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ABSTRACT

In this thesis, the nature of the star forming core of the Mon R2 cloud is
investigated using new, high spatial resolution observations. The new data include: maps
of 12C0 J=3-52, 1HCN J=4—3 and HaCO Jy ;=55 — 4, ,, spectra of 12CO J=2=1
and 13CO J=3--2 at 12 positions, an infrared M-band spectrum, and finally sub-
millimeter and millimeter continuum maps (450 um, 800 um, 1100 pm and 1300 um).

Based on the spatial distribution of the intensity of the 12CO [=3-2 transition, we
present a qualitative description of the region which consists of complexes and clumps.
The complexes surround a central area of lower intensity which corresponds to the compact
H 1 region in the cloud core. The radiation from the sub-millimeter and millimeter
continuum maps is believed to be due to thermal emission from dust. located in and around
the H II region. Some differences between the maps are believed to be due to the
increasing importance in the millimeter maps of free-free emission from ionized gas.

The complexes incorporate 13 smaller intensity peaks (clumps), which have large
masses (2.7 to 0.007 M) and large velocity dispersions (typically 30 km/s). The CO
clumps are not distributed in a bipolar fashion. They probably formed from the interaction
of the large outflow with the ambient gas. The source of the outflow is not clearly
identified. We propose that the outflow could originate from IRS 3. which has gone
through a quicscent phase.

The CO excitation temperature, ox, varies between 5 and 60 K. Although the CO
J=3-2 transition can locate the position of the dense gas, it misses a large fraction of the
dense quiescent gas (70-80%) due to self-absorption.

The sum of the magnetic and the gravitational energy (12 x 1043 erg) is somewhat
smaller than the total Kinetic encrgy of the inner core of the Mon R2 cloud (15 x 1045 erg),

and, hence. the core is either in the process of disruption or in dynamical equilibrium.

i3
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I. INTRODUCTION

a. Star formation

Molecular clouds are considered to be the main star forming sites
(Zuckerman et al. 1976). However, if the characteristic values of density (nH.=
103105 em™3 or more) and radius (5-10 parsecs) are taken into account, then
clearly these values must change by many orders of magnitude to become
comparable with those of a typical star. The obvious physical process that
could be responsible for the necessary compression is the gravitational
collapse of the cloud. If the cloud is dense enough to be unstable against
gravitational collapse, then the self-shielding of the gas from external
ultraviolet photons will be adequate to maintain a cold molecular core. Less
dense clouds can be invaded by ultraviolet photons which have enough

energy to dissociate molecular hydrogen and to warm the cloud core.

In a quantitative analysis it is useful to assume that the only force that
acts on the molecular cloud is its gravitational force, ignoring magnetic fields,
rotation and external pressure from the surrounding gas. The cloud will
contract provided the gravitational energy is larger than its internal kinetic
encrgy. If the relative magnitude of the internal pressure is small, then the
cloud will undergo a free-fall collapse. According to Dyson and Williams

(1981), tor collapse to oceur the free-fall time must be less than the time taken



J
for the information that the pressure is increasing to travel across the clowd
(at the speed of sound vg). If the cloud has a unitorm density p,,, then the

critical mass for the cloud to collapse is given by the Jeans mass:

,‘ /3n5 '
Merit= "\ 33 vt G p e

where G is the gravitational constant.

From this oversimplified scenario we find that the critical mass tor
cool molecular clouds (typically ny, =5 x 105 em~iand T = 20 K) is about 30
solar masses (Mg), which corresponds to a critical radius of 0.3 parsees (pe).
Since molecular clouds are typically several parsees in size, such a small
critical radius indicates that a molecular cloud could contain many
subsections which collapse independently; this would also explain the
observed tendency of stars to form in groups. As a subsection starts
collapsing, the critical mass decreases as the density increases, and therefore,
the cloud will separate into even smaller entities.  This hierarchical
fragmentation will not continue indefinitely. The lower limit for the mass
will be set by the increasing gas opacity which will not allow the thermal
radiation from the gas and the dust to escape. Not only will the temperature
of these fragments rise, but also their sound specd and their critical mass will
increase, since the latter is proportional to the sound speed. Models that
propose a clumpy structure for molecular clouds (Norman and Silk T980;
Blitz and Shu 1980) imply that a cloud with clumps forms stars on small
scales but is quite resistant to overall collapse. Therefore, it is not surprising

that a large-scale collapse of a molecular cloud has never been observed.

R



It should be obvious that the formation of real stars is an extremely
complicated process. A comparison of the observed star forming efficiency of
2% with the predicted one of 20-50% ([Lada et al. (1984)] shows that
mechanisms that slow down or stop the collapse must be sought. The most
promising mechanism is associated with the presence of magnetic fields in
the molecular clouds. The ions in these clouds, although they are relatively
few (1 part in 107), are the only species that are affected by magnetic fields. As
the neutral particles succumb to gravitational forces, they are slowed down
due to friction with the ions controlled by the magnetic field. There are other
factors that also need to be taken into account, for example, turbulence and
the rotation of the cloud. They undoubtedly contribute to supporting the
cloud cores, but are not thought to be the major supporting mechanisms.
Observations indicate (Shu et al. 1987) that the rotation rates of the cloud
cores are too small to stabilize them. Furthermore, turbulence would

dissipate on short time scales (500,000 years).

Despite the supporting mechanismns, the clouds form condensations.
What processes might then lead these new condes.sations to star formation?
The condensation that will eventually form a star collapses in a highly non-
uniform, "inside-out” manner, forming another condensed configuration.
Because the core possesses angular momentum, it forms a central protostar
with a disk in its equatorial plane; both are deeply embedded in the still-

intalling envelope of dust and gas.

As time proceeds more of the rotating and inflowing material will fall

preferentially onto the disk.  Observations indicate that T Tauri stars are
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usually found distributed throughout dense molecular clouds. This is not
always the case for stars of higher mass. Some prominent high-mass
protostars, such as GL 490 and GlL. 2391, are at the centre of their cloud. Many
cases of high-mass protostars, however, seem to form in a sequential fashion
from one edge of the molecular cloud to another, for example Cepheus OB 3,
W5 and W4 (Elmegreen 1992). The Mon R2 region contains many B stars.
When one group of its B stars evolves, it can ionize the surrounding gas, thus
creating H II regions. As the H II region expands, it compresses more gas,
increasing the density. This leads to the next gencration of massive stars,
Although there are no published data that indicate that the stars in the Mon
R2 cloud have formed sequentially, it should be noted that the compact T 11
region seen in the cloud core compresses the gas around the H I region, as

will be seen in our CO observations.

b. Molecular outflows

From the previous discussion one would expect to find mass inflow in
star forming regions, however, the observations came as a surprise,
Zuckerman et al. (1976), for example, founu in a small region in the Orion
Molecular Cloud that the width of the CO emission lines was 180 km/s'. This
velocity is much larger than that observed throughout the cloud (5 km/s)
and, of course, supersonic since the speed of sound is approximately a few x

0.1 km/s. Moreover, one of e most intriguing characteristics that emerge

" The notation km/s will be used for units of velocity rather than km s
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from many observations of the gas motions in star forming regions is their
bipolarity, i.e. the receding gas (red-shifted) is spatially displaced with

comparison to the approaching (blue-shifted) gas.

These motions could in principle be interpreted as any of the
following: collapse, rotation, expansion, or turbulence. Rotation can be ruled
out by the presence of very high velocities over relatively large areas, because
they would indicate the presence of masses = 104 Mg versus the observed 100
M. Furthermore, the bipolarity of the moving gas makes collapse and
turbulence highly unlikely candidates for explaining the nature of the gas
motion, because it is hard to imagine collapse happening in a collimated
fashion. The consensus is that these motions show the presence of molecular

outflows. At least 150 molecular outflows are now known (Fukui 1989).

Lada (1985) distinguishes three types of outflows: bipolar (73% of his
sample of 41 outflows), symmetrical (10%) and monopolar (17%).
Symmetrical outflows show approaching and receding gas in the same region,
while monopolar outflows show either approaching or receding gas. Most

outflows are bipolar; this is the case for the outflow seen in Mon R2.

We can summarize other physical properties of the outflows. Their
dimensions are typically between 0.1 and 4 pc and their masses range between
0.1 and 100 Mop. The energy of these outflows derived from the observed
masses and velocities is enormous, 1043-1048 ergs (Snell 1987). The dynamical
time scales for various outflows, simplistically approximated by the ratio of
the outflow's size to its radial velocity, range between 10% and 10° years, with a

canonical value of 104 years.



This brings up the issue of where and with what rate these outflows
occur. Since the typical age of an outflow is 2 x 10% vears, this leads to a rate of
birih of outflow progenitors of 1.1 x 103 vears-! kpe= (Snell 1987), which is
comparable to the rate of star formation of all stars more massive than the
Sun. This is an indication that all stars with M > Mg undergo mass loss via
molecular outflows. Furthermore, the statistics permit all stars to go through

an outflow phase.

The most popular idea for explaining these outtlows is associated with
the presence of an ionized stellar wind, created by a voung stellar object or by
an accretion disk surrounding the object. The wind accelerates the ambient
gas creating perhaps a thin shell of swept-up material at the intertace of the
wind with the molecular cloud. One of the aims of the observations
discussed in this thesis is to identify the stellar source of the outflow.
However, none of the known infrared objects in the Mon R2 core can be
clearly labeled as the source. We suggest that IRS 3 could be responsible tor

the large outflow.

It is useful to compare the energy supplied by the ionized wind with
the energy of the outflow. In most cases the luminous energy of the wind is
smaller than that of the outflow. Lada (1985) suggests this may be because: (i)
the winds are variable with time and they are observed as they are going
through their quiet phase, (ii) there is an important ncutral component
which carries most of the wind momentum and energy, or (iii) the wind
velocities are underestimated. Although there is no overwhelming proof for

any of these hypotheses, there is evidence that a fast neutral atomic wind

v
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exists in some outflows, for example NGC 2071 (Bally and Stark 1983), HH7-11
(L.izano et al. 1988), DR 21 (Russell et al. 1992), and L1551 (van der Werf et al.
1989; Giovanardi et al. 1992). To our knowledge there has been no search for a

neutral wind in the Mon R2 cloud.

Another important problem is the collimation mechanism for the
outflow. There are at least three proposed mechanisms. First, the collimated
outflow may be due to a bipolar wind originating at the surface of the
protostar or in the surrounding accretion disk. Alternatively, a flattened
density distribution may be able to collimate an initially spherical wind into
two opposite jets (Konigl 1982; Torrelles et al. 1983). Both of these
mechanisms predict that the dense gas should have a disk-like morphology
with a symmetry axis parallel to the flow. A third possible mechanism to
cause bipolar outflows is related to the hydromagnetic winds which originate
in the envelopes of rotating, magnetized disks (Pudritz and Norman 1983;
Pudritz 1985). Although we will not address the collimation issue for the CO
outflow seen in the Mon R2 cloud, it should be noted that our CO, HCN and
H2CO observations do not show a flattened structure around IRS 3 or any of

the other luminous infrared sources.

i
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¢. Summary of previous work on the Mon R2 region

Mon R2 (galactic coordinates are /= 216" and 6 = -127) is an association
of stars illuminating nine reflection nebulae and was first identified by van
den Bergh (1966). The nebulae lie chiefly along a line running roughly cast-
west about 2° (30 pc) in length. Four of the nebulae correspond to NGC

objects: NGC 2185, NGC 2183, NGC 2182 and NGC 2170 (Tirion et al. 1992).

The distance to the reflection nebulae derived initially by Racine (1968)
was 830 pc. In 1970, this value was revised to 950 pc by Racine and van den
Bergh (1970). However, Herbst and Racine (1976) conclude that (830 & 50) pc is
the best determined distance, and this value is used here, unless otherwise
stated. These authors presented photometric data for 29 stars in the Mon R2
association and concluded that the reflection nebulae are illuminated by zero-
age main-sequence (ZAMS) B1-B9 stars. From an lHertzsprung-Russell
diagram of stars in the region, Herbst and Racine proposed that star formation

began in the Mon R2 cloud between 6 and 10 million years ago.

The reflection nebulae seem to have formed in a molecular cloud,
which is frequently referred to as Mon R2. This cloud was discovered when
Loren et al. (1974) detected CO in emission across the more optically obscured
parts of the region. Kutner and Tucker (1975) presented CO J=1-0 emission

observations of a 3°.5 x 3°.5 region using a beam width of 2'.6. The strongest
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peak (Tg = 31 K) in CO emission lies among three reflection nebulae vdB6s,

vdB6Y and NGC 2170, and is not identified with any of them.

A more complete survey in CO J=1-0 was conducted by Maddalena et
al. (1986). The beam was larger than that of Kutner and Tucker, but the
sampling was more thorough. Figure 1 indicates that the Mon R2 cloud is an
elliptical giant molecular cloud with dimensions of 7°.6 x 2°.8 (110 pe x 40 pc).
It is situated approximately 150 pc south of the galactic plane and its major
axis lies approximately parallel to the plane. Hughes and Baines (1985) note
that the reflection nebulae and the H II regions in this cloud have a
remarkable distribution: 28 out of the 30 objects are confined to a narrow strip

that is 0°.5 (7 pc) wide and 8° (115 pc) long,

Maddalena et al. estimated that the mass of the cloud is 0.9 x 10° Mo.
This value is consistent with the spatially limited CO surveys of Kutner and
Tucker (M > 0.32 x 105 Mo for an area of 3°.5 x 3°.5) and Loren (M = 0.23 x 105

Mo for an area of 20' x 35') if the uncertainties are considered.

We will not emphasize the characteristics of the whole Mon R2 cloud,
but will focus on some of the interesting features that are associated with the
core of the cloud. The most prominent feature is a very large molecular
outflow detected in CO. The core also contains a compact H II region and H20
and OH masers (Downes et al. 1975). Finally, there is an infrared cluster
located in the cloud core, the nature of which needs to be investigated. All
of these phenomena are indications that the cloud is a site of recent,

possibly ongoing, star formation, which makes this region so interesting.

J ;f??
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Fig. 1 The Mon R2 cloud mapped in CO J=1—0. The interval

between contours is 2.6 K km/s and the lowest contour level is at 1.5 K
km/s (adapted from Maddalena et al. 1986).
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The CO outflow is discussed in section (ii), the structure of the cloud core
from molecular studies is presented in section (iii), the compact H Il region is

described in section (iv), and the infrared cluster is considered in section (v).

Loren et al. (1974) were the first to detect 12CO and 13CO J=1-0
emission in the Mon R2 region. Many CO observations followed because this
study indicated broad line wings in the CO spectra, which suggested the
presence of high-velocity gas. Studies of the Mon R2 region in CO J=1-0
include those of Snell and Loren (1977), Loren (1977), and Bally and Lada

(1983). In what follows, we focus on more recent studies.

Wolf et al. (1990) mapped the Mon R2 region in J=1—0 transitions of
12CO, 13CO and CI8Q with a beam width of approximately 90". They
concluded that the velocity components around the infrared cluster show
bipolar symmetry and are spatially fairly distinct (although the approaching
and receding gas overlap close to the origin). These two characteristics suggest
that the presence of receding and approaching gas is the result of a collimated
molecular outflow. They also note that the Mon R2 outflow extends over 28'
(6.8 pc), which makes it one of the largest outflows. The dynamical time scale
(ty) for the outflow is computed by Wolf et al. as the ratio of the average
dimension of the outflow over its characteristic velocity. These authors find

that tg = 10% years.

i o
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According to Wolf et al., the mass of the outflow is about 180 Mg and
approximately 50% of the surrounding ambient molecular cloud has been
swept up by the outflow during the course of its evolution. The outflow has
an unusual, bent morphology and is roughly parallel to the divection of the
magnetic field in the cloud. The receding gas is spatially more contined in the
plane of the sky than the approaching gas, which could be due to the

geometry of the flow.

Observations at a somewhat higher resolution (beam width of o0"),
covering a 10' x 20" area of the Mon R2 outflow, are discussed by Meyers-Rice
and Lada (1991) (Figure 2). Their CO J=1-0 map suggests that the outflow
consists of two distinct pairs of bipolar lobes which partially overlap. The
observed velocity in two of the four lobes increases with the projected
distance from the flow centre, which they assume to be IRS 1. These authors
explain this linear expansion law as self-sorting of the flow material, which is
driven by a more or less steady force or wind. If a steady force is applied to a
medium consisting of clumps of differing mass and size, then clumps of the
smallest dimension and mass would experience the greatest acceleration and
move farthest from the central source with time. It should be noted,
however, that our higher resolution observations do not indicate that the CO

gas in the core of the Mon R2 cloud is distributed according to its velocity.

Meyers-Rice and Lada propose that the Mon R2 flow cannot be
described easily by a single collimated flow. They suggest that the flow
consists of the superposition of two physically distinct bipolar outflows which
independently originate from separate infrared sources in the cluster of

young stellar objects at the centre of the outflow activity. One of these flows
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Fig. 2 An integrated: intensity CO J=1-50 contour map (60" beam): The

contours of emission from receding gas are solid and from approaching gas are
dashed. The position of IRS 1 is marked. Both maps have their lowest contour
fevel at 10 K km/s, and the interval between contours is 5 K km/s and 10 K km/s
respectively. Meyers-Rice and Lada suggest that the flow consists of two
physically distinct bipolar outflows which originate from separate infrared sources
(adapted from Meyers-Rice and Lada 1991)
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(Mon R2a) consists of extended lobes and is collimated to some extent. The
other flow (Mon R2b) consists of two compact lobes and is poorly collimated.
The higher outflow velocities present in this second, compact flow suggest
that its poor collimation might be due to a small angle of inclination with
respect to the line of sight and that its major axis is roughly orthogonal to that
of the more extended and collimmated outflow. Our CO observations indicate
that there is a bipolar diffuse component consistent with Mon R2a. However,
the complicated velocity structure revealed by our observations suggests that
the gas motions are probably more complex than one would expect from a

superposition of two outflows.

ission lines from molecules

A measurement of the excitation of interstellar molecules can provide
a means of determining physical conditions in molecular clouds. In
particular, the measurement of a number of transitions of a single molecular
species provides our only generally applicable method of determining the
molecular hydrogen densities within these clouds. Molecular hydrogen
densities, as determined by measurements on different clouds and different
molecules within an individual cloud, are known to vary over a range of
several orders of magnitude (103-106 cm™3). This is found by exploiting the

range of critical densities for different species.

Besides 12CO, very important information can be obtained from 13CQ),

which is not only useful for studying the gas kinematics but also provides an

it
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estimate of the total gas mass. The central region of the Mon R2 cloud was
first mapped in the 13CO J=1-0 (110 GHz) transition by Loren (1977) with a
beam width of 2'.6. Montalban et al. (1990) mapped an area of 20' x 16' in the

same transition with a beam width of 4'.4,

The molecular cloud has been mapped in the emission lines of various
other molecular species besides CO. Other species are detectable only in the
denser part of the cloud, with dimensions of approximately 10' x 10' or less,
depending on the molecule in question. In what follows, we emphasize
observations that are comparable to our CO observations of the cloud core

(radius =1').

1) CS

Many low resolution studies have been made in CS: Kutner and
Tucker (1975), Linke and Goldsmith (1980), and Montalban et al. (1990). One
such study by Heyer et al. (1986) showed that the strongest CS J=2—1 emission
peak in the map (beam width of 56") was located near the position of the
infrared sources and extended towards the west. The radius of the region was
about 1' (0.24 pc). They also obtained a map of the CS J=5-4 (245 GHz)
emission (beam width of 22") within the central 1' cloud core of Mon R2.
This high rotational transition probes densities on the order of 106 cm3. For
this inner region the density Heyer et al. calculated is 5-10 x 10° ¢cm-3. Both
maps are featureless. This region of 1' radius defined by the CS emission is
considered in what follows to be the core of the Mon R2 cloud. It is in this

central core where the CO emission peaks, according to our new observations.

-
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Wolf et al. (1990) present CS observations of J=2-31 emission with a
beam width of 1'9 and of J=5-4 emission with a beam width of 23", The
dense CS core surrounds the infrared cluster at the origin of the CO outtlow
[discussed further in subsection (v) below]. These authors infer that the core
may have a flattened structure, but the evidence is hardly compelling. A
comparison of the spatial distributions of emission from the J=2-»1 and

J=5-»4 transitions of CS suggests a steep density gradient in the core.

2) HCN
Kutner and Tucker (1975) mapped 1IHCN J=1-0 (88.6 Gllz) emission
and found that it peaks on the infrared cluster. The HCN J=1-+0 map with a
15" beam of Richardson et al. (1988) indicates that the two peaks located
northeast and southwest are separated by 2' (0.5 pc). We discuss our new

HCN J=4-—3 emission maps in Chapter VI,

3) H2CO

Loren et al. (1974) were the first to detect the HRCO Jp =2, =1,
transition (140 GHz) at the core of Mon R2. They found that the half-intensity
radius of formaldehyde is 3'.3 (0.8 pc). The spectrum of the Ji , =1, =1,
(4830 MHz or 6 c¢m) transition of HaCO obtained by Downes et al. (1975) has
two absorption-liﬁe features at velocities of 8.0 and 11.1 km/s. It should be
noted that at approximately the same velocities we see absorption features in
our CO maps (at 7.6 km/s and 11.3 km/s). This is an indication that at lcast

some of the molecular cloud is in front of the H II region. There is no other

p—
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recent study of the Mon R2 core in HpCO. We present new HaCO

observations at sub-millimeter wavelengths in Chapter VI,

4) NH3

Macdonald et al. (1981) observed NH3 (1,1) and (2,2) emission (at 23.69
CGHz and 23.72 GHz) in this region (2.2' beam width). Observations by
Willson and Folch-Pi (1981) and Torrelles et al. (1983) with an angular
resolution of 1.5 and 1'4, respectively, show that the NH3 emission is
contained within an ellipsoidal region about §' x 5' in extent. This structure
is centered south of the compact objects. These studies, however, have low
resolution and, therefore, do not give detailed information about the cloud

core.

Studies by Montalban et al. (1990) of the ammonia emission
distribution (beam width of 42") show evidence for clumps with diameters of
a few x 0.1 pc and masses between 1 and 65 Mg. Torrelles et al. (1990) made
high-resolution observations (3") of NH3 (1,1) and NH3 (2,2) emission with
the VLA, and these show several small condensations that constitute an arc-
like structure located 40" to the southwest of the H II region. The reason for
the displacement of the ammonia structure from the edge of the H II region is
not yet understood. Within the arc, there {s a clear temperature gradient,
with the highest temperatures toward the northeast inner edge of the arc-like
structure. This implies, according to Torrelles et al., interaction of the exciting
source(s) of the 1 II region and/or the stellar wind with the ambient dense

molecular gas.
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Both NHj studies suggest that the Kinetic temperature in the cloud core
is typically between 20 K to 30 K, increasing to over 45 K toward the position
of the embedded infrared sources. Montalban ¢t al. suggest that the high
temperature is caused from heating due to the photoelectric eftect on dust
grains. The ultraviolet radiation that is responsible for the heating of the gas
originates from the B0 star which is exciting the compact H 11 region. This
will be discussed in the next subsection (iv). Montalban et al. note, however,
that the ultraviolet radiation causing the heating should also dissociate the
N H3 molecules. In order to explain that NHj3 is only partially
photodissociated at the cloud edge, Montalban et al. propose that gas phase
ammonia is being evaporated from dust grain mantles according to the

Gusten and Fiebig (1988) model.

5) HCO*
From observations of HCO* emission by Loren (1977) and Richardson
et al. (1988) two peaks were identified that were separated by 2' (as is the case
for the map of HCN emission). However, since these surveys were done at

low resolution, we will not dwell on their results.

Gonatas et al. (1992) used single-dish measurements with the 'CRAO
(Five College RAdio Observatory) 14 m antenna with a 58" beam width to
observe the core of Mon R2 in HCO?* (J=1-0). HCO™ emission was detectable
over a 4' x 4' region with two main condensations: one in the NE and one in
the SW. Gonatas et al. also observed HCO* (J=1--»0) emission with a beam
width of 9".8 using the Ilat Creek interferometer. Their study suggests the

presence of two regions of high intensity which almost engulf an arca of low
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intensity. This high resolution map has similar overall morphology with the
single-dish map, although it reveals a very clumpy structure. It is not clear
how much of the clumpiness is real. All the clumps detected by Gonatas et al.

have about the same shape and size, which coincides with the beam size.

Characteristics of the Mon R2 cloud core can be deduced from previous
molecular line work. The core has a large density gradient and the density
reaches values as high as 106 cm-3. All molecules (with the exception of
ammonia) show a similar structure: two emission peaks in the northeast and
the southwest surround an almost circular region that has minimum
intensity. The shape of the core is roughly circular. Furthermore, it is clear
that the gas is clumpy, but at what scale is uncertain. These issues will be

addressed in the light of our observations.

H 1l 0

Prior to the CO observations of Loren et al. (1974), 13 radio sources had
been observed inside the cloud boundary during surveys at 1.4 GHz
conducted by Shimmins et al. (1966) and by Ehrman et al. (1970). One radio-
continuum thermal source was seen: G213.7-12.6 [PKS 0605-06 in the survey
by Shimmins et al. or OH-009 in the survey by Ehrman et al.]. The source is

identified with an H II region and is located in the core of the cloud.

When the Mon R2 region was studied by Downes et al. (1975) at 10.7
GHz (about 3 cm) with a beam width of 77", it became apparent that the H II

region has inner structure. It consists of two components: an extended
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envelope of low density (1.9 x 102 em-3) with a diameter of about 3, and a
strong compact source with a diameter of about 22" and an electron density of
9.6 x 103 cm-3. This structure suggests that the I1 Il region is expanding in two
environments with different densities, the less dense matter being the
interstellar medium surrounding the cloud. Gilmore (1980) proposes that
this is a "blister” type H II region, as described by Isracl (1978). In the blister
model, the exciting star of the H II region is located near the edge of the
neutral cloud. The star causes an ionization front to move through the
cloud. When the ionization front crosses the molecular ¢loud boundary, the
ionized gas expands into the intercloud medium creating a ditfuse
component. Thus, the H I region can consist of one or more small and bright
peaks, surrounded by a larger, less intense envelope.  Additional evidence
that has been used to argue that the H II region is closer to the rear side of the
cloud is that the OH and H2CO lines at 6 cm are seen in absorption against the

radio continuum source (Downes et al. 1975; Loren 1977).

Gilmore suggests that the two components of the I II region are
probably excited by the same star. The total infrared luminosity (for 1.65 pum <
A < 250 um) of the compact portion of the H II region, as determined by
Thronson et al. (1980), is approximately 4 x 104 Lg. If the far-infrared
luminosity is used in conjunction with Rubin's method (1978), the required
Lyman continuum photon luminosity is 5.6 x 1047 571, Following Panagia
(1973), Hackwell et al. (1982) find that the ZAMS spectral type must be
between 09.5 and BO.

Ll
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A very important study of the H II region is that of Massi et al. (1985);
their VLA observations at 1.3 cm and 6 cm have up to 1" resolution. Their
observations indicate that the compact component is almost circular with a
27" diameter and its maximum flux density occurs near its southeast edge.
Maps at 1.65 um, 2.2 um, 10 um and 20 um by Beckwith et al. (1976) were used
by Massi et al. to determine the exciting source of the H II region. These
authors measured the 1.65 pm flux in their 10" beam width at the position of
IRS 1 to be 0.04 Jy (1 Jansky = 10726 W m="2 Hz-1). What is the source of this
1.65 um flux? Is it due to the ionized gas or to the star that excites the H 1I
region? Massi et al. interpolate from their 1.3 cin data that the contribution of
the free-free and bound-free emission from the ionized gas would be, if
reddening is not considered, 0.87 Jy at 1.65 um. To compute the contribution
of the gas to the observed flux they consider the extinction towards the source.
Assuming the minimum extinction observed, Ay = 23 magnitudes (Simon et
al. 1983), Massi et al. find that the contribution from the ionized gas is at most
0.006 Jy at 1.65 um (15% of the total flux from the position of IRS 1 at 1.65 um).
The fraction can be smaller if the extinction is 33 magnitudes as Natta et al.
(1986) find. Massi et al. conclude that the 1.65 pm emission from IRS 1 is

from the star that ionizes the H II region.

Another interesting feature is that IRS 1 seen at 1.65 um is displaced 7"
from the peak of the radio emission. The centimeter wavelength emission is
due to free-free emission and is stronger at higher gas densities. Thus, the
reason for the displacement of the radio emission peak from the position of
the ionizing star may be that the gas close to the star must be at a lower

density than that at the southeast edge of the H 1I region.

- xd
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The fact that the radio emission ridge or arc is only a fraction of the
circumference suggests an offset of the ionizing star with respect to the centre
of the shell, noted by Massi et al. They point out that the ionizing star (IRS 1
in the 1.65 pm image) is not at the centre of the I II region, but is offset 2"
toward the radio peak. Massi et al. managed to successfully model the
morphology of the H II region as a 2"-thick shell photoionized by a star which
is offset by 6.5" from the radio peak. Figure 3 indicates the reproduction of the
H II region from their model, which is in excellent agreement with the
observations. Massi et al. discuss the physical processes that can give rise to
the implied geometry. First, the shell must be broken on its northwestern
part in order to explain the diffuse component. The high-velocity gas that
rushes from this rupture ensures the presence of a region depleted in gas
around the ionizing star and, hence, a shell-like morphology occurs (Bedjin

and Tenorio-Tagle 1981).

The structure of the H II region implies a rather advanced stage of
evolution of the blister. According to Bodenheimer et al. (1979), if the star
was at an initial distance of 90% of the Strémgren radius from the cloud edge,
the maximum speed of the outflowing gas would be 30 km/s. Thus, we
estimate that the diffuse H II region of Mon R2 must be at least 1.2 x 104 years

old to have attained its present 3' angular size.

Very high.-resolution (0".4) VLA observations of the compact
component of the H II region of Mon R2 were carried out by Wood and
Churchwell (1989) at 2 cm and 6 cm. The value of 24" as a mean diameter of
the compact H II region was adopted. There is excellent agreement between

these data and the observations of Massi et al.  According to Wood and

ol
]



23

* BO STAR

Fig. 3 The surface brightness distribution of the HII region
according to Massi et al.'s model. These authors propose that this
diststbution is due to the photoionization of a shell by a star (indicated by the
star ) which is offset from the centre of the shell. The centre of the shell is
at-the dot and the displacement of the star from the radio peak is 6.5"
(adapted from Massi et al. 1985).
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Churchwell, the morphology of Mon R2 is cometary, i.e. the ionization front
is parabolic and the surface brightness along the parabola's axis of symmetry
decreases gradually from the 'head' to the 'tail'. The presence of masers and
the nearly parabolic shape of the ionization front suggest that the 11 11 region
may have been produced by the bow shock of an O or B star moving
supersonically through the molecular cloud (Hughes and Viner 1976). The
speed of sound in a typical molecular cloud is 0.2 ki/s. Therefore, the space
velocity is supersonic, since the velocity dispersion of OB associations is
typically 2 km/s. Although this model seems to successtully explain other
cometary ultra-compact H II regions, it does not seem necessary in the case of
Mon R2. The blister model has been examined thoroughly and works well.
The cometary or bow shock model has not been applied in detail to the Mon

R2 compact H II region.

¢} rare LUSIC

The Mon R2 star forming region has been mapped at a number of
infrared wavelengths from 1.65 to 100 pm (Aspin and Walther 1990; Beckwith
et al. 1976, Hackwell et al. 1982; Thronson et al. 1980). Beckwith et al. tirst
discovered five compact near-infrared sources, which are located near the
centre of the denée molecular cloud core and are optically obscured.  Aspin
and Walther (1990) found additional infrared sources in a higher resolution
(1".2) 2.2 um image of the cluster. We will discuss separately some of the

characteristics of the more important infrared sources.
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