 

The original impetus for star formation in the cloud 

is undertermined at this pOint; Israel, Habing, and 

deJong (1973) suggest that it may be due to the spiral 

density wave. It appears very likely that the expansion of 

this first large HII region, the visible nebula S158 on the 

northern edge of the cloud, is responsible for the 

compression of gas which then triggered the collapse and 

formation of the trio of 0 and B stars, IRS 1-3. In 

addition, a possible sequence of formation may be defined 

within the trio: IRS 2 is a relatively well evolved 

(expanded) HII region, while the emission from highly 

compact IRS just south of IRS 2 may well come from an 

ionized stellar wind which has not yet become a nearly 

static, ultra-compact HII region. 

While a small, dense, close-in disk appears 

responsible for the initial collimation of the emitting gas, 

other observations support the presence of two other 

mechanisms proposed for large scale outflow confinement. 
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There is a south-to-north negative density gradient y 

allowing for expansion in that preferred direction. The 

interstellar magnetic field is also implicated y but in that 

its gas-directing ability may have de-collimated the flow 

once the effects of disk channeling and density gradients 

have been reduced. 

Several further investigations should be carried 

out y if the nature of the star formation phenomena 

associated with the NGC 7538 region in generaly is to be 

understood. These include: 

1. high spatial resolution mapping of H2 shock 

emission 

2. high spatial resolution mapping of molecular line 

wings y to better define the transition from coll imation to 

isotropy 

3. high spatial resolution mapping of less 

molecular species y to determine the innermost 

structure of the cloud and the possible location 

spots" where star formation may be imminent 

abundant 

density 

of "hot 

Additional work is also needed on IRS in 

particular: 

1. high-sensitivity near- to mid-infrared mapping at 

high resolution of the disk seen at 5-20 pm 
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2. more sensitive emission 1 ine measurements, to better 

establish extinction and thus the true luminosity of the 

source 

3. higher frequency mapping of free-free emission 

4. repeated high accuracy positioning of maser sources, 

looking for proper motions indicative of high transverse 

velocities 

There is an additional result of this study which 

emerges as a caveat to others involved in similar work. The 

uncertainties exposed in the methods of obtaining physical 

parameters of high velocity phenomena are egregious. Until 

results are repeatable, very little in the way of 

quantitative assertions should be made. The uncertainties 

in theory applicable to this kind of work are severe enough 

to make us all cautious: this student of the science has 

only become more so. 



APPENDIX A 

DETERMINATION OF COLUMN DENSITIES OF QUIESCENT GAS 

Excftation Temperature 

The observed Flux, assumfng a blackbody source at 

brightness temperature TS ' is 

2h,,3 -1 = c 2 Os [exp(h"/kTS ) - 1] 

where Os is the solid angle subtended by the source on the 

sky. The antenna temperature corrected For telescope 

* * eFFiciency, TR = TA In, however, is conventionally reported 

by converting the Flux observed assuming a Rayleigh-Jeans 

approximation: 

S o 
2k,,2 * 

= 2 Os TR 
c 

We thereFore solve For the brfghtness temperature TS 
II-

in terms of TR : 

162 
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Let us now define a varfable J(v,T) having unfts of 

temperature such that 

J(v,T) = [hv/k] [exp(hv/kT) - 1]-1 

Sfmple substitution shows that 

So for any observed brightness temperatu~e, TS ' 

where Tex is the rotational excitation temperature of the 

appropriate transitfon, and TSG is the temperature of the 

mfcrowave background radfation, here assumed to be 2.7 K. 

For our observations of the J = 1-0 lfne of 12CO, the 

radfatfon is extremely thick (t L 5). Therefore, 

or -1 -1 [eXp(hv/kTS ) - 1] + [exp(hv/kT
SG

) - 1] 

= [exp(hv/kT ) - 1]-1 
ex 

Let °12 = hv I2 /k, the value of constants for 12CO, J = .1-0. 

Solvfng for Tex' 

Tex = 012/ln{[(exP(012/TS - 1»-1 

+ (exP (012/TSG - 1»-1]-1 + I} 

where 
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Optfcal Depth 

Two approxfmatfons are avaflable ror optfcally thfck 

12CO , depending on assumptions about 13CO : 

~13 « 1, ~12 » 

From the prevfous sectfon, thfs approxfmatfon yfelds 

so that 

TS13 and Tex13 are the brfghtness temperatures and 

13 excftatfon temperatures for CO. We assume thermalfzatfon, 

such that Tex13 = Tex12 ' and so 

l13 ~ J(v,TS13 ) / J(v,TS12 ) 

= (° 13 /° 12 ) [exP (012/TS12) - 1]/[exP(013/TS13) - 1] 

~13 fs unspecfrfed, ~12 » 1 

* * = -In [1 - (TRI3 /TRI2 ) 
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For high optical depths in 13CO (TBI2 ~ TSI3 )' however, '13 

fn this formulation qufckly approaches ~. 

where 

Column Density 

In general, for any transition from level n to level 

N = n 

Qn = 

B = nm 

R nm 

NT/Qn 

"i Q, ~ Q(rot) 

'3 8lf R 
3h2c nm 

2 2 
= Pnm 

n 

2 

column density in level n 

total partition functfon 
for CO = f(T ) ex 

Einstein B 

Dipole matrix element 
for a given 
transition 

'v = [NT/Qn] [8lf
3

vp 2 /3hC] [1 - exp(-hv/kTex )] 

The optfcal depth, at this point, however, can 
v 

only give the column densfty of materfa1 emittfng at a gfven 

frequency ~ in the line. To obtain the contribution of all 

frequencies fn the 1 fne, therefore, we must integrate: 

, = line f 'v dv = '0 f ~(v)dv 

For the Doppler profiles characteristic of CO 

rotatfonal 1 ines, ~(v)dv::s !lv, and !lv/v = flv/c, where Av is 
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the measured velocity width at half maximum in the line. 

Note that l 1s the value obtained from line center o 

measurements, using the last equation for l above. 

" 
We are now able to derfve the total column density 

of the emitting species from fts optical depth in a single 

1 I ne: 

Values of Constants 

-2 cm 

To 13 find the column density NT ( CO), the partition 

function Q(rot) = f(T ) is computed: ex 

Q(rot) 
... 

= EJ=O (2J+l) exp(-hcBJ(J+I)/kTex ) 

where B = rotation constant = h/8n2cIB = 

J = rotational quantum number 

IS = molecular moment of inertfa 

m' = molecular reduced mass 

= 1.1913 x 10-23 g 

re = fnternuclear dfstance 

= 1 . 121 x 10-8 cm 

"12 = 1.152712 x 101 1 Hz 

"13 = 1.102014 x 10 1 1 Hz 

1.87 

= m'r 2 

-I 
cm 

e 



167 

We have used the simple rigid rotator form of the partition 

function, as Q(electronic) = Q(vibrational) = 1 for this low 

temperature case. 

When the exponential argument of Q is small, the 

summation may be approximated by an integral (Townes and 

Schawlow 1955), but accuracy should stfll be guaranteed by 

performfng the summatfon. For the range in excitation 

temperatures applicable to this region, we find 

Q = 0.355 (T + ex 0.968) [Summation] 

Q = T /(hcB/k) [Integration] ex 

= 0.3717 Tex 

The errors between this and the more rigorous method are i 

4% over· the temperature range covered. 

For 2 the electric dipole moment we use ~ = (0.112 

2 debye) = (1.12 x 10- 19 esu-cm)2. The typical velocity 

half-width 'of the 13CO lines observed is L 5 km -1 s We 

therefore adopt that as a conservative value for the entire 

mapped region. 

Final Form 

The resulting form for the expression for column 

density in 13CO is 



N(13 CO ) = 1.134 x 1015 x 

[~13(Tex+O.968)]/[I-eXp(5.289/Tex)] 
-2 cm 
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The value of the ratio N(H 2 )/N(13CO ) adds the 

greatest uncertainty to the determination of N(H 2 ) from CO 

lfnes. The opportunitfes for observfng both species fn a 

sfngle source are complicated by the homonuclear nature of 

the H2 molecule andfts resulting forbidden transitions. 

The ideal observation is one where H2 absorption is seen fn 

a bright source, caused by a foreground molecular cloud 

whose CO column density is known. Unfortunately, clouds 

thfck enough to provfde a ratfo fndicatfve of gas 

effectively shfelded from the fnterstellar radfatfon ffeld 

also reduce the fntensfty of a background source so much 

that the high signal-to-noise required to detect 

absorptfon is very difffcult to obtain. A detailed analysfs 

of the molecular cloud complex W3, using CS, HCN, and CO 

observations (Dfckel 1980) shows that a reasonable value for 

that cloud is N(H
2

)/N(13CO ) = 106 . Keepfng in mind the 

uncertaintfes, however, we opt for the more commonly used 

5 and more conservatfve value of 5 ± 2.5 x 10. Therefore, 

N(H 2 ) = 5.67 x 1020 x 

[~13(Tex + 0.968)] / [I - exp (-5.289/Tex )] -2 cm 

Thfs fs the equation from which all column densities 

reported in Chapter 5 are obtafned. 
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DETERMINATION OF COLUMN DENSITIES OF HIGH VELOCITY GAS 

The column densitfes of molecular gas involved in 

the hfgh velocfty phenomenon across the NGC 7538 region are 

proportional to the observed antenna temperatures of gas 

participating. This is based on an assumption that the 

observed wing emission is optically thin. There are certain 

limits on the valfdity of that assumption: 

1. The ratio of T *( 12CO)/T *(13CO ) for the strongest A A 
unadulterated wing channel (see section B for a discussion 

of how this is determined) of position 7538C Is essentially 

infinity, and this is seen to hold for both September and 

May observations, as we 11 as for both red- and blue-shiftp.d 

* 13CO emf ss f Ion. By usfng the TA (rms) of emission in 1 ; eu 

of zero, however, we ffnd lower 1 i m its for the ratio of wing 

emission between the two species to be: 

TABLE 17 

Wing T *( 12CO)/T *(13CO ) Lower Limits at 7538Ca 
A A 

OBS. DATE BLUE RED 

September 12.9B 1 1 . 13 

May 5.20 4.32 

* a. Both values are .illlca 1 f brated TA . 
169 
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Gfven the hfgher accuracy of the September 

observatfons (see Table 1), we wfll assume 

T *( 12CO)/T *(13CO ) L 11 for wing emission. This is roughly A A 
consistent with the 12CO/13CO ,antenna temperature ratios and 

optfcal depths obtafned for the lfne cores, whfch when 

extrapolated suggest that the 13CO wing optical depths are ~ 

0.05. For an interstellar abundance ratfo of L 40, we find 

a t( 12CO wings) = 2. On thfs basis ft is clearly fncorrect 

to assume that the wfngs are fully optfca"y thfn. 

2. Calculatfons of optical depths under the a prfori 

assumption of optfcal thfnness, independent of 

observatfons, give values of t12 ~ 0.05 for uncontaminated 

wfng emissfon. In thfs case, with both species optically 

* thin, their observed ratios in TA wfll be representative of 

the local fsotopic ratio 12C/13C. Sfnce no 13CO emission is 

observed above the rms noise, however, this provfdes only a 

lower limft to the fsotopic ratfo. 

3. While the uncontaminated wfng emfssion may be 

acceptably treated as optically thin, there is a large 

component of gas moving at velocities within the various 

core lfnes. Thfs emfssion fs therefore at least partfal'y 

thfck, but fs certafnly masked by the line cores themselves. 

There is no means of uniquely describfng the dfstrfbutfon of 

high velocfty gas emfssion across thfs velocity range from 
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the data. The simplifying method used below may fn fact not 

completely allow for this optical depth effect. 

4. It fs also possible that clumpiness in the wing 

emIssion will cause the optical depths to be understated. If 

themselves thick, the clumps would have a filling factor of 

* * TA (wing)/TA (core), or 51 •• This effect is probably 

counteracted by beam dilutIon of the clumps. 

We conclude that, while there is evidence that the 

12CO wing emission may not be optically thin, the optical 

depths are not high enough to preclude the use of 12CO as a 

minimum but rea~onable estfmate of column densities In the 

high velocity gas. 

peconvolution of Wing Emission 

We now show how wIng emission Is deconvolved from an 

12 entire CO lfne profile. 

Blue side 

mafn 

As stated in Chapter 5 earlier, the blue side of the 

core lfne (-57.0 km s-l) is for the most part treated 

as a pure Gaussfan. Beginning wfth the eleventh velocfty 

channel blueward of the peak, the flux per channel is 

integrated out to the ffrst zero intensity, which is 

generally 30-35 channels out from the peak. Channel eleven 

is chosen because of the negligible contribution there «1~) 
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From a Gaussfan (0 = 4-5 channels, see Chapter 5) centered 

at -1 -57.0 km s • Sfnce the typfcal rms noise levels are ~ 

0.10 K, vfrtually all channels fntegrated as wfng 

contrfbution are well fn excess of the noise level. We 

estfmate that choosing a cutoFF at the rms intensity rather 

than zero intensity reduces the derived wfng contribution by 

roughly 301.. 

Red Side 

As was pointed out earlier, there are severe 

complications on the red sfde of the lfne core. We 

therefore move eleven channels redward of the peak of the 

Farthest detected red component (A, B, or C) and begin 

integratfon there, again out to the First zero. As these 

secondary line components are consfderably weaker, their 

contribution at the eleventh channel to potential wing 

emission fs essentfally neglfgfble. Nevertheless, given the 

uncertafnties fn our core lfne deconvolution (see Chapter 5) 

mentioned earlier, we choose this saFely conservatfve 

procedure. 

Plateau 

A lfnear plateau fs drawn between the inner limfts 

of the two wings to approximate the outFlow contribution 

through the line cores; this component is then sfmply added 

to the previously derived wing contributions. When the 



173 

strengths or the respective wing limits are not comparable, 

the value or the lower side is used ror the plateau level. 

Thfs value then rorces the higher side lfmft down, 

errectfvely increasfng the number or velocfty channels whfch 

are consfdered plateau and decreasfng those considered pure 

wing. Figure 30 ilustrates this procedure applied to 7538C. 

In several cases the application or these procedures 

severely diminishes or eliminates contribution rrom the red 

side, even when fnspectfon shows red wings to be obviously 

present. In the case or no red wing at all, we derine a 

plateau at the value or the last non-zero level on the blue 

side. 

It should be clear that virtually all procedures and 

assumptions here lead to a minimum measure or the column 

densfty or hfgh velocity gas. Less rigorous procedures, 

whfch consider fn rar less detafl the complfcated core line 

structure, give considerably higher estimates. It fs our 

fntention to avofd overstatement fn descrfbfng this 

phenomenon. 

Analytfcal Procedure 

Followfng the method in the rfrst sectfon or 

Appendix A, we have 



Fig. 30. Example Or Wing Deconvolution 

The 12CO profile shown here is that or 7538C, 
the best observed position exhibiting high velocity 
emission. The eleventh channel rrom line peak on 
either side is marked (a); note the marked asymmetry. 
The red side channel marked (b) is the eleventh 
channel over arter accountibng ror a core contribution 
rrom Cloud A (see Chapter 5); (c) assumes both Cloud A 
and Cloud B contribute to the core line emission, 
which is indeed the case ror 7538C. Position (c) is 
thererore the earl iest acceptable onset or red wing 
emission and is thus the redward boundary or plateau 
emission. Setting the plateau level to the value or 
(c) rorces the inner boundary Or the blue wing outward 
rrom (a). 
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km/s 
-40.7 - 51.0 -73.3 

20.0~----~-----------r----------~----~ 

15.2 

15.6 

12CO 
7538C 

(b) 

(c) \ Blue 
Red Wing \ Plateau Wing 

0.8~~~~~ ________________________ -L~~ ____ ~ 

-4.0~----~----------~----------~----~ -6.2 0.0 6.2 
MHz 

Ffg. 30. Example of Wing Deconvolutfon 
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where l12
w 

is now the optical depth of 12CO wing emission in 

a single velocfty element ~V (= 0.65 km -1 s ) . For an 
w 

arbitrary value of l12 ' 

The definftion of TS comes from Appendix A. Sfmple 

* substitutfon shows that J(~,TB) = TR . In this sftuation 

T cannot be obtained directly from the wing emission. We ex 

therefore assume a unfform T ex for the high velocity 

molecular gas which is reasonable for the entire region, 

includfng the qUfescent gas. The average excftation 

temperature derfved under the analYSis fn Appendix A is 

36.3K ± 6.7K (1 ): we therefore adopt T = 35K for all ex 

subsequent work on column densftfes' of high velocity 

mater f a 1 • Further justification for this value is found in 

Werner et ~ (1979), which gives dust tempratures for NGC 

7538N (roughly centered on our 7538C position) and NGC 75385 

(1 1/2' south of 7538C) of 45K and 35K respectively. 

Clearly, however, there must be a range of excftation 

temperatures in a given CO beam, depending on the local gas 

density (affecting gas-dust coupling efficiency) and 

proximity to the source of cloud heating. For variations in 

T of + 15'7., ex 
-2 NCO(cm ) varies by ± 11% (see the equation 

be low) . 



176 

Ffnally, usfng arguments parallel to those fn the 

latter sectfons or Appendix A, we rind ror the total column 

densfty or high velocity 12CO , 

where DE is the number or velocity channels in the plateau 

level, wtth Band R represent'ng the blue and red sfdes or 

the lfne, and 

* * ~12 = -In [1 - TR /31.488]. 

Thts is converted to a mass rilling each beam area 1, at l' 

square area, by 

Mf = 1.36 x 10-
16 

[N f (
12CO*)] [(NH2/N12CO)/1.25 x 10

4
] 

x (d/2.8 kpC)2 Mo 



APPENDIX C 

OlSTANCE - VELOCITY RELATIONS 

We construct the following geometric model for an 

arbitrary nebula observed from the Sun: 

c 

C = Galactic Center 

S = Local Standard of Rest 
(LSR) 

N = Nebula 

R 

= Galactocentric 
Distance (kpc) of LSR 

= Nebula's Galactocentric 
Distance (kpc) 

d = Nebula's Heliocentric 
Distance (kpc) 

V o 

e 
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= Circular Rotatl?n 
Velocfty (km s ) 
of LSR 

= Nebula's Circu!~r Rotation 
Velocfty (km s ) 

= Galactic longttuge of 
Nebula (= 111.58 ) 

= angle between VN and 
radfal projectfon wtth 
respect to Sun 

= apparent net radfal 
veloctty of nebula with 
respect to LSR (km s ) 
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To find the net Vr , we must compare the contributions from 

the motions of both the LSR and the Nebula: 

v = V r(Nebula) - V r(Sun) r 

= VN cos Q - V cos ( 1 - 900
) 

0 

= VN cos a - V sin 
0 

Using the Law of Sines, we can further simplify: 

sin (90 - Q) 

Ro 

It fo 1 lows that 

= 
sin 

R = 

= [(VN/R) - (Vo/Ro)] Ro sin 1 

= VN [(V /R sin 1) + (V /R )]-1 
roo 0 

Therefore, for a given V , R , and velocity law, we can find o 0 

either a galactocentrlc distance (R) or a radial velocity 

(V), as long as the other Is Input. 
r 

Now by the Law of Cosines, 

so we are also able to find a heliocentric distance (d) 

given the same assumptions. 
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