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Infrared Studies of Star Formation

Infrared observations make possible the study of

stars in early evolutionary stages.

M. W. Werner, E. E. Becklin, G. Neugebauer

The lifetime of a massive star before it
begins to deplete its nuclear fuel is less
than 5 million years (/). In contrast, the
age of the galaxy is more than 10 billion
years (2); nevertheless, many massive
and short-lived stars have been identified
by observations at optical wavelengths.
These massive stars must have formed
very recently relative to the age of the
galaxy, and therefore star formation
must be occurring in the galaxy at the
present time.

For many years, astronomers and as-
trophysicists have attempted to under-
stand the stages in the formation and
early evolution of a star. These studies
have included both
searches for objects that could be identi-
fied as forming stars and theoretical in-
vestigations of the mechanisms through
which stars are formed (3).

In recent years, the relatively new
techniques of infrared astronomy have
been successfully applied to the observa-
tional study of star formation. In this ar-
ticle we review the infrared observa-
tions, at wavelengths from a few mi-
crometers to 1 millimeter, which pertain
to the problem of star formation. The in-
frared data include both observations of
large clouds of dust and gas within which
groups of stars may be forming and de-
tailed studies of individual objects within
these clouds.

One of the principal results of the in-
frared studies has been the discovery of
numerous starlike objects with sizes
comparable to the size of the solar sys-
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observational

tem, total luminosities in excess of 10*
solar luminosities (L), and temper-
atures of 300° to S00°K. These objects,
which are very bright in the infrared but
invisible at optical wavelengths, have
many of the characteristics expected of
young and forming stars. Thus the in-
frared observations permit us to push the
empirical study of star formation back to
a time preceding the stage at which a
young star first becomes visible opti-
cally.

Scope of the Observations—Stages of

Star Formation

The infrared observations to be dis-
cussed here pertain chiefly to massive
stars of high luminosity which are ob-
served to be forming in groups within
large clouds of gas and dust. These
clouds have dimensions of 1 to 10 light
years (4), masses of 10° to 10° solar
masses (M), and average densities of
10* to 10% atoms per cubic centimeter.
The gas in these clouds has been exten-
sively investigated by radio astronomical
studies of emission lines from molecular
species such as CO, HCN, and H,CO
(5), but the principal gaseous constituent
is H,. The dust represents only about 1
percent of the total mass in both the
dense clouds and the diffuse interstellar
medium. The dust particles have a char-
acteristic size of 0.1 um and are thought
to be composed of a mixture of materi-
als, including silicate minerals, ices, and
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graphite (6). The dust is of special impor-
tance for the present discussion because,
as will be described below, most of the
infrared radiation from the regions and
objects discussed here is produced by
thermal emission from heated dust parti-
cles. Because the dust particles are so
small, they interact less strongly with in-
frared than with optical radiation, and in-
frared sources can be detected even
when they are embedded within dust
clouds that are opaque at optical
wavelengths.

In the galactic plane away from these-
dense clouds, the average interstellar gas
density is 0.1 to 10 atom cm™® (7). The
first step in star formation is compres-
sion of this low-density interstellar mate-
rial into dense clouds of gas and dust
with densities of 10* to 10° atom cm™3,
within which stars are observed to form.
The physical mechanisms which produce
this crucial first step in star formation
may be related to the large-scale collec-
tive motions which are thought to main-
tain the spiral structure of the galaxy (8),
and detailed models of cloud compres-
sion based on this idea have been
worked out recently (9). To form a star,
which has an average density of 1022
atom cm~3, from a region with a density
of 10* atom cm™2 requires further con-
densation of the gas and dust. It is
thought that this is initiated when a large
portion of the cloud of gas and dust be-
comes unstable and starts to collapse un-
der its own gravitational attraction. Cal-
culations (/0) suggest that as the collapse
proceeds, this initial condensation may
break up into a number of collapsing
fragments, each of roughly stellar mass,
and that this collapse process eventually
results in the formation of a group or
cluster of main sequence stars; that is,
stars in a stable configuration which de-
rive their luminosity from the conversion
of hydrogen to helium. A star spends
most of its lifetime in this stage, and
most stars observed optically are found
to be main sequence stars.
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nology, Carnegie Institution of Washington, Pasa-
dena 91101.

723



Infrared Emission from Forming Stars

Consider now a single collapsing frag-
ment of mass about 20 M, which is
embedded within a much larger cloud of
dust and gas. The following arguments
suggest that this collapsing fragment will
be very luminous and that it should be
observable, particularly at infrared
wavelengths, as it evolves into a main se-
quence star. On the main sequence, a 20
M, star has a radius of ten solar radii,
or about 5 X 10" cm. It follows that
about 2 x 10% ergs of gravitational po-
tential energy are released in the con-
traction associated with the formation of
this star. If, as suggested by a number of
calculations (10), the gravitational ener-
gy is released over a formation time scale
of 10% to 108 years, the average luminosi-
ty of the star as it forms is 5 X 103 L.
This luminosity, which is generated at
the center of the collapsing star, diffuses
outward and heats the gas and dust in the
outer portions of the star to a temper-
ature of several hundred degrees. The
dust radiates this power at infrared
wavelengths, and consequently a form-
ing star in this pre-main sequence phase
will be a luminous, compact infrared
source. Even after the star has reached a
stable main sequence configuration, it
may not yet have emerged from the
larger cloud of dust and gas within which
it formed. In a cloud with a gas density
greater than 10* atom cm™3, there is
enough dust that the optical and ultravio-
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let radiation from an embedded main se-
quence star travels less than 0.5 light
year before being absorbed by the dust
particles, which reradiate the energy at
infrared wavelengths. Thus a main se-
quence star embedded in a dense dust
cloud will appear as an infrared source;
however, it may be possible to distin-
guish the main sequence star from an
embedded pre-main sequence object be-
cause of the radio continuum emission
associated with the main sequence star,
which is discussed in the next section.

Figures 1 and 2 illustrate the fact that
regions of recent star formation are very
bright at infrared wavelengths. These fig-
ures show photographs of a region called
W3 in the constellation Cassiopeia (/7).
The area enclosed in the box in Fig. 1
shows no unusual optical features; how-
ever, as illustrated in Fig. 2, it is the cen-
ter of a strong source of infrared radia-
tion which has a total luminosity of 108
L, in the wavelength range 40 to 350
pm (12). This infrared luminosity is radi-
ated by a dense dust cloud that is heated
by a group of main sequence and pre—
main sequence stars which are buried
deep within it and which are not visible
at optical wavelengths.

Selection Criteria
Many of the regions which have been

found to contain possible pre-main se-
quence objects, including the W3 region,

EAST

were selected for detailed study in the in-
frared because it was deduced that they
contain short-lived main sequence stars
and are therefore sites of recent star for-
mation. The short-lived main sequence
stars have been discovered through radio
continuum observations of clouds of ion-
ized gas, called H II regions, which often
surround such stars. A 20 M star has a
main sequence lifetime of 5 x 10° years,
a luminosity of 3 x 10* L, and a sur-
face temperature of 25,000°K ; more mas-
sive stars have shorter lifetimes and are
more luminous and hotter. Such massive
and short-lived stars are therefore hot
enough to emit photons with sufficient
energy to ionize the surrounding gas and
produce an H II region. The H II region
has a characteristic continuous emission
spectrum which extends from visual to
radio wavelengths (13). Because the in-
terstellar grains do not absorb radio
waves, H II regions can be detected in a
radio survey even if they are buried with-
in dust clouds which are opaque at visual
wavelengths.

Recently, regions which were selected
for study at infrared wavelengths be-
cause they show enhanced thermal mo-
lecular emission (/4) or OH and H,O mi-
crowave maser emission (15, 16) have al-
so been found to contain possible pre—
main sequence objects. The first com-
plete infrared surveys of the sky at
wavelengths longer than 2 um are only
now being carried out (/7). Since these
surveys will be free of the selection ef-
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Fig. 1 (left). Photogrz}ph of thg W3 region. The box encloses the region where infrared and radio observations show that the luminosity due to
young stars and forming stars is highest. This region is described in Table 2 and also shown in Fig. 12. Its spectrum is included in Fig. 3. The size

of the box corresponds to 3 light years at the distance of W3.

photograph of W3 from Fig. 1. [Adapted from (/2)]
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Fig. 2 (right). Contours of 40- to 350-um emission are shown superposed on the
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fects which have influenced infrared
studies to date, they should stimulate
new ideas about the scope and sites of
star formation in the galaxy.

The study of pre-main sequence evo-
lution is not confined to infrared and ra-
dio wavelengths. Lower-mass stars
which form more slowly than the mas-
sive stars discussed in this article may
wander out of their parent clouds and be-
come visible during the latter stages of
their pre-main sequence evolution; such
objects have been extensively studied at
optical wavelengths (18).

Infrared Energy Distributions—

The Importance of Dust

The importance of dust within regions
in which stars are forming has been es-
tablished by infrared observations. Typi-
cal infrared energy distributions of such
regions and of individual sources within
them are shown in Fig. 3; Fig. 4 shows
higher-resolution spectra of one of the
best-studied candidate protostellar ob-
jects.

The infrared (1 wm to 1 mm) portion of
the spectra in Fig. 3 is attributed to con-
tinuous thermal emission from dust par-
ticles for the following reasons.

1) Dust emission is an economical and
natural hypothesis since dust is a ubiqui-
tous constituent of the interstellar medi-
um which readily absorbs ultraviolet and
optical radiation and radiates efficiently
at infrared wavelengths.

2) The overall shape of the spectra,
which, as shown in Fig. 3, are roughly
similar to blackbody spectra, are consis-
tent with this hypothesis.

3) For many sources, the spatial dis-
tribution of the radiation is that expected
from a cloud of dust heated by a central
source (/9). In particular, at longer
wavelengths the regions tend to look
larger, as would be expected if the long-
wavelength radiation is dominated by a
contribution from cool dust at large dis-
tances from the embedded luminosity
sources.

4) Broad spectral features attributable
to ice (20) and silicate (21) grains are
seen at 3 and 10 wm in many sources
(Fig. 4a).

5) Although atomic and molecular
emission lines are seen in higher-resolu-
tion spectra, the spectra are not domi-
nated by these emission lines, even at
the highest resolution obtained to date
(Fig. 4b).

Because the infrared radiation is pro-
duced by heated dust grains, the infrared
observations of these regions reflect the
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Fig. 3. Infrared energy distributions of prominent regions of recent star formation (solid curves)
and of individual sources within them (dashed curves). For reference, the spectrum of the emis-
sion from a 100°K blackbody is shown as a dotted line in the lower right panel. The x-axis shows
both wavelength (A) and frequency (v), while the y-axis shows flux per unit frequency as ob-
served at the earth. The portion of these spectra from 1 wm to 1 mm is due to thermal emission
by dust, as discussed in the text. The flat spectrum longward of 1 mm seen for W75 S and W3 is
due to emission by ionized gas. The other regions and objects show only upper limits to any
such emission. Most of the regions and sources for which data are shown are discussed in the
text. Sources of the data are: OMC-1 (30, 31, 46); Becklin-Neugebauer source (44, 47); W3 (46,
48); W3-IRS 5 49, 50); W75 S (continuum) and W75 S-OH (5/-54); and CRL 2591 (55, 56). The
conventions used for naming these objects are discussed in (/7).

Fig. 4. (a) Spectrum, F T
from 2 to 14 pm, of
the emission from -
the Becklin-Neuge-
bauer object in Orion,
which is a well-stud-
ied possible protostel-
lar object. The x-axis
is wavelength and the
y-axis is flux per unit
wavelength as ob- r B
served at the earth. e

The spectral resolu- 1077
tion is ~ 0.05 wm, o
and the prominent 2 4 6 8 10 2 14
features at 3.3 and 10
um are attributed to
absorption by ice and
silicate grains, re-
spectively [see (44) H,
for a detailed dis- Hp Ha
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cussion]. (b) Spec- ‘1;’;"',{';'.(,“ i
trum of the emission L

from the Becklin- WM H H " L H
Neugebauer  object %waﬂ\ ‘.25
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2.0

between 1.92 and 2.50

um. The x-axis is e '212‘ —
wavelength and the y- '
axis is flux in arbi- _ A (um)

trary units. Spectral resolution is ~ 0.002 um. Emission lines attributable to helium and hy-
drogen atoms and to the hydrogen molecule H, are seen superposed on the continuum. It is not
yet certain whether these emission lines are associated with the Becklin-Neugebauer object it-
self or with the foreground and background gas clouds of Orion complex. [Adapted from (45)]
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properties and distribution of the dust
rather than of the gas; the latter can be
studied directly by observations of mo-
lecular and atomic emission lines and of
the radio continuum emission from ion-
ized clouds. The gas represents most of
the mass, but since most of the energy is
radiated by the dust, the dust governs
the transport of energy and thereby
strongly influences the structure and
evolution of these regions.

Orion Molecular Cloud 1—A Case Study

The Orion Molecular Cloud 1 (OMC-1)
region, which includes the well-known
Orion Nebula, is the nearest known re-
gion of recent massive star formation. It
offers a unique opportunity for a detailed
study of many of the phenomena asso-
ciated with the early stages of star forma-
tion. The OMC-1 region lies about 1500
light years from the earth. Within the
core of this region, 2 light years in size,
are to be found:

1) The Orion Nebula, a cloud of ion-
ized gas with temperature 10*°K, density
10* atom cm™2, and total mass 10 M, o

2) The Trapezium cluster of hot, lumi-
nous main sequence stars, with total lu-
minosity 3 x 10° L, which excite and
ionize the nebula.

3) A dense cloud of neutral, molecular
gas with temperature about 100°K, den-
sity in excess of 10¢ molecule cm~, and
total mass 500 M ..

4) A cluster of infrared stars which
have a total luminosity greater than 10°
L but are not visible optically, have
the characteristics of pre-main sequence
objects, and are located in the densest
portion of the molecular cloud.

5) Sources of OH, H,0, and SiO mi-
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crowave maser emission which lie close
to the infrared cluster.

Figure 5 presents a schematic repre-
sentation of the OMC-1 complex, show-
ing the relative locations of the com-
ponents listed above. This representa-
tion is constructed on the basis of data
such as those presented in Figs. 6 through
11. Figure 6 shows a photograph of the
Orion Nebula, while Fig. 7 shows the
distribution of the radio continuum emis-
sion from the ionized gas in the nebula.
This radio emission gives a better idea of
the distribution of high-density ionized
gas than does the optical photograph be-
cause the radio emission is less affected
by absorption by intervening dust. Fig-
ures 8 through 11 show the center of the
OMC-1 complex as observed at 20 and
100 wm, in the 1-mm continuum, and in
the 2-cm emission line of the formal-
dehyde molecule, which is just one of the
many molecules that have been observed
in this region.

The infrared cluster and its relation-
ship to the maser sources (22) and the
Trapezium cluster is shown in detail in
Fig. 12. The peak of the infrared and
molecular emission shown in Figs. 8
through 11 coincides with the infrared
cluster and not with the Trapezium clus-
ter or with the region of highest density
of ionized gas.

The cloud of ionized gas which pro-
duces the radio emission and the optical
radiation shown in Figs. 6 and 7 has a
particle density of about 10* atom cm™
and a total mass of about 10 M, @3-
25); this density and mass are typical of
H II regions associated with newly
formed stars. The gas is ionized and ex-
cited principally by one of the stars in the
Trapezium cluster. The exact age of the
nebula and the exciting stars is uncer-

tain, but they are estimated to be 10°
years old (25, 26). The Trapezium cluster
makes a significant contribution to the
infrared radiation from the region as a
whole. For example, it appears that the
bar of emission to the lower left in the
100-uwm map (Fig. 9) is produced by dust
at the edge of the H II region which is
heated directly by the Trapezium stars
27).

The infrared maps (Figs. 8 through 10)
show that several spatially distinct com-
ponents contribute to the observed in-
frared emission, and that the overall spa-
tial extent of the emission increases with
increasing wavelength. Only at the short-
est infrared wavelengths such as 20 um
does the relatively small amount of hot
dust inside the region of ionized gas con-
tribute significant radiation. At 100 um,
there is a contribution both from dust at
the edge of the region of ionized gas and
from material in the molecular cloud.
The close correlation between the 1-mm
emission (Fig. 10) and the H,CO emis-
sion (Fig. 11) suggests that most of the 1-
mm emission is produced by cool dust in
the massive molecular cloud.

Although visually the Orion Nebula is
very prominent, it is now clear that the
bulk of the mass and a significant frac-
tion of the luminosity of the OMC-1 re-
gion is contained in the molecular cloud,
the core of which lies behind the Orion
Nebula as seen from the earth. The prox-
imity on the sky of the Orion Nebula and
the molecular cloud shown by Figs. 6
through 11 is not due to an accidental
projection. A number of arguments in-
dicate that the Orion Nebula has in fact
formed on the front surface of the molec-
ular cloud, as indicated in Fig. 5 (25, 28).
The core of the molecular cloud is delin-
eated by the 2-cm H,CO emission (Fig.
11) and the distribution of 1-mm contin-
uum emission (Fig. 10); it is seen as well
at 100 wm (Fig. 9). The position of maxi-
mum infrared and molecular emission is
coincident with the infrared cluster
shown in Fig. 12.

The nature and evolutionary status of
the objects in the infrared cluster is at
once the most important and the most
difficult question to be answered about
this region. Since this is by far the best-
studied object of its type, it is important
to review the evidence which suggests
that the cluster has formed recently.
First of all, the infrared cluster lies in a
region which contains a large association
of young visible stars, including the Tra-
pezium cluster, and is therefore known
to be a site of recent star formation (29).
The infrared cluster is envisioned as a
group of still younger stars which formed
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recently in the dense core of the molecu-
lar cloud and have not had time to dis-
perse from this high-density region
where they were born. A physical asso-
ciation between the cluster and the high-
density region is suggested by the posi-
tional coincidence of the cluster with the
peaks in the molecular and 1-mm emis-
sion. An accidental projection on the sky
is excluded by the fact that the temper-
ature of the emitting grains falls away
from the position of the cluster (30).
These temperature gradients suggest that
the infrared cluster is buried within the
molecular cloud and is heating the sur-
rounding material. Furthermore, the
density distribution in the cloud center
inferred from the 1-mm continuum ob-
servations (Fig. 10) is similar to that ex-
pected in a cloud which is collapsing un-
der its own gravitational forces, and its
presence at this position is suggestive of
a recent collapse process which led to
the formation of the infrared cluster (37).

An estimate of the age of the cluster
may be obtained from the time scale over
which it would dissipate because of ran-
dom motions. If the cluster size of 0.1
light year is divided by a typical random

velocity of a few kilometers per second,
this age is found to be around 5 x 10*
years, comparable with the pre-main se-
quence time scale.

Other data support the interpretation
that the cluster members are pre-main
sequence objects. First, one member of
the infrared cluster, the so-called Beck-
lin-Neugebauer object, is a compact
source with a luminosity of 10* L, a
temperature of 600°K, and dimensions
less than 200 astronomical units. Nu-
merical model calculations show that
these parameters are typical of those ex-
pected of an object in the latter stages of
its pre-main sequence evolution (10, 32).
Spectra of the Becklin-Neugebauer ob-
ject are displayed in Fig. 4.

Second, there appears to be no promi-
nent radio continuum emission associat-
ed with the infrared cluster. In contrast,
the neighboring Trapezium cluster of vis-
ible stars ionizes the Orion Nebula,
which is a very strong source of radio
continuum emission. Since the two clus-
ters have comparable luminosity, the ab-
sence of radio emission from the infrared
cluster suggests that this cluster is not
merely a group of young main sequence

stars embedded in the molecular cloud,
and that it may be at a significantly ear-
lier evolutionary stage than is the Trape-
zium cluster. In fact, the data reviewed
above support the speculation that the
infrared cluster is evolving toward a Tra-
pezium-like configuration. The Trape-
zium stars, in turn, appear to be the most
recently formed members of the exten-
sive association of young main sequence
stars which has been identified in the
Orion region (29).

Additional Examples of Young and

Forming Stars

Several dozen compact, dust-embed-
ded sources with properties similar to
those of the Orion infrared and Trape-
zium clusters are known from studies of
regions of recent star formation. In Table
1 we list the observed properties of some
of these compact sources; the spectra of
selected objects are shown in Fig. 3. Of
the regions included in Table 1, all but
OMC-2, Mon R2, and CRL 2591 were
first observed because. of association
with known H II regions. Orion Molecu-

5h32M508
R.A. (1950)

Fig. 6 (left). Photograph of the Orion Nebula as seen in the light of the atomic hydrogen Ha recombination line. The nebula is excited by the
Trapezium cluster, the group of bright stars just below the center of the photograph. The cross indicates the position of the infrared cluster shown
in detail in Fig. 12. The axes are labeled with the astronomical coordinates, right ascension (R.A.) and declination (DEC), referred to the year
1950. [Photograph courtesy of G. Miinch] Fig. 7 (right). Contours of radio continuum emission at 6 cm from the Orion Nebula are superposed
on the photograph of Fig. 6. [Adapted from (23)]
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]
5"32M50° 5"32M50°
R.A. (1950) R.A. (1950)
Fig. 8 (left). Contours of infrared emission at 20 um from the OMC-1 complex are superposed on the photograph of Fig. 6. [Adapted from (30); see
also (57)] In Figs. 8 through 11, the bar in the upper right corner indicates the spatial resolution with which the observations displayed in these

figures were made. This corresponds to a distance of 0.51 light year at the distance of OMC-1. Fig. 9 (right). Contours of infrared emission at
100 wm from the OMC-1 complex are superposed on the photograph of Fig. 6. [Adapted from (30)]

|
5"32M50° 5h32m503
R.A. (1950) R.A. (1950)

Fig. 10 (left). Contours of infrared emission at 1| mm from the OMC-1 complex are superposed on the photograph of Fig. 6. [Adapted from
@3N Fig. 11 (right). Contours of emission from OMC-1 in the 2-cm formaldehyde emission line are superposed on the photograph of Fig. 6.
[Adapted from (58)]
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Table 1. Measured properties of young and forming stars. In object names, IRS means infrared source. Thus, W3-IRS 4 is the fourth infrared
source in region W3. The conventions used in naming the regions are discussed in (/7). Luminosity, at 1 to 25 um, is corrected for circumstellar
extinction by using the 10-um silicate feature. Under radio continuum emission, ‘‘Yes’’ implies greater than 3. X 10~% watt m~2 hertz~! in a 10-arc-
second beam. Under maser emission, ‘‘Yes’’ indicates that OH or H,O maser emission (or both) is seen coincident with the object. Ty is

the observed temperature of the emitting dust.

. Mea- . Radio
Distance Lumi-
Region Object (light s;xirze;d n(l>lsny (To‘i&s)‘ tiﬁﬁﬁm erlrias‘:ie(:n Reference
years) (A.U.) Lo emission
w3 IRS 4 9,000 2 x 10t 200 Yes No 9, 60)
IRS 5 9,000 3,000 1 x 10% 300 No Yes 35,49, 50, 60)
OH 9,000 5 x 10t 150 Yes Yes _49)
OMC-2 IRS 3 1,500 1 x 10% 600 No ? 33)
OMC-1 Becklin-Neugebauer 1,500 =300 2 x 108 500 No Yes 35,44,47,61)
Kleinmann-Low 1,500 2,000 2 x 108 100 No Yes 35,62)
Mon R2 IRS 2 3,000 200 2 x 10° 400 ? ? (14)
IRS 3 3,000 400 5% 10t 400 ? ? (14)
RCW 57 IRS 1 10,000 1 x 103 400 ? ? ©63)
M 17 IRS 1 6,000 2 x 10® 200 o? ? ©4)
CRL 2591 CRL 2591 12,000 1 x 10° 400 No ? 5, 56)
NGC 7538 IRS 1 10,000 5 x 10t 300 Yes Yes 1, 65,66)
East 10,000 5% 10t 300 No ? 66, 67)

lar Cloud 2 was discovered as a result of
an accidental detection of the infrared
emission from a cluster of compact
sources (33); the sources in the Mon R2
region were discovered in a rocket-borne
infrared sky survey (I7, 34) and, inde-
pendently, by ground-based near-in-
frared studies motivated by the presence
of enhanced CO emission at radio
wavelengths (/4); and CRL 2591 was dis-
covered in the rocket survey (I7). The
general characteristics of the objects in
Table 1 agree qualitatively with the theo-
retically predicted appearance of a mas-
sive star in its late pre—main sequence or
early main sequence stages (10, 32); the
luminosities are typically thousands of
solar luminosities, while the sizes are
comparable to that of the solar system
and the temperatures are typically sever-
al hundred degrees. In some cases, but
not all, there is detectable radio contin-
uum emission associated with the com-
pact source, indicating the presence of
ionized gas. Each of the sources listed in
Table 1 is located in a region of high dust
and gas density; this is consistent with
the idea that all were formed in relatively
recent collapse processes.

It is immediately clear from Table 1
that several compact sources are typi-
cally associated with one region. A con-
spicuous example of special interest is
the W3 region, which contains a half-
dozen separate sources, which have
varying relative amounts of infrared and
radio emission. A portion of the W3 re-
gion as seen in the infrared at 20 wm and
in the radio continuum at 6 cm is shown
in Fig. 13; the area shown in Fig. 13 cor-
responds to that in the box in Figs. 1 and
2. The individual sources shown in Fig.
13 all have luminosities = 10* Lg; re-
cent high-sensitivity surveys have dis-
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covered additional objects of lower lumi-
nosity within the region shown (35).

The most interesting object in this re-
gion is the source W3-IRS 5, which has a
luminosity of at least 10° L, but shows
no associated radio emission down to a
very low level (Fig. 3), even though a
main sequence star of this luminosity
should produce an easily detectable H II
region. W3-IRS 5 is extremely compact,
with a measured size of 3000 A.U. (35); it
consists of a small, dense cloud of dust
within which a highly luminous object is
embedded. Microwave maser emission
from H,O molecules is also associated
with W3-IRS 5. The objects W3-IRS 1
and W3-IRS 3, which emit strongly at
both 20 um and 6 cm, are compact H 11
regions similar to the Orion Nebula, and
are excited by stars with main sequence
lifetimes less than 10¢ years. The source
W3-IRS 4 has properties intermediate
between those of W3-IRS 5 and W3-IRS
1; it resembles W3-IRS 5 at infrared
wavelengths but also has associated with
it a small amount of ionized gas.

These objects in W3 provide a graphic
illustration of some of the stages thought
to occur as a massive star evolves to-
ward and onto the main sequence. Com-
pact, luminous infrared sources with no
associated ionized material, such as W3-
IRS 5 and the Becklin-Neugebauer
source in Orion, are the most promising
candidates to be pre-main sequence ob-
jects. Objects such as W3-IRS 4 and
NGC 7538-IRS 1 (Table 1) have sizes,
temperatures, and infrared energy distri-
butions similar to those of the candidate
pre—-main sequence objects, but show in
addition a small amount of radio contin-
uum emission. These sources may be
powered by stars which have reached
the main sequence and begun to ionize

the surrounding material to form a small
H II region, but are still embedded in the
dust shell within which they formed.
This stage in the early evolution of a
massive star has been the subject of sev-
eral theoretical investigations (36),
which also suggest that the main se-
quence star eventually disperses the dust
shell and produces a well-developed H 11
region, as exemplified by W3-IRS 1 and
W3-IRS 3 and by the Orion Nebula.

Although this article emphasizes con-
tinuum observations, it is important to
note that infrared observations of atomic
and molecular species at high spectral
resolution are becoming increasingly im-
portant for probing objects such as W3-
IRS 5 and the Becklin-Neugebauer
source. For example, an atomic hydro-
gen emission line at 4.05 wm has recently
been detected (37) from the Becklin-
Neugebauer object, and has been inter-
preted as indicating that in this case the
dust-embedded object may be a star with
surface temperature T = 5000°K, which
is in fact in the latter stages of its pre—
main sequence evolution. The infrared
emission from the Becklin-Neugebauer
object has also been observed to be high-
ly polarized (38); the polarization is
thought to be due to alignment of grains
by the magnetic field in the central re-
gions of OMC-1, and detailed studies of
the polarization in such regions may clar-
ify the role of the magnetic field in inhib-
iting or promoting star formation.

Properties of Regions of Star Formation

Young and forming stars such as those
described above are found within dense
clouds of dust and gas which often con-
tain a number of objects that appear to
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be in different early evolutionary stages.
It is necessary to study the properties of
these regions in their entirety to under-
stand the formation and properties of the
individual stars which they contain,
since the physical conditions of the re-
gion as a whole may represent those un-
der which the stars began to form. In ad-

dition, the appearance of the stars may
be influenced by the material within
which they are embedded, and the lumi-
nosity of the embedded stars can only be
estimated when their contribution to the
heating of the region as a whole has been
determined.

An idea of the general properties of

such regions is given by Table 2, which
lists the overall physical parameters for
four regions: W3, OMC-1, OMC-2, and
Sagittarius B2, a molecular cloud near
the center of the galaxy. These parame-
ters were derived from a variety of in-
frared and radio observations, as de-
scribed in Table 2. For each region the

Table 2. Observed properties of regions of star formation. The tabulated properties are derived as follows. The luminosity is obtained from the
observed infrared flux and may include contributions from both main sequence and pre-main sequence stars. The gas temperature, T, is taken
equal to the brightness temperature of the 2CO emission line, and the gas density, Ny, and mass, M., are derived from observations of CO and
other molecules. The dust temperature is estimated from the wavelength at which the infrared emission peaks, and the mass of dust is derived
from the observed emission at 1 mm. The gas and dust densities, masses, and temperatures refer to the neutral components in each region. Re-
gions W3, OMC-1, and Sgr B2 also contain ionized clouds, which are comparable in density to but much less massive than the neutral clouds.
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w3 9,000 7 1.1 x 108 30 10* 2 x 103 80 70 31,46,49, 60, 68)
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OMC-2 1,500 0.5 10% 55 10* 5 40 0.1 33,70)
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Fig. 12 (left). Schematic representation of the infrared cluster and the Trapezium cluster at the center of the Orion Nebula-OMC-1 complex. This
figure corresponds to the central portion of the photograph shown in Fig. 6. The contours show the distribution of 20-um flux, which has been
measured at this high spatial resolution only in the vicinity of the two clusters and not over the entire region shown. The Becklin-Neugebauer
(BN) and Kleinmann-Low (KL) objects are the most prominent members of the infrared cluster, and the open circles IRS 2, IRS 3, and IRS 4 are
spatially unresolved infrared sources seen at wavelengths shorter than 20 uwm. The filled circles show the optically bright Trapezium cluster, the
brightest member of which is 9 (C) Ori, and the Ney-Allen (NA) source is a region of enhanced 20-um surface brightness associated with the
Trapezium stars. The three large crosses are at the positions of OH microwave maser emission regions, while the nine small crosses are H,O
master emission regions. [Adapted from (48); see also (59)] Fig. 13 (right). High-spatial-resolution maps of the W3 region in the infrared at 20
wum and in the radio continuum at 6 cm. At each wavelength, the same region of sky, corresponding to the box in Figs. 1 and 2, is shown. This
region is about 3 light years across. The cross on the radio map indicates an H,O master emission source which coincides with W3-IRS 5. [Adapted
from (49)]
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tabulated properties refer to a dense cen-
tral core which is observed at radio
wavelengths to be enveloped by a much
larger and more massive cloud of lower-
density molecular gas. The central core
is the portion of the cloud within which
the luminosity due to young and forming
stars is observed to be greatest. The tab-
ulated parameters are rough averages
over this central region and are of only
qualitative significance.

Table 2 shows that these regions are
0.5 to 10 light years in size and have
masses in the range 10% to 10® M, lumi-
nosities in the range 10% to 107 L, and
densities in the range 10* to 10% atom
cm™3, Each contains a number of young
and luminous objects which are embed-
ded in the dense clouds of neutral and
ionized gas. The luminosity, which is ob-
served principally in the infrared (Fig. 3),
is produced by these embedded main se-
quence and pre-main sequence stars,
which heat the surrounding material and
cause it to radiate at infrared wave-
lengths. The mass of the stars required
to produce the observed luminosity is
typically 0.01 to 0.1 of the mass of
the gas.

The specific regions listed in Table 2
were chosen for the following reasons.
Orion Molecular Cloud 2 and Sgr B2 rep-
resent the exteme ends, in terms of mass
and luminosity, of the distribution of
known or suspected regions of recent
star formation; W3 and OMC-1 are near-
by regions with intermediate properties
and are among the most intensively stud-
ied regions of recent star formation.

Altogether, from a variety of infrared
(12, 17, 39) and radio (40, 41) surveys,
roughly 50 regions of star formation hav-
ing general properties comparable with
those described in Table 2 have been dis-
covered at distances of 1,500 to 45,000
light years from the sun. They are con-
fined to the plane of the galaxy and are
found preferentially in the spiral arms,

" where the average density of interstellar
matter is highest.

Conclusions

The single most important contribu-
tion of the infrared observations to our
picture of star formation has been the
discovery that compact luminous in-
frared sources with little or no associated
visible radiation or ionized material are
frequently found embedded in dense
clouds, which also contain young main
sequence stars and other signs of recent
star formation. These infrared sources
are in different, and presumably earlier,
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evolutionary stages than are the young
main sequence stars. Thus they make it
possible to push empirical studies of the
formation and evolution of a massive
star back in time beyond the point at
which the star arrives on the main se-
quence.

Several generalizations can be made
from these observations of regions of
star formation and of the young stars and
forming stars which they contain. A sig-
nificant observed property of regions of
star formation is that possible pre-main
sequence objects are found in the dens-
est central portions of larger clouds of
gas and dust. This supports the generally
accepted premise that gravitational col-
lapse is the driving mechanism for the
star formation process. In addition, the
properties of these possible pre-main se-
quence objects agree qualitatively with
the predictions of detailed models based
on gravitational collapse. A single region
often contains stars in several early evo-
lutionary stages, suggesting that the col-
lapse process in these regions occurs
through mechanisms which lead to the
formation of many stars with comparable
properties.

It is now possible to define, observa-
tionally, a sequence of objects all of
comparable luminosity but which vary in
nature from infrared stars with no asso-
ciated ionized gas to main sequence stars
with well-developed H II regions. It is
often the case that sources are found
within a single region which lie at all
points along this sequence. This suggests
that stars are still forming in these re-
gions and that further observational
studies may reveal objects at evolution-
ary stages earlier than those which have
been identified to date.

Fifteen years ago there was little ob-
servational basis for the picture of star
formation we have described. Although
each advance in infrared and radio as-
tronomy has contributed to our under-
standing of the process of star formation,
identification of specific objects as form-
ing stars still rests largely on circum-
stantial and statistical evidence. It is
clear that further observational and theo-
retical work is required to establish a de-
tailed understanding of these early stages
in the life of a star.

Appendix—Observational Techniques

A discussion of the observational tech-
niques is helpful in defining the limita-
tions of the currently available infrared
observations (42). At wavelengths short-
ward of 35 um the atmosphere is trans-

parent in well-defined windows, and
large conventional ground-based optical
telescopes can be used effectively. For
wavelengths between 35 and 350 um the
earth’s atmosphere is opaque and obser-
vations are carried out from high-flying
aircraft, rockets, and balloons; the tele-
scopes so far flown are no greater than 1
m in diameter. Ground-based telescopes
are also used at wavelengths near 1 mm,
where the atmosphere again becomes
transparent. Cryogenically cooled semi-
conducting bolometers are generally
used as detectors for wavelengths longer
than 100 wm; at shorter infrared wave-
lengths both photoconductive detectors
and bolometers are used.

The objects which are discussed in this
article lie in the galaxy at distances of
1500 to 6000 light years from the earth—
that is, 1/20 to 1/5 the distance to the cen-
ter of the galaxy. At 10 um, using a large
ground-based telescope at the diffraction
limit, structure on the scale of 2500 A.U.
or 0.04 light year is resolved in a region
located some 3000 light years from the
earth, and structure on a finer scale can
be discerned by using specialized tech-
niques (43). In contrast, for wavelengths
between 100 um and 1 mm limitations
due to diffraction are such that it is not
possible with the telescopes now avail-
able to resolve structure on a scale finer
than 1 light year in the same region. A
consequence is that observations at
these longer wavelengths generally en-
compass large regions rather than resolv-
ing individual pointlike objects.

The detector sensitivity also sets limits
on the objects which can be studied. In
particular, when mapping or scanning an
area 3000 light years from the sun for
new sources, it is possible to detect a
source with a luminosity ~ 10 times that
of the sun if its spectral peak is at 5 um.
A cooler source at the same distance
with a spectral peak at 100 wm must have
aluminosity greater than 10° L ; to be dis-
covered in a scanning operation. If one is
observing at a single point on the sky
rather than scanning, it is possible to
measure objects 100 times fainter than
these limits within reasonable times.
Here we have assumed low. spectral res-
olution (A/AX of 2 to 10), which is typical
of the data presented in this article.
Higher-resolution measurements are just
now being achieved (37, 44, 45) and un-
doubtedly will become increasingly im-
portant in determining the velocity struc-
ture of areas of star formation and in pro-
viding detailed information about the
characteristics of dust-embedded sources
which cannot be obtained from broad-
band measurements alone.
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