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ABSTRACT

Based on CO (2-1) observations obtained with the Swedish-ESO Submillimeter Telescope, the dis-
tribution of molecular material associated with the Wolf-Rayet ring nebula NGC 2359 has been deter-
mined. The angular resolution is 22", and the velocity resolution is 0.33 km s~!. Three molecular
components are detected in the direction of the nebula. The bulk of the molecular gas is observed at
54 km s~ ! and follows the southeastern border of the nebula. Adopting a distance d = 5 kpc for NGC
2359, an H, mass of about 1200 + 500 M, appears to be related to the southern part of the nebula,
while 140 + 50 M, are linked to the filamentary windblown bubble. The volume density of the molecu-
lar gas related to the southern bar is >10° H, molecules cm ™3, while lower densities were estimated for
the material associated with the filamentary windblown bubble. From the present data, it is not clear if
the molecular gas at 37 km s~ ' (~380 + 120 M, d = 5 kpc) is associated with the nebula, but the
molecular material observed at 67 km s~ (~70 + 25 M, d = 5 kpc) seems to be unconnected. The
comparison between ionized, H 1, and molecular distributions indicates that the H 1 filament detected
with the Very Large Array is located at the interface between the ionized and molecular material, and
that the H 1 filament at 54 km s~ ! has originated in the photodissociation of the H,. Most of the molec-
ular gas associated with the filamentary bubble seems to be interstellar in origin. The dynamics of the
nebula is reanalyzed based on these new molecular results. It is consistent with either momentum conser-

vation or an intermediate stage between energy and momentum conservation.

Key words: ISM: bubbles — ISM: molecules — ISM: individual (NGC 2359) —
stars: individual (HD 56925) — stars: Wolf-Rayet

1. INTRODUCTION

NGC 2359 is a ring nebula surrounding the Wolf-Rayet
(W-R) star HD 56925 (W-R 7 in the catalog of van der Hucht
et al. 1988). The WN 4b star (Smith et al. 1996) is located at
a = 7161051, 6 = —13°7'31” (B1950.0; [ = 227275, b =
—0213). Figure 1 displays an Ha image of NGC 2359 as
taken from Cappa et al. (1999, hereafter CGNO). The
optical nebula, which has been discussed by Schneps et al.
(1981, hereafter SHWB), consists of a filamentary shell of
about 4'5 in size, a number of streamers of diffuse ionized
gas and a southern bright region, the bar. The filamentary
shell has been interpreted as a windblown bubble (WBB,;
Johnson & Hogg 1965; Chu 1981).

CGNO presented radio continuum (1465 MHz) and H 1
21 cm line observations of the nebula carried out with the
Very Large Array (VLA), with resolutions of ~30" and
~45", respectively. The radio continuum emission shows an
excellent correlation with the nebular line emission. The
ionized mass in the filamentary shell was estimated to be
~70d2 e M (ds iy is the distance in units of 5 kpc), indi-
cating that the shell mainly consists of interstellar matter,
while the ionized mass in the whole complex is in the range

! Member of Carrera del Investigador Cientifico, CONICET, Argen-
tina.
2 Visiting Astronomer, European Southern Observatory.

2664

900-1100d3 ,,. M. The H 1 emission distribution revealed
for the first time neutral gas associated with the optical ring
nebula at both 54 and 63 km s~ . The H 1 component at
54 km s~ ! consists of an arclike filament that closely
borders the northern part of the optical northwestern
streamer, the eastern region of the filamentary WBB, and
the southern region of the bar (see Fig. 5 of CGNO). The
H 1 emission at 63 km s~ covers most of the nebula, with
the brightest H 1 clumps defining an arclike structure that
surrounds most of the WBB and the southern bar (see
Fig. 6, CGNO). (Throughout this paper, radial velocities
are given with respect to the LSR.)

Molecular observations in the direction of NGC 2359
were first obtained by Schneps et al. (1981) with the 12 m
NRAO telescope at Kitt Peak (angular resolution = 66").
These CO (1-0) observations revealed molecular line emis-
sion at 37, 54, and 67 km s~ ! (see Fig. 1, Schneps et al.
1981). The molecular cloud at 54 km s~ ! is clearly inter-
acting with the nebula, while the cloud at 37 km s~ ! might
also be associated. The derived H, masses in the concentra-
tions at 37 and 54 km s~ ! were 800dZ . and 90d3,,. M,
respectively. The region was also recently reobserved using
the same telescope by Rizzo, Martin-Pintado, & Mangum
(2001), who estimated 9643 , .. M, and 300d3 ,,. M, for the
components at 37 and 54 km s~ !. St-Louis et al. (1998)
found excited H, in the southern bar.

The comparison of the optical emission with the H 1 emis-
sion at 54 km s~! and the molecular emissions at 54 and
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Fi1G. 1.—Narrowband Ha image of NGC 2359 taken from CGNO. The
gray scale is in arbitrary units. The plus signs mark the position of the 197
points observed in CO lines.

37 km s~ ! suggests that the H 1 emission at 54 km s~!

marks the location of the ionization fronts (CGNO), in
agreement with the [N 11] emission (SHWB).

Molecular observations in the direction of other W-R
ring nebulae were performed with the Swedish-ESO Sub-
millimeter Telescope (SEST) by Marston et al. (1999a,
1999b). They have found molecular gas associated with the
ring nebulae around W-R 16 and 75 (RCW 104), which has
probably been ejected in previous evolutionary phases of
the W-R stars.

In this paper, we present CO (2-1) and new CO (1-0)
observations in the direction of NGC 2359, carried out with
the 15 m SEST at La Silla, Chile. Our aim is to investigate
in detail the distribution and characteristics of the molecu-
lar material associated with NGC 2359, to compare the
distributions of the various gas components, and to analyze
the interaction between the ionized and neutral gas with the
molecular material. Kinetic efficiencies in windblown
bubbles depend on the stellar wind parameters, on the
expansion velocity of the bubbles, and on the amount of
material that participates in the expansion (see Treffers &
Chu 1982). Thus, reliable H, masses related to the complex
can provide valuable information about the energetic
properties of NGC 2359.

2. OBSERVATIONS AND DATA REDUCTION

We observed the 12CO (J = 1 — 0) (115 GHz) and '2CO
(J =2 - 1) (230 GHz) rotational lines during 2000 January
11-16 with the 15 m SEST located at La Silla, Chile. The
telescope and receivers are described in detail by Booth et
al. (1989). The half-power beamwidth (HPBW) of the tele-
scope was 44” and 22" at 115 and 230 GHz, respectively.
The high-resolution acousto-optical spectrometer had a
total bandwidth of about 100 MHz and a resolution of 80
KHz, corresponding to velocity resolutions of ~0.209 km
s~ at 115 GHz [CO (1-0) line] and ~0.104 km s~ at 230
GHz [CO (2-1) line]. The observed velocity interval ranged
from 23 to 76 km s~ ! at 230 GHz and from —4 to 104 km
s~ ! at 115 GHz. The system temperatures were ~200 K at

230 GHz and ~300 K at 115 GHz. The pointing was
checked once during each observing run on the SiO (v = 1,
J = 2 - 1) maser source Ori A. The pointing errors were 3”.
The uncertainty in the intensity calibration was 10%.

The '2CO (2-1) and '2CO (1-0) lines were acquired
simultaneously in the position-switching mode on a grid
with a spacing of 22”. The off-source position was o =
7"16™452, 6 = —13°7'48” (B1950.0). The 12CO observations
were taken of 197 points, which are indicated by plus signs
in Figure 1. The '3CO (2-1) and '3CO (1-0) observations
were carried out at four positions within the observed area,
at the strongest CO peaks. The observed line intensities
were expressed as main-beam brightness temperatures 7T,
by dividing the antenna temperature 7% by the main-beam
efficiency 7,,1,, equal to 0.70 and 0.50 at 115 and 230 GHz,
respectively.

The spectra were reduced using the CLASS software
(GILDAS working group). After smoothing the *2CO pro-
files to a velocity resolution of 0.43 and 0.33 km s~ ! at 115
and 230 GHz, respectively, the typical rms noise tem-
perature was 0.15 K (7,,) at 230 GHz and 0.22 K at 115
GHz, after an integration time of 2 minutes. The rms noise
temperature of the '3CO (2-1) spectra was 0.20 K and
0.10 K for '3CO (1-0), after an integration time of 6
minutes.

3. RESULTS AND DISCUSSION

The present high-sensitivity and high angular resolution
observations enabled us to map in detail the molecular
material in the environs of NGC 2359. The emission
appears concentrated at 37, 54, and 67 km s~ !, as pre-
viously found by SHWB. The main results of each velocity
component are discussed separately in the following sec-
tions. Since the J = 1 — 0 data reveal a structure similar to
that observed in the (2-1) line, but with a lower angular
resolution and higher rms noise temperature, our analysis
will focus on the (2-1) observations.

The distance to the nebula is a matter of some debate.
Van der Hucht (2001) derived a spectrophotometric dis-
tance d, = 3.7 kpc for the W-R star, in agreement with
previous determinations by van der Hucht et al. (1988) and
Conti & Vacca (1990). Assuming an uncertainty of +0.5
mag in the absolute magnitude, the error in the photometric
distance is +0.9 kpc. The LSR systemic velocity of NGC
2359 is 54 km s~ ! (see CGNO, and references therein). The
analytical fit to the flat galactic rotation curve by Brand &
Blitz (1993) predicts a kinematical distance d, ~ 5.9 + 1.0
kpc for gas at this velocity, where the uncertainty in d,
originates in the presence of noncircular motions of about
+7 km s~ ! (Burton 1988). A kinematic distance d, ~ 6 kpc
is also derived from Figures 2a and 2b of Brand & Blitz
(1993), which include the observed noncircular motions.
Consequently, we adopted a mean distance d = 5.0 + 1.3
kpc, which takes into account both the photometric and the
kinematic distances. A distance scaling factor is indicated in
our results to facilitate the conversion to other distances.

3.1. Molecular Cloud at 54 km s~ !

3.1.1. CO Distribution

The CO emission distribution obtained from the *2CO
(2-1) data is displayed in Figures 2 and 3. Figure 2 shows an
overlay of an Ho image of NGC 2359 and the !2CO inte-
grated emission | T,,,dv (K km s™') within the velocity
interval 47.6-56.5 km s ', where the 54 km s~ ' component
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F1G. 2.—Integrated CO (2-1) line emission for the component at 54 km
s~ ! superposed on the Ha image of the nebula. The contour lines are 2.4,
4.8,7.2,9.6,14.4,19.2,24.0,28.8,33.6,and 384 K kms™'.

was detected. Figure 3 displays a series of 12CO (2-1)
images showing T,,, within the velocity range 46.0-59.0 km
s~ ! in intervals of 1.6 km s~ 1. To facilitate the comparison
with the ionized gas, the first panel of Figure 3 shows the
optical image of the nebula. The plus signs in the last panel
mark the position of the 197 points observed in 12CO lines.
Most of the CO emission appears concentrated in a struc-
ture that encircles the southern and eastern portions of the
bar, named cloud A (Fig. 2). A number of smaller CO clouds
were also detected at 6 > —13°10" (B1950.0). They are indi-
cated as B, C, D, and E in the same figure.

Cloud A consists of two cores (Fig. 2). The brightest
clump is centered at o = 7°16™18%, 6 = —13°11'5 (B1950.0;
named E clump), while the smaller one is observed at
a = 7"16™10%, 6 = —13°11:8 (B1950.0; named W clump).
The comparison of the molecular and the optical emissions
shows that the strongest CO emission in cloud A follows the
sharp southern, eastern, and northeastern borders of the
bar, encircling the brightest optical emission regions. Strong
optical absorption is observed at the position of the E
clump. The weak optical emission region at o = 7"16™15",
0 = —13°12'2 (B1950.0; see also Fig. 7, in which the con-
trast facilitates the identification of this region) matches the
outer southern border of the brightest CO emission. E
clump extends to the northwest, delineating the bright
optical filament at « = 7"16™1135, 6 = —13°10’ (B1950.0),
and continues to the north, where it overlaps the filamen-
tary shell. W clump delineates the southern bar near
o = 7816™10°%, 6 = —13°11/7 (B1950.0). This emission extends
slightly to the north at o = 7"16™7° (B1950.0), where the
bright optical filament ends. W clump is more easily identi-
fied in Figure 3 within the velocity range 49.2 < v < 54.1
km s~ . The gap at o = 7"16™13%, 6 = —13°11/7 (B1950.0)
between both the E and W clumps is clearly observed in
Figure 3 for v < 54.1 km s~ !. At larger velocities a small
clump is detected at this position.
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Cloud B overlaps the filamentary shell, while clouds D
and E lie toward the east, with cloud D located just outside
the filamentary bubble. Cloud E is located in a region where
strong optical absorption is present. Cloud C is observed to
the north, close to the border of the filamentary bubble.

The comparison of the optical and molecular emissions
suggests that the molecular gas is being compressed by ion-
ization and/or shock fronts and is clearly interacting with
the optical nebula. As pointed out above, the molecular
material delineates the position of the ionization fronts,
which are seen edge-on.

A Gaussian fit to the 12CO (2-1) spectra indicates that
the mean LSR velocity of this component ranges from 52.0—
54.6 km s~ 1. The lines are broad (see Fig. 4a—4d), with full
widths at half-maximum (FWHMs) in the range of 2.5-5.7
km s~ !, slightly larger than the values obtained by SHWB.
Most of the broader profiles correspond to cloud A.

The Gaussian analysis shows a single gas component
with a velocity close to 54 km s~*. Only two profiles indi-
cate the presence of an additional weak molecular com-
ponent with a mean velocity of about 46 km s~ ! (peak
T, ~ 0.7 K). These profiles correspond to Cloud D and are
shown in Fig. 4c and 4d. The spectra were obtained in
direction of the borders of a small ringlike optical structure
observed to the southeast of the main filamentary bubble.
An inspection of the H 1 emission distribution at v = 46.9
km s~ ! obtained with the VLA (see Fig. 4 in CGNO) shows
the presence of an H 1 cloud at a = 7°16™20%, 6 = —13°95
(B1950.0), which overlaps the inner region and the borders
of the small optical shell described above. We interpret this
material to be the H 1 counterpart of the weak molecular
component at 46 km s~ !. Goudis et al. (1983) also found
ionized gas at a similar velocity in projection onto this small
Hua feature.

Peak optical depths were derived for three positions in
the direction of the E clump (cloud A) for which 3CO
profiles were observed (at the coordinates o = 7%16™16°5,
6= —13°1124"; « = T"16™1759, 6 = —13°11'24"; and o =
7016™1934, 6 = —13°11'2” [B1950.0]). Two of these profiles
are shown in Figures 4a and 4b. The peak optical depth of
the 13CO line was estimated from the peak T, values as

1(13C0O) ~ — In[1 — T,(*3CO)/(10.58J T, — 0.21)],

where JT, = (e'®°%T== — 1)1, The excitation tem-
perature T,,. was derived from the '>CO line, assuming
LTE and that '2CO is optically thick. The peak optical

depth of the 12CO line was obtained as
7(*2CO) = [W(**CO)/¥(**C0O)]?
x [Av(*3CO)/An(*2COY](12CO/3CON(3CO) ,

where v is the frequency of each transition, Av is the FWHM
of the observed line and *?CO/*3CO is the isotope ratio.
Here the T, s in these regions, as derived from (2-1) lines,
are about 14 K. A 12CO/'3CO isotope ratio of 70 was
adopted (Wilson & Matteucci 1992). Here t(**CO) ~ 0.2
and 7(*2CO) ~ 7-9 were estimated for the (2—1) lines, while
similar values were derived for the (1-0) lines. The ratio
W(*2CO)/W(*3*CO) [=] T,(**CO)dv/| T,(**CO)dv] for
the three observed points is in the range 8-11 for both the
(2-1) and the (1-0) lines.

The '2CO (2-1)/2CO (1-0) intensity ratio, which
depends on the kinetic temperature, on the optical depth,
and on the density, may provide information on the CO
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FiG. 3.—Images of T,,, within the LSR velocity range of 46.0-59.0 km s~ ! in intervals of 1.6 km s~ !. The first panel displays the Ha image of the nebula.
The gray scale of the CO images corresponds to 0.2-9.6 K, while the contour lines are 0.42, 0.84, 1.4, 2.0, 2.6, 3.2, 4.4, 5.6, 6.8, 8.0, 9.2, and 10.4 K. The velocity
interval of each image is indicated in the top left corner. The plus signs in the last image mark the position of the observed points.

excitation conditions. The ratio R, =j T,,(2 — 1)dv/
| T(1 — 0)dv obtained from the '>CO data [after convolv-
ing the 12CO (2-1) data to the angular resolution of the
12CO (1-0) data] varies between 0.6 and 1.8 in cloud A.
Here R,; ~ 1.0 £+ 0.2 is exhibited by the brightest parts of E
clump, while R,; ~ 1.4 + 0.1 was derived for W clump and
~1.3 + 0.7 for the CO gas projected onto the bar. The
largest value (1.9) was derived for cloud B, which is project-
ed onto the main bubble.

The observed variation in the R,, values can be under-
stood in terms of changes in the excitation conditions of the
molecular gas according to its location. The lower R,
values are obtained toward E clump and the peripheral
regions to the south and southeast of the clump, while
R,; > 1.2 is derived toward the bar and the W clump. The
larger values may result if the clouds are dense, warm

~

(kinetic temperature T > 50 K), and less opaque (z[12CO
(2-1)] < 5; see, e.g., Koo 1999; Sakamoto et al. 1994). Our
results are consistent with the molecular material projected
onto the bar and the filamentary shell, and in the W clump
being exposed to a strong UV radiation field.

Examination of large-scale velocity gradient (LVG) dia-
grams (see, e.g., Castets et al. 1990; Sakamoto et al. 1994)
indicates that in the optically thin case, R,; > 1, requires
densities larger than 10® H, molecules cm 3 for kinetic
temperatures in the range 20-50 K. Higher densities should
be expected in the optically thick case. Kinetic temperatures
>30 K were found in photodissociation regions (PDRs)
close to H 1 regions (see, e.g., Koo 1999; Castets et al. 1990).

Table 1 summarizes the central positions, dimensions,
peak temperatures T,,, mean H, column densities Ny,, CO
luminosities L, molecular masses, and rough volume den-
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sities n of the individual clouds. The H, column densities
were derived from !2CO (2-1) data by making use of the
empirical relation between Weo (=[ T, dv) and Ny,. We
adopted Ny, = (2.5 £ 0.9)W;o x 102 cm ™2 (K km s~ )77,

TABLE
MOLECULAR CLOUDS

obtained from y-ray studies of molecular clouds in the outer
Galaxy (Digel et al. 1996). The CO luminosities are defined
as Lco = Weo A (K km s~ pc?), where 4 is the area in pc?.
The masses include a Helium abundance of 10%. Volume

1

AT 54 KM s~ !

Parameters A

B C D E

Center position:

01950 «+verereennennee et —13 115
Radius (arcmin) .........ccoovvviviiiiiinnnnnnn. ...
Radius (d5 p PO) +vvvvvvmrerennnenenennnen.

Peak temperature T,,, [CO (2-1)] (K)...... 11.6
Mean Ny, (102° cm™2)..ooiviniininane 26 + 10
d =5 kpc:
Leo Kkms 1 pe?).iviiiiiiniininannnnn. 216.8
H, mass (Mg) .o.oovvnviiiiiiinninninnnn. 1200 + 500
n (10° H, molecules cm™3)................ 5-10
d = 3.7 kpc:
Leo Kkms 1 pe?).iiiiininiininannnnn. 118.7
H, mass (Mg) cooovvnviiiniiinninninnnnn. 660 + 260
n (10° H, molecules cm™3)................ 5-15
d = 6.3 kpc:
Leo Kkms i pe?).iuiiiiiiiniininannnnn. 3442
H, mass (Mg) .ooovvviiiniiinninninnnnn. 1900 + 700

n (10° H, molecules cm™3)................ 5-10

71615 71617 716 20 716 28

—138.7 —135.7 —138.7 —138.5
0.35 0.25 0.5 0.6 x 0.3
0.45 0.33 0.65 0.8 x 0.4
1.8 12 24 11
11+4 10+ 4 8+4 10+ 4
6.4 22 10.3 6.2

35+ 10 12+3 55+20 35+10
1-2 1.0-2.0 0.5-1 0.5-1

3.5 12 5.6 34
18+6 6+2 30+ 11 18+6
1-3 1-3 0.8-1.7 0.7-1.7
10.2 3.5 16.4 9.8

60 + 18 18+6 90 + 30 60 + 18
1-2 0.8-1.7 0.5-1.0 0.6-1.0
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densities for cloud A (expressed as H, molecules cm ~3) were
estimated by taking into account that the molecular
material is distributed in two relatively large clumps, corre-
sponding to both the E and W clumps, 1:9 x 0.7 and 08
x 022 in size, respectively, and a number of unresolved
clumps (N =~ 30), 18” in diameter each (comparable den-
sities are derived if N = 10-100). (A HPBW = 22" corre-
sponds to 0.48ds,,.) Molecular masses and volume
densities corresponding to d = 5.0, 3.7, and 6.3 kpc are
listed in the table. Spherical clumps were assumed for
clouds B-E. The presence of clumps is clear in other molec-
ular clouds (see, e.g., Koo 1999) and in regions exposed to a
strong UV radiation field.

As is seen from the table, the bulk of the molecular
material (~1200 + 500 d3,,. M) appears related to the
southern bar (cloud A), while little molecular gas
(~140 + 50 d2,,. M) has been found to be associated
with the W-R windblown bubble (clouds B-E). The derived
density for cloud A agrees, to within errors, with previous
estimates by SHWB and St-Louis et al. (1998).

It is worth noting that the molecular mass derived in this
paper for the component at 54 km s~ ! is larger than the
determinations by SHWB and Rizzo et al. (2001). Regard-
ing the SHWB paper, the difference arises in the fact that
these more sensitive and higher angular resolution obser-
vations have enabled us to identify individual clumps and to
detect CO emission in a larger area. Rizzo et al.’s estimates
were derived applying LVG diagrams, and the differences
may show the uncertainties involved in the different
methods.

3.1.2. PDR at the Interface Region between the Ionized and the
Molecular Gas
Figure 5 displays an overlay of the neutral hydrogen dis-
tribution within the velocity range of 51.4-57.9 km s~ %, as

obtained with the VLA by CGNO (white contours), the inte-
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Fi1G. 5—Overlay of the integrated H 1 emission within the velocity
interval 51.4-57.9 km s~ ! (white contours) (CGNO), the integrated CO
(2-1) line emission corresponding to the molecular component at 54 km
s~ ! (black contours) and the Ha image of the nebula (gray scale). The H 1
contour lines correspond to 5, 15, 25, 35, 45, and 55 mJy beam ™ !. The CO
contours are the same as in Fig. 2.
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grated CO emission (black contour lines), and the Ho image
(gray scale). The main H 1 clump at o = 7"16™12%, 6 =
—13°11!7 (B1950.0) appears to be projected onto the gap
between the clumps in cloud A, suggesting that the H,
material has been dissociated in this region. Clouds B and
D are projected onto a region of weak H 1 emission, while
cloud C is detected where the H 1 filament is incomplete.
The neutral atomic mass in the H 1 filament at 54 km s~ !
(50d3 . M, CGNO) is only a small fraction of the total
molecular mass.

In spite of the different angular resolutions, the distribu-
tion of the different gas components supports the idea of the
H 1 filament being placed at the interface between the
ionized and molecular gas. Thus, the H 1 filament at 54 km
s~! seems to have originated in the dissociation of the
molecular gas. Although the action of shock fronts cannot
be discarded, the presence of the ionization front indicates
that a PDR has developed at the surface of the molecular
cloud, illuminated by far-UV radiation (see Hollenbach &
Tielens 1997).

St-Louis et al. (1998) performed narrowband H, infrared
observations centered on the v = 1-0 S(1) transition. They
found that the H, emission is filamentary and lies mainly on
the southern border of the bar or in regions of very low
optical emission. Their Figure 1 shows that the brightest H,
filaments follow the southern border of the bar from
o = 7"16™3° to 7"16™125. This region is placed at the inter-
face between the ionized and CO emission features (see Fig.
2). Thus, the excited H, emission probably resides on the
molecular cloud’s surface, as expected in PDRs (see, e.g.,
Levenson et al. 2000). The H, emission also coincides with
the brightest region of the main CO clump. This correlation
between H, and CO lines is also expected in PDRs (Rubio
et al. 2000).

Additional support for the PDR hypothesis comes from
the relatively large R, values derived for the W clump and
the molecular material projected onto the bar. Sakamoto et
al. (1994) have found comparable line ratios in regions of
the Orion molecular clouds, which are exposed to a strong
FUYV radiation field.

In an attempt to look for signs of star formation, we have
searched for protostellar candidates in the IRAS Point
Source Catalog. The IRAS point source 07161—1311
(x = 7"16™12°%, 6 = —13°11/7 [B1950.0]) is seen projected
onto the molecular cloud. The source fulfills the conditions
1.2 < F(100 pm)/F(60 um) < 6 and F(60 ym)/F(25 ym) > 1,
which discriminate against cold IRAS point sources
(Junkes, Fiirst, & Reich 1992). However, the flux density
ratios, log [F(12 um)/F(25 pm)] = —0.26 and log [F(25
um)/F(60 um)] = —1.4, are consistent with a hot cirrus
heated by UV photons from nearby massive stars
(Yamaguchi et al. 1999), suggesting that the IR source is not
a protostellar object.

The appearance of cloud A is that of a molecular cloud
bounded by the ionization front viewed edge-on, with the
molecular material being disrupted by the energetic flux of
the star. The morphology of cloud A, which encircles the
bar, suggests the presence of a secondary bubble, which
might be colliding with the main W-R filamentary bubble
(see SHWB; St-Louis et al. 1998).

3.2. Molecular Clouds at 37 and 67 km s~ !

The integrated CO (2-1) line emission corresponding to
the molecular clouds at 37 and 67 km s~ ! is shown in
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Figures 6 and 7, respectively, superposed on the Ha image
of the nebula. The cloud at 37 km s~ ! appears projected
onto a region of high optical absorption to the east of the
filamentary bubble. The western boundary of the molecular
cloud follows the eastern border of the filamentary bubble
and the rim of a small optical ring near o = 7°16™22%, 6 =
—13°9/0. The molecular cloud extends to the east and north
beyond the observed area. No H 1 gas with velocities close
to 37 km s~ ! was detected in the VLA data (see Fig. 4 in the
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F16. 6—CO integrated emission for the component at 37 km s !

superposed on the Ha image of the nebula. The contour lines are 0.7, 1.2,
1.8,2.4,3.6,4.8,6.0,7.2,and 84 K km s~ 1.
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F16. 7—Same as Fig. 6, but for 67 km s~ *. The contour lines are from
0.7to0 3.7 K km s~ ! in intervals of 0.5 K km s ..
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paper by CGNO). The H 1 filament at 54 km s~ ' appears
projected onto the western boundary of the molecular
cloud, suggesting a possible interaction. However, from the
present observational data, it is not clear if the molecular
material is interacting with the nebula.

The cloud at 67 km s~ ' was detected to the southeast of
NGC 2359 and is projected onto one of the southern optical
streamers. The comparison between the molecular emission
at 67 km s~ ! and the H 1 emission distribution at the same
velocity (see Fig. 4; CGNO) suggests that both gas com-
ponents are complementary. This molecular material
appears to be unconnected with the nebula.

Line widths of the spectra, corresponding to the molecu-
lar clouds at 37 and 67 km s~ !, differ significantly from line
widths in the cloud at 54 km s~ 1. The profiles at 37 and 67
km s~! are narrow, with FWHMs in the range of 0.9-2.0
km s~! (Fig. 4e and 4f). From one position observed in
12CO and !3CO lines in the cloud at 37 km s~ ! (Fig. 4e), we
estimate T,,, =12 K, 7(!3CO) =0.4 and (*>CO) = 13.
Here R,,values corresponding to these clouds are about
0.5-0.6.

The H, column densities, CO luminosities and the molec-
ular masses are (10 + 4) x 10%° ecm ™2, 69.7d3 . K km s™*
pc? and 380 + 120d%,,. M, for the cloud at 37 km s~!
and (5 +2) x 10*° cm ™2, 12.84%,,. K km s™! pc? and 70

+ 25d3 .. M, for the cloud at 67 km s~ . The H, column
densities and molecular masses were derived as described in
§3.1.

4. ENERGETICS OF NGC 2359 AND THE NATURE OF THE
MOLECULAR GAS

Several authors have analyzed the energetics of NGC
2359. Treffers & Chu (1982), taking into account only the
ionized material, have estimated that the kinetic energy in
the shell is less than 1% of the kinetic energy of the stellar
wind, suggesting that the nebula is in the momentum-
conserving stage. The analysis by Marston (1991), who
included the neutral mass resulting from the dust mass and
the normal gas-to-dust mass ratio, also provides a similar
result. CGNO, taking into account the ionized and neutral
mass derived from VLA observations and the molecular
mass obtained by SHWB, concluded that the nebula was in
the momentum-conserving stage or in an intermediate stage
between energy and momentum conservation. According to
Treffers & Chu, strong radiative losses can occur when
neutral clumps remain immersed within the bubble (see also
Hartquist & Dyson 1993).

Following CGNO, we have reanalyzed the energetics of
the (1) filamentary shell and (2) the entire complex sepa-
rately by taking into account these new molecular results.
We derive the kinetic efficiency e as the ratio between the
kinetic energy of the swept-up mass (E,) and the mechanical
energy released to the interstellar medium (ISM) by the
stellar wind (E,,).

1. We consider 70d3 ,,. M, of ionized material, 25d3 .
M of neutral atomic gas (half the mass of the filament
associated with the filamentary bubble and with the
southern bar), and 14042, .. M, of molecular material to be
associated with the filamentary bubble. For expansion
velocities in the range of 15-30 km s~! (see CGNO), E, =
0.5-2.1 x 10*%d%, . ergs. Adopting E, ~ 0.5-1.0 x 10°°
ergs as the mechanical energy released into the ISM by the
W-R star during the dynamical age of the WBB (CGNO),
€ ~ 0.005-0.04d% .. These values for the kinetic efficiency
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suggest that the filamentary shell is in the momentum-
conserving stage or in an intermediate stage between energy
and momentum conservation. Similar e values are derived
for distances in the range of 3.7-6.3 kpc.

2. We evaluate E, for the whole NGC 2359 complex by
including in our calculations the ionized and neutral gas in
the bar and streamers. The ionized material in these regions
amounts to 190-400d2,,. M, the neutral atomic gas
detected within the velocity range of 41-63 km s~ ! is about
300d3 ,c M, and the molecular material at 54 km s~ is
1200 + 500dz ,. M. Assuming this material is expanding
at 6 km s~ ! (see CGNO) and taking into account the kinetic
energy of the filamentary bubble derived in point 1, E; ~
0.9-2.6 x 10*%d%, . ergs. Adopting E, ~1.6-3 x 10°°
ergs, which includes the energy released by the star during
the O and current W-R phases, € ~ 0.003-0.02d3 , ., indi-
cating a similar situation as in point 1. No significant
change in this conclusion follows if either distances in the
range of 3.7-6.3 kpc are considered or if the molecular
material at 37 km s~ ! is included.

In summary, our final result indicates that NGC 2359 is
in the momentum-conserving stage or in an intermediate
stage between energy and momentum conservation. This
conclusion does not change if the lower masses derived by
Rizzo el al. are considered.

The origin of the molecular material associated with
NGC 2359 may shed some light on the formation of the
nebula. Two possible origins can be considered for this gas:
(1) it may predominantly consist of stellar material ejected
by the star in previous evolutionary phases, or (2) it may be
mostly composed of interstellar material. In this latter case,
the molecular material would consist of the leftovers of the
molecular cloud in which the W-R star was born. This
molecular matter would have been partially swept up by the
action of the stellar winds of the W-R star or its progenitor
star.

For the case of NGC 2359, some support to the first
interpretation comes from the observed '>CO/*3*CO ratio.
The 12C/*3C isotopic abundances can be estimated when-
ever the 2CO/!3CO ratio reflects the 12C/*3C isotopic
ratio. The isotopic abundance is ~70 in the local ISM
(Wilson & Matteucci 1992), while values in the range of
10-50 were derived for planetary nebulae and the envelopes
of asymptotic giant branch stars (see, e.g., Bachiller et al.
1997). These lower ratios are the result of stellar processing.
As mentioned in § 3.1.1, W(*2CO)/W(13CO) ~ 8-11 for the
three points in the direction of the E clump for which **CO
observations are available. However, the 12CO emission
should be optically thin so that the 12CO/3CO ratio re-
flects the isotopic abundance. We do not know if this is the
case, since the '3CO observations were obtained in the
direction of the brightest parts of the molecular clump.

The large molecular mass found to be associated with the
nebula casts more doubt on the first interpretation. For the
filamentary shell alone, the molecular mass amounts to
~140d2,,. M, indicating that the material is interstellar
rather than stellar in origin. If we adopt the lower limit to
the photometric distance (d = 2.8 kpc, see § 3), the molecu-
lar mass amounts to >40 M, suggesting an interstellar
origin for most of the gas. Taking into account the ionized,
neutral, and molecular mass, ~240dZ,,. M, are related to
the filamentary WBB. To the contrary, the small molecular
mass found to be connected with the ring nebulae around
W-R 16 and 75 (Marston et al. 1999a, 1999b) is compatible
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with a stellar ejecta origin. Regarding the molecular
material related to the southern bar, the amount of molecu-
lar gas indicates an interstellar origin.

5. SUMMARY

We have investigated the distribution of the molecular
material related to NGC 2359, based on CO (2-1) obser-
vations carried out with the SEST with an angular
resolution of 22”. These new observations, obtained with
higher angular resolution and sensitivity than the previous
observations by SHWB, enabled us to image the molecular
material in the environs of the nebula. Three molecular
components at 37, 54, and 67 km s~ ! were observed in
direction of NGC 2359. Most of the molecular gas associ-
ated with the nebula is detected at 54 km s~ !, following the
southern border of the bar. An H, mass of about 1200
+ 500d2,,. M, appears to be related to the bar, while
140 + SOdE xpe Mo can be linked to the filamentary bubble.
Volume densities are >10° H, molecules cm ™ for the
molecular gas associated with the southern bar, while lower
values were derived for the material connected with the
filamentary WBB. The H, mass in the components at 37
and 67 km s~ ! are 380 + 12042, . and 70 + 25d3,,. M.
The association of the component at 37 km s~ ! remains an
open question, while the component at 67 km s~! is most
probably unrelated to the complex. Although part of the
molecular gas associated with NGC 2359 may have orig-
inated in previous evolutionary phases of the current W-R
star, it seems that this molecular gas is mostly composed by
interstellar matter.

The comparison between the distributions of the ionized
gas, the H 1 filament detected with the VLA at 54 km s~ 1,
and the molecular gas at the same velocity suggests that the
H 1 filament is located at the interface between the ionized
and molecular material. We concluded that the H 1 filament
at this velocity (~50 M) has originated in the photo-
dissociation of the molecular material. The relatively large
values derived for the 12CO (2-1)/12CO (1-0) intensity ratio
and the presence of excited H, emission are consistent with
the existence of a PDR at the surface of the molecular
clouds. Thus, the presence of a PDR gives a natural expla-
nation for the existence of the H 1 filament. The reanalysis of
the dynamics of NGC 2359, taking into account the new
CO results, confirms that the nebula is closer to the
momentum-conserving stage.

More studies of W-R ring nebulae, including the ionized,
neutral, and molecular gas components, are necessary to
confirm if a similar dynamical situation applies to other
ring nebulae and to investigate the origin of the molecular
material in their environs. This is important to improve
theoretical models of evolving interstellar bubbles, which
might enable the parameters of the stars to be estimated
based on their actions on the surrounding ISM. Additional
studies of the PDR at the interface between the ionized and
the molecular material, using molecular lines that can trace
higher density regions, are also required.
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