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ABSTRACT
The central region of the Monoceros R2 molecular cloud has been studied using molecular line maps,

maps in continuum emission, and an M-band (4.7 km) absorption spectrum toward Mon R2 IRS 3.
Maps were made in the emission lines CO (3È2) and HCN (4È3), all with a 14A beamH2CO (51,5È41,4),size. CO (2È1) and 13CO (3È2) spectra were obtained at a dozen positions. Maps of continuum emission
were made at 1300 km (25A resolution), 1100 km (20A resolution), 800 km (14A resolution), and 450 km
(14A resolution). The M-band spectrum of IRS 3 has a velocity resolution of 5.2 km s~1 and shows
fundamental vibrational band absorption lines of CO and 13CO over a range of rotational states. The
CO map has numerous intensity peaks which, if interpreted as clumps, have masses from 0.1 to 3 M

_
.

The large velocity dispersion of these structures implies that they cannot be gravitationally bound. The
brightest CO-emitting gas shows no bipolar distribution with velocity. Di†use CO-emitting gas with low
velocities does have a generally bipolar distribution, but there are no collimated lobes pointing to a
particular source. We conclude that the source (or sources) of the very extended Mon R2 outÑow is (are)
now inactive. The highest velocity gas is found toward the embedded young stellar object IRS 3, suggest-
ing that IRS 3 is the source of a compact outÑow, unresolved at our 14A resolution. The presence of
blueshifted CO in the absorption spectrum supports the interpretation of IRS 3 as an outÑow source.
The and HCN maps demonstrate that much of the dense gas is distributed within three struc-H2CO
tures having di†erent velocities. The fundamental band absorption lines of 13CO show two gas tem-
peratures in the line of sight to IRS 3. The colder (45 K) is identiÐed as gas in the clump surrounding
IRS 3, which is seen in emission lines of CO, and HCN. The warmer (310 K) we interpret as gasH2CO,
very close to IRS 3. From the submillimeter continuum maps we identify 11 clumps whose masses lie in
the range 3È10 A clump that is prominent in the continuum maps but not in the molecular lineM

_
.

maps is attributed to heated dust inside the compact H II region, where molecules have been destroyed.
Subject headings : ISM: individual (Monoceros R2) È ISM: jets and outÑows È ISM: molecules

1. INTRODUCTION

Monoceros R2 is an association of B1ÈB9 stars illumi-
nating nine reÑection nebulae den Bergh The(van 1966).
stars and reÑection nebulosity lie in a giant molecular
cloud, also referred to as Mon R2. Since its discovery by CO
J \ 1È0 mapping Peters, & Vanden Bout the(Loren, 1974),
molecular cloud has been studied using centimeter and
millimeter line emissions from of a variety of species includ-
ing CS & Tucker & Goldsmith(Kutner 1975 ; Linke 1980 ;

et al. Lada, & Bally etMontalba� n 1990 ; Wolf, 1990 ; Heyer
al. Bachiller, & Wright HCN1986 ; Tafalla, 1994), (Kutner
& Tucker et al. et al.1975 ; Richardson 1988), H2CO (Loren

et al. et al.1974 ; Downes 1975), NH3 (MacDonald 1981 ;
& Folch-Pi et al.Willson 1981 ; Torrelles 1983 ; Montalba� n

et al. et al. and HCO`1990 ; Torrelles 1990), (Loren 1977 ;
et al. Palmer, & NovakRichardson 1988 ; Gonatas, 1992).

The central region of the Mon R2 cloud is a site of
ongoing star formation, as shown by the presence of a well-
developed molecular outÑow & Lada et(Bally 1983 ; Wolf
al. & Lada a compact H II region1990 ; Meyers-Rice 1991),

1 Present address : Department of Physics, University of Waterloo,
Waterloo, ON, Canada N2L 3GL.

2 Visiting Astronomer, Canada-France-Hawaii Telescope, operated by
the NRC of Canada, the CNRS of France, and the University of Hawaii.

Felli, & Simon & Churchwell an(Massi, 1985 ; Wood 1989),
infrared cluster et al. et al.(Beckwith 1976 ; Thronson 1980 ;

& Walter Pipher, &Hodapp 1987 ; Aspin 1990 ; Howard,
Forrest and and OH masers et al.1994), H2O (Downes

& Brown Most molecular maps with1975 ; Knapp 1976).
sufficient angular resolution show a similar appearance for
the inner several-arcminute diameter core : the intensity of
line emission has two peaks, in the northeast and the
southwest, and surrounds an almost circular region of
minimum intensity. The circular minimum coincides in
position with, and is similar in size to, the compact H II

region (diameter 22A). Images at 2.2 km (Hodapp 1987 ;
& Walter et al. show a ring ofAspin 1990 ; Howard 1994)

emission surrounding IRS 1 and IRS 2. This emission can
be understood as reÑection from a dust shell surrounding
the H II region.

The Mon R2 outÑow is one of the largest known, with a
total extent of 6.8 pc (assuming a distance of 950 pc ; Racine
& van den Bergh The center of the outÑow is located1970).
at the infrared cluster, but its source has not yet been identi-
Ðed. The observations reported in this paper began as an
attempt to identify the source of the CO outÑow. We
obtained a high-resolution (14A) CO J \ 3È2 map that
showed complex spatial and velocity structure, motivating
us to map in the high-density tracers HCN and andH2CO
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in the millimeter-submillimeter continuum, all at similar
angular resolutions. A 4.6 km spectrum of IRS 3 at high
spectral resolution was obtained, providing an independent
measure of gas properties in the cloud core. All these data
have been combined into the present study of the inner
3@] 3@ core of the Mon R2 cloud.

Details of the observations are given in In gas° 3. ° 4,
properties are found from spectra in the three transitions
CO J \ 3È2, CO J \ 2È1, and 13CO J \ 2È1. Section 5
contains an analysis of the infrared CO absorption lines.
The distribution and kinematics of dense gas, as seen in
HCN and maps, are discussed in Maps of con-H2CO ° 6.
tinuum emission at 450, 800, 1100, and 1300 km are present-
ed in Conclusions are summarized in° 7. ° 8.

2. OBSERVATIONS

All emission line spectra were obtained with the 15 m
James Clerk Maxwell Telescope (JCMT) on Mauna Kea
over several observing periods in 1991 and 1992. Line
observations were carried out using position switching, in
which the telescope was alternated between the source and
a nearby reference position with no emission. Only linear
baselines were removed from spectra. A CO J \ 3È2 map
was obtained, consisting of 290 spectra covering most of an
area 150A in right ascension by 180A in declination on a 10A
grid. At 345 GHz, the half-power beamwidth (HPBW) was
14A (0.06 pc at the distance of Mon R2) and the beam effi-
ciency was 0.50 CO J \ 2È1 and 13CO(Matthews 1992).
J \ 3È2 spectra were obtained at 12 positions, namely, (0,
0), (10, 20), ([10, [20), ([10, 60), ([20, [70), ([20, [10),
([20, 40), ([40, [40), ([40, 60), ([50, [60), ([60, [10),
([80, 30). Here and subsequently, positions are given as
o†sets in right ascension and declination in arcseconds
(*a, *d) from Mon R2 IRS 3 [a(1950)\ 06h05m21s.50,
d(1950)\ [06¡22@26A]. East and north are positive. At the
230 GHz frequency of the CO J \ 2È1 transition, the
HPBW and beam efficiency were 21A and 0.63, respectively

Maps in HCN J \ 4È3 (354.5 GHz) and(Matthews 1992).
(351.7 GHz) were obtainedH2CO J

K~1,K`1 \ 51,5È41,4over an area 180A in right ascension by 160A in Declination.
Continuum maps of the inner 3@ of the Mon R2 region

were obtained with the facility single-element bolometer
receiver et al. The data in this paper were(Duncan 1990).
obtained with the Ðlters at 450, 800, 1100, and 1300 km, for
which the beamwidth to half-power is in the range 16AÈ27A
at full aperture. For the shorter wavelengths, 450 and 800
km, we narrowed the aperture to obtain di†raction-limited
maps. The Ðnal e†ective angular-resolution was set in the
data analysis stage, for which we used the NOD2 package

The reduced maps have angular resolution(Haslam 1974).
of 14A, 14A, 20A, and 25A, respectively. The maps were
obtained in the standard way, i.e., by scanning along lines of
constant azimuth through the source Ðeld while using the
chopping subreÑector to obtain the di†erence at a chop rate
of 7.8 Hz between two beam positions (right and left beams)
separated in azimuth. The chop throw was selected to be
typically 2 or 3 times the half-power beamwidth ; either 30A,
40A, or 60A. The spacing between grid points both in the
scan direction and orthogonal to it was either 2A, 4A, or 6A,
chosen to be typically one-third to one-quarter the beam
size. A complete map consisted of a series of scans through
both right and left beams in azimuth, stepped by the grid
spacing in elevation. A typical map consisted of 55 points in
azimuth by 45 points in elevation, and since the integration

time per point was 1 s, such a map lasted typically 40
minutes. Photometric calibration was carried out at each of
the Ðlter/aperture combinations by observing Mars and
CRL 618 at a range of air masses throughout the observing
period. From these data the response of the bolometer
system and the zenith opacity for each instrumental setup
was obtained. The Ñux densities of Mars at the various Ðlter
wavelengths were obtained from a program that uses the
model developed by and those for CRL 618Wright (1976),
were taken from The total error in the ÑuxSandell (1994).
density scale should be no more than 15% at 1300 km and
30% at 450 km.

On 1991 January 3, Mitchell and Maillard used the
Fourier transform spectrometer (FTS) of the Canada-
France-Hawaii Telescope on Mauna Kea to obtain a high-
resolution infrared M-band (4.7 km) spectrum of source IRS
3 in the infrared cluster. We employed a Ðlter with a pass-
band from 2080 to 2180 cm~1 (4.59È4.81 km), encompass-
ing the central region of the fundamental band of both CO
and 13CO. Beam switching of the source between the two
entrance apertures was used to cancel the thermal back-
ground. The thermal background was further reduced by
the use of a small aperture of A spectral resolution of2A.5.
0.037 cm~1 was used, corresponding at 4.7 km to
j/*j\ 57,000 with a velocity resolution of 5.2 km s~1. The
total observing time on IRS 3 was 50 minutes, and the Ðnal
spectrum has a signal-to-noise ratio (1 p) of 26. Correction
for absorption lines in the EarthÏs atmosphere was accom-
plished by dividing the IRS 3 spectrum by a spectrum of the
Moon taken on the same night.

3. MORPHOLOGY AND KINEMATICS OF THE

CO-EMITTING GAS

shows CO J \ 3È2 and 13CO J \ 3È2 spectraFigure 1
for six positions in the map. In and in the inte-Figure 1
grated intensity maps that follow, we use as a measure ofT

r
*

the observed temperature, where is theT
r
* \T

A
*/gfss. T

A
*

antenna temperature corrected for telescope and atmo-
spheric losses. For the JCMT at 345 GHz, It isgfss\ 0.70.
clear that the CO lines are extraordinarily complex and
vary a great deal with position. The 13CO lines (as well as
lines of high gas density tracers such as CS and peakH2CO)
at a velocity near km s~1. Hereafter, we use thevLSR \ 10.3
term blueshifted gas for gas with velocity less than 10.3 km
s~1 and the term redshifted gas for gas with velocity greater
than 10.3 km s~1. Over the mapped region, two absorption
features are present in most of the spectra, one near 7.6 km
s~1 and the other near 11.3 km s~1. The minimum at 7.6
km s~1 is probably due to a foreground cloud. The feature
at 11.3 km s~1. The minimum at 7.6 km s~1 is probably due
to a foreground cloud. The feature at 11.3 km s~1 is red-
shifted by only 1 km s~1 relative to the bulk of the gas and
may also be caused by a foreground cloud, but it could be
formed in a contracting envelope surrounding the core. A
dip near 16.4 km s~1, which is seen in many spectra across
the mapped region, is not due to absorption but appears to
be a true emission minimum.

shows the intensity of CO J \ 3È2 emissionFigure 2
integrated over all velocities. There are three main regions
of strong CO emission, one in the north, one in the east, and
one in the southwest. They are distributed around an
almost circular area of low intensity. The CO emission
almost encloses the central low-intensity region, except for a
gap to the northwest. In maps of integrated inten-Figure 3,
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FIG. 1.ÈCO J \ 3È2 and 13CO J \ 3È2 spectra at six positions. At
each position, the upper spectral line is CO and the lower is 13CO. Posi-
tions are given as o†sets in arcseconds from IRS 3 at a(1950)\

d(1950)\ [06¡22@26A.06h05m21s.50,

sity are shown in 1 km s~1 channels over the range 0¹

km s~1. The channel maps in the velocity intervalvLSR ¹ 29
9È12 km s~1 are not shown because of the absorption fea-
tures in this velocity range. At the highest blueshifted veloci-
ties in there is signiÐcant emission only at theFigure 3a,
position of IRS 3. At lower velocities, other features appear.
Figures and shows the general morphology of the3b 3c
redshifted gas.

An examination of the redshifted and blueshifted gas in
does not show obvious evidence for bipolarity. InFigure 3

fact, the brighter blueshifted and redshifted emission peaks
are distributed more or less randomly about the center. The
highest velocity blueshifted gas is associated with IRS 3, but
there is no evidence of a bipolar distribution of gas about
IRS 3. On the other hand, there is a tendency for wide-
spread, di†use blueshifted gas to be concentrated toward
the northern part of the mapped region, while a redshifted
di†use component lies preferentially to the south. This can
be seen by comparing channel maps near 6 km s~1 with
channel maps near 16 km s~1 The observed trend is(Fig. 3).
consistent with the large outÑow. The absence of small-scale
Ñow features originating from any of the infrared sources
probably indicates that the source of the large outÑow is no
longer active.

The channel maps show structure on a variety of(Fig. 3)
scales. There are a number of intensity peaks with diameters
from D15A to D30A, each of which can be followed over
some range of velocity. The individual CO emission peaks
tend to group into larger structures or complexes. We have
identiÐed a total of 13 smaller emission peaks with seven
complexes. Three of the complexes are largely redshifted,
while four consist of largely blueshifted gas. Some of the
structures appear at the same position in blueshifted and
redshifted velocities but cannot be identiÐed at velocities
near the two absorption features at 11 and 8 km s~1. The
most natural explanation in such cases is that we are seeing
a single structure with a broad velocity dispersion. When a
blueshifted and a redshifted peak are seen at the same posi-
tion, we will assume a single entity, even if it cannot be seen
within 1 km s~1 of the two absorption features. The posi-
tion and observed velocity range of each identiÐed peak are
given in Table 1.

Position-velocity diagrams provide another tool for iden-
tifying velocity structure in data cubes. We show two such
diagrams in each being a cut through the map inFigure 4,
declination at constant right ascension. The narrow feature
through the center of the two position-velocity diagrams is
due to the 11 km s~1 absorption feature in the CO emission
lines. Several of the intensity peaks listed in can beTable 1
seen in namely, peaks 1 and 6 (top panel) andFigure 4,
peaks 3, 7, and 12 (bottom panel). Peak 6 at ([5A, 55A)
appears double, being cut in two by the absorption at 11 km
s~1. It seems reasonable to assume that we are seeing a
single physical structure with a very broad range of velocity
(D3È29 km s~1 in this case). Peak 12 at ([55A, 50A), which
we identiÐed from velocity channel maps as purely red-
shifted, appears as an almost detached feature at 20 km s~1.

The nature of the CO intensity peaks deserves further
discussion. Are they in fact true clumps, or might they be
temperature peaks caused, perhaps, by some internal
heating process such as radiation from embedded young
stellar objects? We do not have sufficient data to determine
the CO excitation temperature at all positions in the
mapped region. The temperatures at the CO emission
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FIG. 2.ÈIntensity of CO J \ 3È2 emission integrated over all velocities. Much of the intensity is organized into three main peaks which surround a
relative minimum or ““ hole.ÏÏ The highest contour is 330 K km s~1, and the contour interval is 14.3 K km s~1. The map origin, (0, 0), is at IRS 3.

peaks, found as outlined in below, are near 40 K at low° 4.2
velocities (i.e., near the line center of 10 km s~1) and show
only moderate di†erences among the 12 positions. The
emission peaks may be hot spots, or they may be true
clumps (i.e., density peaks). A map of the entire region in a
good temperature indicator, such as formaldehyde

& Wooten would certainly be desirable.(Mangum 1993),

4. GAS PROPERTIES FROM THE CO EMISSION LINES

4.1. Optical Depth
The optical depth can be calculated from the ratio of

radiation temperatures for two isotopes of CO. If we
assume the solution of the transfer equation for a uniform
medium in LTE, the antenna temperature, is related toT

A
*,

the optical depth, of a rotational transition of frequencyql,

l via the radiation temperature, T
R
:

T
A
*

g
B

f
\ T

R
\ (1 [ e~ql)

hl/k
ehl@kTex [ 1

, (1)

where is the beam efficiency, f is the beam Ðlling factor,g
Band is the CO excitation temperature. Given antennaT

extemperatures, and for the two isotopomersT
A
*12 T

A
*13,

12CO and 13CO, the optical depth in a rotational transition
can be evaluated from the ratio

T
R
12

T
R
13 \T

A
*12

T
A
*13\ 1 [ exp ([ql12)

1 [ exp ( [ ql13)
(2)

To form the second quality of we must makeequation (2),
the assumption that both isotopomers have the same Ðlling
factor and excitation temperature. Finally, we assume an
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TABLE 1

VELOCITY RANGE OF CO J \ 3È2
EMISSION PEAKS

Identifying O†sets Velocity Range
Number from IRS 3 (km s~1)

1 . . . . . . . . . 0, [10 [40 to 35
2 . . . . . . . . . [50, [20 [20 to 16
3 . . . . . . . . . [50, [50 1 to 29
4 . . . . . . . . . [50, 20 [15 to 9
5 . . . . . . . . . [80, 0 3 to 20
6 . . . . . . . . . [5, 55 3 to 29
7 . . . . . . . . . [55, 30 [25 to 6
8 . . . . . . . . . [30, 65 [5 to 9
9 . . . . . . . . . 15, [35 4 to 7

10 . . . . . . . . . [20, [65 16 to 23
11 . . . . . . . . . [10, [35 15 to 24
12 . . . . . . . . . [55, 50 18 to 27
13 . . . . . . . . . [75, 25 22 to 30

abundance ratio 12CO/13CO\ 60 & Penzias(Langer
so that and can be solved1990), ql12\ 60ql13, equation (2)

for It should be noted that Ðlling factors for 12CO andql13.13CO need not be equal. If the Ðlling factor for 12CO is
larger than that for 13CO, then from our calcu-equation (2)
lated optical depths will be systematically low. Optical
depths were evaluated for the 12 positions where 13CO
spectra were available. The resulting optical depths as a
function of velocity are presented in for the posi-Figure 5
tion of IRS 3. A common trend at all positions is that the
optical depth peaks at a velocity close to the velocity of the
cloud (10.3 km s~1) and tends to decrease away from the
line center. The maximum values of q13 range between 1
and 3, while minimum values lie between 0.008 and 0.18.
The minimum value is set by the detection limit of the 13CO
emission. For most positions there is a smooth variation of
optical depth with velocity. Following weBevington (1969),
estimate the error in the value of the optical depth arising
from uncertainties (noise) in the antenna temperature. The
error in the optical depth varies from 8% near the line
center to more than 20% for high-velocity gas. For some
positions the antenna temperature of 13CO near line center
exceeds that of 12CO, so that optical depths cannot be
determined. A likely explanation for the inverted values is
that 12CO is optically thick and has a self-absorption dip,
while 13CO, being more optically thin, su†ers less self-
absorption.

In the calculations that follow, it is assumed that for
velocities where 13CO emission could not be detected, the
gas is optically thin in the 12CO line. The portion of the
spectral line that has observable 13CO emission is subse-
quently referred to as the optically thick region, whereas the
rest of the line is referred to as the optically thin region. The
use of the optically thin approximation where 13CO is
undetected appears to be satisfactory because the two
regions yield compatible values for the excitation tem-
perature and column density in the overlap region, as we
shall see in the next sections.

4.2. Excitation T emperature
Once optical depths are known for the optically thick

region of the spectrum, the excitation temperature (Tthick)can be determined from if the value of theequation (1)
Ðlling factor is known. We adopt Ðlling factors of unity. For
velocities where 13CO is undetected, the excitation tem-
perature, is found from the two transitions COTthin,

FIG. 4.ÈPosition-velocity diagrams made from the CO (3È2) emission
map shown in Both panels represent a cut through the map inFig. 2.
declination at a Ðxed right ascension. The narrow vertical band near 11 km
s~1 is due to the absorption feature in the CO lines. The top panel is a cut
at R.A.\ [5A, showing peaks 1 and 6 of The bottom panel is aTable 1.
cut at R.A.\ [55A and shows peaks 3, 7, and 12 of Table 1.

J \ 3È2 and CO J \ 2È1 by assuming the optically thin
expression

Tthin\ [16.59
C
ln
A4
9

T
R
3?2

T
R
2?1
BD~1

, (3)

where it has been assumed that the Ðlling factors of the two
transitions are equal (but not necessarily unity). A plot of
the excitation temperature versus velocity for the position
of IRS 3 is presented in The decrease in tem-Figure 6.
perature with increasing velocity from line center, seen in

occurs at all 12 positions for which we are able toFigure 6,
carry out this calculation. It is also the case at all positions
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FIG. 5.ÈOptical depth in the 13CO J \ 3È2 line as a function of vLSRtowards IRS 3.

FIG. 6.ÈExcitation temperature of CO as a function of at thevLSRposition of IRS 3. The plotted squares show for velocities at whichTex13CO is detectable, calculated from The diamond symbols showeq. (1). Texfor velocities with CO emission but no detectable 13CO, calculated using
eq. (3).

that the values of and Ðt together smoothly. ThatTthin Tthickis, there is no large discontinuity in temperature at the tran-
sition velocities between the optically thick and optically
thin regimes. This agreement is encouraging because it is
consistent with Ðlling factors of unity (but does not prove
it).

It is curious that the optical depth at the position of IRS 3
has its maximum near 10 km s~1 while peaks(Figure 5) Texcloser to 13 km s~1 The 13CO line shows a slight(Figure 6).
hump near 13 km s~1, coincident wih the temperature peak
of 12CO. This 13CO emission feature may represent a
separate physical structure. On the other hand, lines of
high-density tracers such as and peak at 10H2CO CH3OH
km s~1 and have no emission feature at 13 km s~1, so any
cloud at 13 km s~1 cannot have extremely high density.

The derived values of excitation temperature cover the
range from 6 to 60 K. The lowest temperatures are found
only for the highest velocity gas in several positions. Gas
warmer than 45 K is found for the lowest velocity gas
toward several CO peaks that may contain embedded
sources. For most of the velocity range at most positions,
the excitation temperature lies between 20 and 40 K. These
temperatures are in general agreement with estimates from
ammonia : et al. and et al.Montalba� n (1990) Torrelles (1990)
found a kinetic temperature between 20 and 30 K on
average in the cloud core, and temperatures greater than 45
K toward the position of embedded infrared sources.

4.3. Column Density and Mass
When optical depths are known, the CO column density

integrated over some velocity range is obtained from

Ntot \
P

8.0] 1013 [Tex(v) ] 0.92]e~16.59@Tex(v)

] (1[ e~16.59@Tex(v))~1q
v
12 dv , (4)

where is in units of cm~2 and the velocity units are kmNtots~1. In the optically thin limit, the CO column density is
given by

Ntot\
P

4.6] 1012Tex(v)e33.2@Tex(v)T
R
3?2(v)dv . (5)

As an example, the column density per unit velocity interval
is presented in for the position of IRS 3.Figure 7

Obtaining reliable total column densities over all veloci-
ties is complicated by the fact that some of the intensity
peaks can be identiÐed at redshifted and blueshifted veloci-
ties but are not visible for part of the velocity range near the
line center because of self-absorption. It is likely that those
clumps which are seen in maps of both receding and
approaching gas are present in the intermediate velocities as
well. To account for gas in the narrow velocity range near
the line center, we interpolate from the values on either side.
The resulting total column density is a lower limit, since the
column density could be considerably higher at the line
center.

In order to calculate the mass of the CO emission struc-
tures, it is necessary to combine the size with the total
column density. The features, however, are not discrete,
bounded objects moving in a vacuum; they are probably
denser structures within surrounding, lower density gas.
The diameter is not uniquely deÐned because intensity
peaks merge into a fainter background and their size varies
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FIG. 7.ÈCO column density per unit velocity interval toward IRS 3.
Results for velocities with calculated optical depth are shown by squares.
Results that use the optically thin limit are shown by diamonds.

with velocity. Much of the intensity is concentrated in a 15A
diameter region, so we employ, for simplicity, a diameter of
15A in each case. Masses of the emission peaks within one
beam, presented in have values from about 0.1 toTable 2,
3 with the exception of peak 13, which has a lowerM

_
,

mass of D0.01 Densities lie in the range 104È105 cm~3M
_

.

4.4. Energetics of the CO Emission Peaks
Because we cannot prove that the intensity maxima are

density maxima, we have refrained from calling them
clumps. Even so, it is of some interest to examine the conse-
quences if these morphological structures actually are
physical clumps, and we do so in this section. A clump

TABLE 2

MASSES AND ENERGETICS OF THE CO EMISSION PEAKS

Mclump V
b

E
kvb

E
kvin EgravClump (M

_
) (km s~1) (ergs) (ergs) (ergs)

1 . . . . . . 2.3 [0.4 3.5E42 1.0E44 9.4E42
2 . . . . . . 2.7 0.05 6.8E40 1.9E44 1.3E43
3 . . . . . . 2.4 [0.6 9.1E42 2.0E44 9.6E42
4 . . . . . . 1.7 [2.8 1.3E44 7.7E43 4.7E42
5 . . . . . . 2.3 [0.8 1.3E43 1.4E44 9.2E42
6 . . . . . . 2.5 [0.6 1.0E43 1.6E44 1.1E43
7 . . . . . . 0.08 [4.9 1.8E43 4.9E41 9.7E39
8 . . . . . . 0.85 [2.9 7.4E43 3.5E43 1.3E42
9 . . . . . . 0.18 [4.2 3.1E43 2.2E42 5.3E40

10 . . . . . . 0.17 7.7 1.0E44 4.9E42 5.1E40
11 . . . . . . 0.09 7.5 5.3E43 4.0E42 1.5E40
12 . . . . . . 0.12 10.2 1.2E44 3.0E42 2.3E40
13 . . . . . . 0.007 14.6 1.6E43 3.0E41 9.2E37

contains kinetic energy due to internal gas motions within
the clump, observed in the width of spectral lines. A clump
may also have kinetic energy of bulk motion of its velocity
di†ers from the mean cloud velocity. We deÐne the bulk
velocity of a clump, as its mass-weighted average veloc-V

b
,

ity, or, equivalently, as the total linear momentum of the
clump divided by its mass :

V
b
\ Pclump

Mclump
\ csc 45¡

;
j
m

j
(v

j
)(v

j
[ v0)

;
j
m

j
(v

j
)

, (6)

where the is the observed LSR radial velocity of channel jv
jand is the radial velocity of the cloud. The csc 45¡ term isv0the factor by which, on average, the space velocity exceeds

the radial velocity. The total bulk kinetic energy is given by
The internal kinetic energy of theE

kvb
\ 12 ] Mclump ] V

b
2.

clump is given by

E
kvin \;

j
M12m

j
(v

j
)(v

j
[ v0[ V

b
)2N , (7)

where the sum is over the velocities for which the clump is
detectable. Values of bulk velocity, bulk kinetic energy, and
internal kinetic energy are given in Table 2.

To determine whether or not the clumps are gravita-
tionally bound, we compare the internal kinetic energy with
the gravitational binding energy, whereEgrav,

Egrav \ [ 3
5

GMclump2
Rclump

. (8)

The value of the gravitational energy of each clump is given
in It can be seen from that the internalTable 2. Table 2
kinetic energy is larger than the gravitational energy by at
least 1 order of magnitude, a clear indication that the struc-
tures are not gravitationally bound. This does not, however,
preclude the possibility that the clumps are bound by other
mechanisms. For example, ram pressure due to a fast
neutral wind could, in principle, conÐne a clump et(Gaden
al. We do not pursue this possibility because there is1991).
no evidence for a directed wind in the Mon R2 core.

The mean lifetime of a clump against dissipation due to
expansion can also be calculated. We may Ðrst assume that
disturbances propagate at the speed of sound, wherev

s
,

For T \ 40 K, the sound speed is 0.3 km s~1,v
s
2\P0/o.

and the time for a pressure wave to move through a 0.06 pc
diameter clump is D2 ] 105 yr. This time is a measure of
the lifetime of a clump in the absence of any external conÐn-
ing pressure. Because of the ubiquitous magnetic Ðelds, a
more likely signal propagation speed is the Alfve� n speed,

km s~1 & Draine implying a clumpvA B 2 (Shull 1987),
lifetime of only 3] 104 yr.

The very extended CO outÑow is evidence that large
quantities of kinetic energy have been injected into the
cloud core over timescales of 105 yr. In we argued that° 3
the source of the extended outÑow is now inactive. A new
outÑow source appears to be emerging, however, namely,
IRS 3. The exceptionally high velocity gas in the gas associ-
ated with IRS 3 (peak 1 in strongly suggests thatTable 1)
IRS 3 is the source of a compact outÑow, unresolved by our
beam. The beam numbered 13 is particularly interesting in
this regard because its position varies with velocity (see the
channel maps from 23 to 28 km s~1 in The channelFig. 3).
map centered at 22 km s~1 shows a bridge of gas connect-
ing IRS 3 with peak 13. This peak may well be a stream of
gas accelerated by the outÑow from IRS 3. Further evidence
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for a compact outÑow from IRS 3 is provided by the detec-
tion of blueshifted CO in absorption, discussed in below.° 6

5. THE DISTRIBUTION OF DENSE GAS : HCN AND H2CO

is a map of the integrated intensity of HCNFigure 8
J \ 4È3 emission. The highest intensity HCN emission is
organized around a circular region of low intensity. The
central ““ hole ÏÏ coincides in position and size with the
compact H II region. The most intense emission is from a
clump of gas associated with IRS 3. A second arc of intense
emission lies to the southwest, centered at ([50A, [20A).
Emission extends to the north and west from IRS 3. Figure

shows the integrated intensity of emis-9 H2CO (51,5È41,4)sion. The map is generally similar to the HCN map,H2CO
with the strongest peak at IRS 3, a region of strong emission
to the southwest, and an extension to the north and west
from IRS 3. A major di†erence is that formaldehyde has an
intensity peak to the north, where HCN has only relatively

weak emission. This di†erence might be due to excitation or
to a di†erence in the relative abundances of andH2CO
HCN. We cannot distinguish between these possibilities
without data on other transitions of the molecules.

The peak velocity of the line varies systematicallyH2CO
by about 2 km s~1 across the mapped region. This is seen in

where blueshifted gas (velocity 5È10 km s~1) andFigure 10,
redshifted gas (velocity 10È15 km s~1) are shown separa-
tely. The distribution of gas has the appearance of an
outÑow from IRS 3. This however, is not the case. We are
not seeing red and blue line wings that vary systematically
with position. Rather, the line peak is varying with position.
Gas associated with IRS 3 has larger (and HCN) lineH2CO
widths than gas elsewhere, so that IRS 3 shows strong emis-
sion in both the red and blue maps. The larger line widths at
IRS 3 may well be due to a compact outÑow from IRS 3,
but higher angular resolution will be needed to study its
morphology. The most plausible interpretation of the

FIG. 8.ÈIntegrated intensity map of HCN J \ 4È3 emission. The lowest contour level shown is 3.6 K km s~1, and the interval between contours is
3.6 K km s~1. Observed positions are shown by Ðlled circles.
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FIG. 9.ÈIntegrated intensity map of emission. The lowest contour is [0.7 K km s~1, and the interval between contours is 0.7 K kmH2CO (51,5È41,4)s~1. Observed positions are shown by Ðlled circles.

and HCN data is that the central region of Mon R2H2CO
possesses three main concentrations of dense gas moving at
1 or 2 km s~1 with respect to each other. These are the
clump containing IRS 3, the complex region to the
southwest, and the emission region to the north. Despite the
apparent bridges of emission connecting these three regions,
they may not be physically connected. In fact, Hodapp

has argued, on the basis of the polarization of 2.2 km(1987)
radiation, that IRS 3 cannot be close to the dust shell that
surrounds the compact H II region, but must be separated
from this shell by a considerable distance (º0.6 pc) along
the line of sight.

The HCN and integrated intensity maps (Figs.H2CO 8
and are generally similar to the CO J \ 3È2 integrated9)
intensity map All three molecules show peaks to the(Fig. 2).
east (IRS 3), the southwest, and the north, surrounding a
central minimum. This agreement suggests that the CO
emission is tracing even the densest gas, something that is
not expected. The J \ 3È2 transition of CO can be excited

at gas densities of D104 cm~3 (in the optically thin limit), as
opposed to the density of D106 cm~3 required for the HCN
and emission. The lower density required for excita-H2CO
tion, together with the high abundance of CO, might be
expected to preclude the detection of the densest gas by CO
emission. But CO is an unexpectedly good tracer of the
dense inner structure of the Mon R2 cloud because of the
large velocity dispersion of the gas in the core. As demon-
strated by the calculations of the previous section, only at
velocities near the two absorption features (7.6 and 11.3 km
s~1) does high optical depth prevent the determination of a
reliable CO column density.

We note that a high-resolution (10A) map of the inner
3@] 3@ of Mon R2 in HCO` J \ 1È0 et al.(Gonatas 1992)
is signiÐcantly di†erent from our HCN and maps.H2CO
The HCO` map has a relative minimum to the southeast of
the central hole rather than to the northwest. Another dif-
ference is the absence of an emission peak at IRS 3. We
believe that the self-absorption in this optically thick line
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FIG. 10.ÈIntegrated intensity maps of emission for velocities in the range 5 km km s~1 (blue) and velocities in theH2CO (51,5È41,4) s~1 \ vLSR \ 10
range 10 km km s~1 (red).s~1\ vLSR\ 15

(see Gonatas et al., Fig. 4) makes it a poor tracer of the
dense, inner, warm gas.

6. RESULTS FROM THE INFRARED SPECTRUM OF IRS 3

Characteristics of the M-band spectrum have been given
in A great advantage of broadband infrared spectros-° 2.
copy over millimeter heterodyne spectroscopy is the ability
to acquire many lines simultaneously. The Ðlter passband
was selected to include much of the fundamental ofband3
CO. Strong CO absorption lines at the cloud core velocity
are seen throughout the spectrum (speciÐcally P14 through
R8), but they are saturated and are not useful for the calcu-

3 The fundamental absorption band is formed when CO molecules in
the ground vibrational state are raised to the Ðrst excited vibrational state
by the absorption of infrared (4.6 km) photons. The transitions (v\ 0, J) to
(v\ 1, J ] 1) constitute the R branch of the fundamental band ; transitions
(0, J ) to (1, J [ 1) comprise the P branch.

lation of gas properties. Lines of 13CO are also present (P4
through R15). The 13CO lines are not saturated and can be
used to calculate temperature and column densities.

Two portions of the complete spectrum are shown in
The spectrum shown is the ratioed spectrum, inFigure 11.

which the spectrum of IRS 3 has been divided by a spectrum
of the Moon to remove telluric lines. Two 12CO lines, P8
and P7, are labeled in the Ðgure. The lines have two velocity
components : The stronger (to the left) has the velocity of the
cloud core (D10 km s~1) while the other is blueshifted by 9
km s~1. Four 13CO lines are present in namelyFigure 11,
the R3, R4, R12, and R13 lines. The 13CO lines have only a
single component at the same velocity as the stronger 12CO
feature. The absence of a blueshifted velocity component in
13CO corresponding to the blueshifted 12CO component
implies that the blueshifted 12CO component has only
moderate optical depth. Unfortunately, the two CO velocity
components are blended, making measured equivalent



FIG. 10ÈContinued

FIG. 11.ÈTwo portions of the M-band spectrum of IRS 3, after division by the spectrum of the Moon to remove telluric lines. The P7 and P8 lines of
12CO and the R3, R4, R12, and R13 lines of 13CO are labeled. Gaps in the spectrum indicate the positions of saturated telluric lines which produce spikes in
the ratioed spectrum.
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widths of the blueshifted feature very uncertain. The pres-
ence of the 9 km s~1 absorption feature out to J \ 14, the
limit of the bandpass, implies that the gas is hot, at least
several hundred kelvins. The absence of a corresponding
emission feature in the CO J \ 3È2 spectrum at the posi-
tion of IRS 3 means that the outÑowing gas occupies an
area much smaller than the 14A beam of the CO J \ 3È2
observations. We may be seeing evidence in the 9 km s~1
feature of a recent outburst from IRS 3.

The method of analysis of the spectral lines follows that
of Mitchell et al. where examples of M-band(1989, 1990),
spectra of other embedded young stellar objects can be
found. For each line, the column density of 13CO in the
initial rotational state is calculated using a curve-of-growth
analysis. An intrinsic line width of 3.5 km s~1 is used. This is
found by correcting the observed average line width for the
instrumental width of 5.2 km s~1. The results are given in

The columns of show, for each absorptionTable 3. Table 3
line, the line designation, the energy of the initial state in
temperature units, the observed equivalent width, the
optical depth at line center from the curve-of-growth
analysis, and the column density of 13CO in the initial rota-
tional state of the transition.

If the CO is in thermodynamic equilibrium, the rotation-
al level populations will follow the Boltzmann equation,
and It is, therefore, useful toN

J
/(2J ] 1) P exp ([E

J
/kT ).

plot versus if the points fall on aln [N
J
/(2J] 1)] E

J
/k :

straight line, then thermodynamic equilbrium is probably a
valid assumption and the line slope yields the gas tem-
perature. shows such a Boltzmann plot. It is clearFigure 12
that a single straight line is a poor representation of the
data. The distribution of points shows a break at E

J
/k B

100 K. The low-J points can be Ðtted by one straight line,
while the higher J points can be Ðtted by a second line of
shallower slope. Our interpretation, as made previously for
other embedded sources (e.g., et al. is thatMitchell 1990),
the low-J lines are formed in cold gas, while the high-J lines
are formed in hot gas. The lines in are least-Figure 12
squares Ðts. The colder gas has K, where theT \ 45~8`12
uncertainties are 1 standard deviation. This temperature is
consistent with temperatures deduced from emission lines.
We take it to represent the temperature of the clump of
dense gas surrounding IRS 3 which is seen in the CO, HCN,

TABLE 3

13CO v\ 0È1 ABSORPTION LINES IN THE SPECTRUM

OF MON R2 IRS 3

E
J
/k W a N

J
c

Line (K) (cm~1) q0b (cm~2)

P4 . . . . . . . 52.9 0.031 1.3 7.3E15
P3 . . . . . . . 31.7 0.040 4.4 2.7E16
P2 . . . . . . . 15.9 0.039 4.1 2.6E16
P1 . . . . . . . 5.3 0.027 1.8 1.4E16
R2 . . . . . . . 15.9 0.037 3.4 1.5E16
R4 . . . . . . . 52.9 0.028 1.9 8.6E15
R5 . . . . . . . 79.3 0.035 3.0 1.4E16
R9 . . . . . . . 238 0.022 1.2 6.0E15
R10 . . . . . . 291 0.021 1.2 5.6E15
R11 . . . . . . 349 0.019 0.98 4.8E15
R12 . . . . . . 412 0.016 0.77 3.8E15
R13 . . . . . . 481 0.014 0.65 3.2E15
R15 . . . . . . 634 0.014 0.65 3.2E15

a Equivalent width of the line.
b Optical depth at line center.
c Column density of CO in rotational state J.

FIG. 12.ÈExcitation diagram for 13CO toward Mon R2 IRS 3. Column
densities in each rotational sublevel are plotted as a function of the rota-
tional energy in kelvins. LTE excitation temperatures are obtained from
separate least-squares Ðts to the low-J lines (45 K) and the high-J lines
(310 K).

ad maps presented in previous sections. The hot gas,H2CO
with K is probably gas very close to IRS 3 andT \ 310~30`34
heated by its radiation. The absence of evidence for the hot
gas in the emission-line data is not surprising because the
hot gas is likely to be subarcsecond in size, so that beam-
Ðlling factors are small.

The column density of 13CO is found for each tem-
perature component as follows : Using the partition func-
tion at the appropriate temperature, the total 13CO column
density is calculated from each of The mean andN

J
Table 3.

standard deviation are found from this set. We Ðnd a 13CO
column density of (9.0 ^ 3.3)] 1016 cm~2 for the 45 K gas
and (7.4^ 0.9)] 1016 cm~2 for the 310 K gas. If we assume
that IRS 3 lies at the center of its surrounding gas clump,
the total column density is twice the foreground column
density, so that N(13CO)\ 1.8] 1017 cm~2 for the 45 K
gas. To convert the 13CO column density to a 12CO column
density, we adopt an abundance ratio 12CO/13CO\ 60, to
Ðnd N(12CO)\ (1.1^ 0.4)] 1019 cm~2. The CO column
density at the position of IRS 3, deduced from CO emission
lines following methods outlined in is (3.7^ 0.5)] 1018° 4,
cm~2. The quoted error is due entirely to noise in the data.
The fact that the column density from CO emission lines
is a factor of 3 lower than that found from the 13CO
absorption-line analysis is almost certainly due to the high
and uncertain optical depth at the emission-line core. In
view of the discrepancy for IRS 3, the masses given in Table

should be interpreted as lower limits.2

7. MILLIMETER AND SUBMILLIMETER CONTINUUM MAPS

shows the continuum maps at 450, 800, 1100Figure 13
and 1300 km. The beamwidths (FWHP), shown as Ðlled
circles on each map, are 14A for the 450 and 800 km maps,
20A for the 1100 km map, and 25A for the 1300 km map.

The two shortest wavelength maps are similar, consisting
of numerous emission peaks embedded in fainter back-
ground emission. The general form is a bar, oriented north-
east to southwest, with extensions from either end of the
bar. The 1100 km and 1300 km maps are quite di†erent,
consisting of a dominant central peak surrounded by a



No. 1, 1997 STAR-FORMING CORE OF MONOCEROS R2 361

FIG. 13.ÈContinuum maps of Mon R2 at 1300, 1100, 800, and 450 km. In the 1300 and 1100 km maps, the lowest contour (dashed line) is 0.5 Jy beam~1
and the contour interval is 0.5 Jy beam~1. In the 800 km map, the lowest contour is 1 Jy beam~1 and the contour interval is 1 Jy beam~1. In the 800 km map,
the lowest contour is 1 Jy beam~1 and the contour interval is 1 Jy beam~1. In the 450 km map, the lowest contour is 5 Jy beam~1 and the contour interval is
5 Jy beam~1.

fainter envelope. The morphology of the longer wavelength
maps suggests that free-free emission from the H II region
makes a dominant contribution to the observed Ñux. In the
following, we use only the shorter wavelength maps to
determine dust mass.

We have used the 800 km map to identify intensity peaks.
Hereafter we will refer to these peaks as clumps on the
assumption that they are density peaks, but it should be
kept in mind that temperature enhancements can also give
rise to intensity maxima. We Ðnd eleven clumps, labeled
C1ÈC11 in Also shown in are infraredFigure 14. Figure 14
sources from & Walter that are close to aAspin (1990)
clump and may be embedded within it. From a 1300 km
map with 11A resolution, Chini, & PfauHenning, (1992)
found seven clumps. Six of their seven clumps are conÐrmed

here. Their clump 4 was inferred from a northern extension
of the 1300 km emission and was claimed to be associated
with IRS 2. We Ðnd no 800 km peak associated with IRS 2.
In fact IRS 2 is at a relatively low-intensity region north-
west of IRS 1. The higher intensity of emission from the
region just north of IRS 1, seen at longer wavelengths, is
possibly due to free-free emission from the H II region. At
800 km (and below), free-free emission will be negligible and
emission from cold dust will be more intense. listsTable 4
the eleven clumps, the equivalent sources from etHenning
al. the infrared sources that may be associated with(1992),
them and the clump masses (discussed below).

A comparison of the continuum maps, which trace dust,
and the molecular maps, which (of course) trace gas, is of
great interest. When the HCN and integrated inten-H2CO
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FIG. 14.ÈSame 800 km map as shown in but with the lowest contour level of 1 Jy beam~1 and a contour interval of 0.5 Jy beam~1. TheFig. 13,
continuum peaks are labeled C1ÈC11. The plus signs indicate Ðve 2 km sources from & Walter which are close to a continuum clump and mayAspin (1990),
be physically associated with it.

sity maps (Figs. and are compared with the 800 km8 9)
continuum map, the Ðrst impression is that the dust and gas
maps are rather di†erent. It is evident, however, that most
of the di†erence is due to the dominance of the central
continuum clump, C1. In the molecular maps there is no
peak at the position of C1, just a connecting bridge of emis-
sion. Except for this central emission peak, features in the
continuum and molecular maps show a close correspon-
dence. A strong emission peak is present at IRS 3 in both,

both have an extension to the north with a branch to the
west, and both have an arc of emission in the southwest.

How are we to understand the prominence of clump C1
in the continuum? The answer lies with the compact H II

region. Continuum clump C1 coincides with the the bright
arc of radio emission at the southern edge of the H II region

et al. A Bra n \ 5È4 (4.052 km) image(Massi 1985).
et al. is essentially identical to the radio(Howard 1994)

continuum image. The emission arc has been interpreted as
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TABLE 4

POSITIONS AND MASSES OF CONTINUUM PEAKS

O†sets Mass Clump
Peak Name from IRS 3 (M

_
)a Numberb 2 km Sourcec

C1 . . . . . . . . . . [24, [20 12.2 5 IRS 1
C2 . . . . . . . . . . [60, [8 7.0 2 IRS d
C3 . . . . . . . . . . [5, [8 9.5 6 IRS 3
C4 . . . . . . . . . . [41, [31 6.0 3 IRS 4
C5 . . . . . . . . . . [25, ]12 5.2 4 IRS a
C6 . . . . . . . . . . [60, [38 6.0 1 . . .
C7 . . . . . . . . . . [51, [59 5.2 . . . . . .
C8 . . . . . . . . . . [31, [70 4.3 . . . . . .
C9 . . . . . . . . . . 0, ]37 6.0 7 . . .
C10 . . . . . . . . . [65, ]67 2.6 . . . . . .
C11 . . . . . . . . . [87, [7 2.6 . . . . . .

a Calculated using K in each case.Tdust \ 45
b Numbering of et al.Henning 1992.
c From & WalterAspin 1990.

a dense ionization front propagating into foreground dense
molecular gas. Dust within and behind the ionization front
will be heated, emitting strong continuum radiation. Mol-
ecules, on the other hand, will be destroyed in the H II

region, leading to a deÐciency in molecular emission, as
observed.

To determine clump masses, we assume optically thin
emission, so that the mass of dust is

M
d
\ Fl d2

il B
v
(T

d
)
, (9)

where is the Ñux, d is the distance, is the dust tem-Fl T
dperature, and is the mass absorption coefficient in cm2ilg~1. We assume a power law, and followil P lb

in using a value of 10 cm2 g~1 for atHildebrand (1983) il250 km. Then, for a gas-to-dust ratio of 100, the gas mass
can be written et al.(Zinnecker 1992)

Mgas(M_
) \ 0.019Fj

Cj(mm)
0.25

Db`3
(e14.4@j(mm)Td [ 1) d2

(10)

Here, is the Ñux in janskys, is the dust temperature inFj T
dkelvins, and d is the source distance in kiloparsecs. We

adopt a dust temperature of 45 K, in agreement with the gas
temperature found for the gas in the line of sight to IRS 3

and consistent with the dust temperature of 50 K(° 6),
found from far-infrared emission by et al.Thronson (1980).
The value of b is uncertain : b \ 2 is often used in the sub-
millimeter region, although b \ 1.5 is sometimes adopted.
With observed Ñuxes at two wavelengths, it is possible to
calculate b, for any usingT

d
,

F1
F2

\
Aj1
j2

B~b Bj1(Td
)

Bj2(Td
)
. (11)

Applying to the 800 and 450 km Ñuxes fromequation (11)
clump C2, and using K, we Ðnd b \ 1.8. etT

d
\ 45 Henning

al. used 870 and 1300 km Ñuxes to Ðnd b \ 1.3,(1992)
considerably smaller than expected. As an explanation, they
suggest that the source diameter may increase with wave-
length. Another possibility is that the 1300 km Ñux is
a†ected by free-free emission from the H II region.

The calculated clump masses for b \ 1.8 and KT
d
\ 45

are given in The masses range from 3 to 12Table 4. M
_

.
For the six clumps in common with et al.Henning (1992),

we Ðnd masses lower than those of Henning et al. by factors
between 2 and 4. Only a small part of this di†erence can be
due to di†erent assumptions about grain emission proper-
ties. We entered their 1300 km Ñux for clump C3 (their
clump 6) and their adopted K in toT

d
\ 50 equation (10)

Ðnd a mass of 22.4 not very di†erent from their tabu-M
_

,
lated mass of 27.3 The larger masses of etM

_
. Henning al.

may be due, in part to free-free emission contributing to the
1300 km Ñux. This suggestion receives some support from
the fact that the discrepancy is largest (a factor of 3.7) for
clump C1, which is centered on the H II region, and is
smallest for C9, which is the farthest from the H II region (of

et clumps).Henning al.Ïs
If the clump C1 is, in fact, inside the H II region, it will be

heated by radiation from IRS 1 and so the mass given in
(which employs a dust temperature of 45 K) will beTable 4

an overestimate. We here calculate the dust temperature,
applying the condition of balance between absorbed and
emitted radiation and assuming no extinction between IRS
1 and C1. IRS 1 is estimated to be a B0 star et al.(Downes

so we use K and R\ 7 The pro-1975), Teff \ 30,000 R
_

.
jected distance between C1 from IRS 1 is D5A, or 0.02 pc.
The resulting temperature depends on the actual separation
and on the frequency dependence of dust absorption,
described by the index b. We present results for b \ 1 and
b \ 2 and for two values of the separation. If the clump C1
is 0.02 pc (0.06 pc) from IRS 1 and b \ 1, the dust equi-
librium temperature is 200 K (130 K). For the same dis-
tances but b \ 2, the dust temperature is 450 K (310 K).
With such high temperatures, the mass of C1 would be
lower by a factor of 2È4 and C1 would no longer be the
most massive dust clump in the Mon R2 core.

8. CONCLUSION

1. A map of the inner 3@ of the Mon R2 cloud in CO
J \ 3È2 emission shows numerous intensity peaks. We
have calculated the mass within a beamwidth toward each
peak and Ðnd that lower limits to their masses lie in the
range 0.1È3 Because we lack values for the excitationM

_
.

temperature across the map, we are unable to distinguish
between temperature maxima and density maxima (i.e.,
clumps) for the CO peaks. If interpreted as clumps, they
have such large internal velocity dispersion that they
cannot be conÐned by gravity.

2. Velocity channel maps do not show an obvious
bipolar distribution for the brightest CO-emitting gas, sug-
gesting that the source of the very extended Mon R2 bipolar
outÑow is now inactive. On the other hand, widespread,
di†use gas does show a general bipolar distribution consis-
tent with the extended outÑow, but no collimated structures
point to a particular source.

3. The gas surrounding IRS 3 shows the highest veloci-
ties (CO line width of 75 km s~1), suggesting the presence of
a compact, unresolved outÑow from IRS 3. A bridge of gas
1@ in length connects IRS 3 with a redshifted CO peak
(clump 13 in which may be a stream of gas acceler-Fig. 3),
ated by the outÑow. Fundamental band absorption lines of
CO show a velocity component which is blueshifted by 9
km s~1 relative to the rest-velocity gas, providing further
evidence for a compact outÑow from IRS 3.

4. Maps in and HCN (4È3) emissionH2CO (51,5È41,4)show that much of the dense gas is distributed in three
structures with di†erent velocities. The northern feature is
more prominent in than in HCN, but we have insuf-H2CO
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Ðcient data to determine whether this reÑects an abundance
di†erence or a di†erence in excitation conditions.

5. Fundamental band absorption lines of 13CO are used
to obtain the temperature and column density of gas
toward IRS 3. Gas with two di†erent temperatures (45 K
and 310 K) is present in the line of sight. We identify the
colder gas as a clump surrounding IRS 3 which is detected
in HCN, and continuum emission. The hot com-H2CO,
ponent is probably gas very close to IRS 3 and heated by its
radiation.

6. Maps of continuum emission at 1300, 1100, 800, and
450 km show a number of intensity peaks. Using the sub-
millimeter maps, which show dust emission uncontami-
nated by free-free radiation, we identify 11 clumps, with

masses in the range 3È10 The submillimeter maps areM
_

.
broadly consistent with the morphology seen in HCN and

except for the prominence of a continuum clump,H2CO
C1, which lies near the edge of the compact H II region. We
interpret this clump as due to dust within the H II region
and warmed by IRS 1 to a temperature of 200È400 K.
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