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Abstract. It is clear that outflow activity can have a significant impact on the structure and evolution of material in
protostellar environments, but the detailed nature of the interaction between the outflow and surrounding material
is not clearly understood. To probe the impact of outflow activity on protostellar core material, in this paper we
present observations of CH3OH (Jk = 3k → 2k), c-C3H2 (Jk−,k+ = 31,2 → 22,1) and DCN (J = 2→ 1 multiplet)
at 145 GHz towards a sample of Class 0 and Class I sources, to place constraints on the physical and chemical
changes which have taken place through the onset of star formation. CH3OH was detected towards all of the sources
and positions observed. In many sources, the CH3OH lines have two velocity components: one broad (〈∆v〉 ∼
1.5 km s−1), and one narrow (〈∆v〉 ∼ 0.7 km s−1). Both velocity components of CH3OH show significantly (>10)
enhanced abundances relative to quiescent dark clouds. These two components are predominantly a feature of
the Class 0 sources. These sources also have the broadest lines in both components. c-C3H2 was detected towards
87% of the sources observed and DCN was detected towards 66% of the sources observed. The narrowest detected
component of c-C3H2 has similar linewidths to NH3, and is detected towards only a small fraction of positions,
implying that only a small number of sources contain undisturbed material. The degree of activity implied by
the enhanced abundances in CH3OH is larger in the Class 0 sources than the Class I sources. Since the narrower
linewidth components also show enhanced abundances in this molecule, we conclude that energetic activity during
the star formation process, which may include both outflow and infall processes, affects the apparently quiescent
core material very early in the star formation process.
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1. Introduction

Most, if not all low mass protostellar sources go through
a phase of energetic outflow activity during their evolu-
tion (Lada 1982). Outflows are thought to commence very
early during protostellar evolution, although their tran-
sitory nature, and the lack of detailed observations and
theories on the acceleration mechanisms, make the out-
flow dynamical timescale a poor estimator of protostellar
ages (Chernin & Masson 1995; Parker et al. 1991). The
outflows play an important role in theories of star forma-
tion, where they contribute to mass loss, angular momen-
tum transport and clearing circumstellar material (Richer
et al. 2000; Hayashi et al. 1994; Terebey et al. 1990). In
addition, the outflows can drain envelope material into
the outflow at large distances from the collimated driv-
ing jet (Stahler 1994). The bulk of the outflow material is
assumed to consist of swept up ambient material, a view
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supported by evidence from comparisons of outflow and
cloud morphology, and from comparisons of outflow and
stellar mass (Masson & Chernin 1993). The outflow can
have a significant effect on the structure and evolution
of the surrounding core (Parker et al. 1991), with kinetic
energies large enough to disrupt and disperse the rem-
nant circumstellar envelope. However, the nature of the
interaction between the outflow and surrounding circum-
stellar material is not clearly understood. As the outflow
first breaks out, it sweeps up a significant amount of cir-
cumstellar material (Fuller & Ladd 2002). Thereafter, it
is unclear to what extent the outflow continues to interact
with the circumstellar material.

The energetic interaction between the outflow and the
surrounding circumstellar material has a significant im-
pact on both the chemical composition and physical struc-
ture of the protostellar environment (Gibb & Davis 1998;
Lada 1985). Dust grains are processed through shocks,
which destroy the grain mantles, and leads to a rich chem-
ical environment surrounding the outflow. This chemical
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Table 1. Molecular line list.

Molecule Transition Frequency Elower

MHz K

CH3OH Jk = 31 → 21E
+ 145 131.88 28.01

CH3OH Jk = 32 → 22E
+, E− 145 126.37 28.4, 31.9

CH3OH Jk = 30 → 20A
+ 145 103.23 6.96

CH3OH Jk = 31 → 21E
− 145 097.47 12.34

CH3OH Jk = 30 → 20E
+ 145 093.75 20.09

c-C3H2 Jk−,k+ = 31,2 → 22,1 145 089.60 9.09

DCN J = 2→ 1 F ′ = 1→ 1 144 830.34 3.48

DCN J = 2→ 1 F ′ = 3→ 2 144 828.11 3.48

DCN J = 2→ 1 F ′ = 2→ 1 144 828.00 3.48

DCN J = 2→ 1 F ′ = 1→ 0 144 826.82 3.48

DCN J = 2→ 1 F ′ = 2→ 2 144 826.57 3.48

C18O J = 1→ 0 109 782.17 0.00

enrichment can be used as a probe to assess the role of
protostellar outflows in clearing circumstellar regions. By
observing different molecular transitions which require a
range of excitation conditions we can trace different com-
ponents of the outflow. Methanol is a species which is
known to be abundant in the ice mantles on grains. It is
volatile, and easily liberated from grain mantles through
shock processing (Charnley et al. 1995; Bachiller et al.
1995; Van Dishoeck et al. 1995). The ease with which
it is liberated, and the consequent increase in its abun-
dance should make methanol a sensitive probe of the
interaction between outflows and quiescent dense gas.
In addition, since methanol is present in both quiescent
and processed material, the same molecular probe can
be used to determine changes in the physical properties
due to outflow interactions. The deuterated species DCN,
which has hyperfine components in the transitions at ra-
dio wavelengths, has been observed in protostellar envi-
ronments (Van Dishoeck et al. 1995), where it is thought
to be released into the gas phase through grain man-
tle evaporation. This can be used to further constrain
the type of chemistry taking place, whether predomi-
nantly low temperature gas phase, ice mantle formation or
shock processing (Hatchell et al. 1998). The organic ring
molecule c-C3H2 has been observed in molecular clouds
(Lee et al. 1993) and protostellar environments (Bachiller
& Gutiérrez 1997; Tafalla & Myers 1997), where it has
been associated with the central, dense regions surround-
ing the protostar.

In this paper, we report on observations of CH3OH,
c-C3H2 and DCN in a sample of 30 protostellar objects.
In Sect. 2 we describe the observations and data reduction
and in Sect. 3 we describe the results of the observations.
In Sect. 4, we describe the different methods used to anal-
yse the data, and report on the results. In Sect. 5, we
discuss the interpretation of our results. Finally, we sum-
marise our findings in Sect. 6.

2. Observations and data reduction

Single dish observations of CH3OH Jk = 3k → 2k
transitions at 145 GHz were made using the NRAO
(National Radio Astronomy Observatory) 12 m telescope
in February 1999, using the 2 mm SIS receivers and the
MAC (Millimetre Autocorrelator) spectrometer in 4 IF
mode with 8000 channels. The spectra were observed
using 15 kHz channels, giving a velocity resolution of
∼0.03 km s−1. The NRAO beam size at this frequency
is 43′′, and the corrected main beam efficiency of the tele-
scope, η∗m, is 0.76. The observations were made in two
polarization channels and averaged. The 31,2 → 22,1 tran-
sition of c-C3H2 was observed in the same spectrum as the
CH3OH transitions, while the DCN 2→ 1 hyperfine com-
ponents were observed in parallel channels, which were off-
set by 290 MHz. Since the CH3OH lines could be observed
simultaneously, the derived quantities are not subject to
relative calibration uncertainties. The weather was good
during the observations, giving effective system tempera-
tures of between 170 K and 200 K. The data were taken
in position-switching mode, with offset positions of ±15′.
Table 1 lists the molecular lines that we detected, with
their associated frequencies and energies.

In addition, observations of C18O J = 1 → 0, at
109.78 GHz were taken using the NRAO 12 m telescope
in February 2000. The observations were taken using the
3 mm receiver in position switching mode, with the MAC
in 2IF mode with 16 000 channels. These observations were
taken in order to constrain the CH3OH abundances.

The observations were made at a total of 60 positions
toward 18 Class 0 and 12 Class I sources that are known
to have associated outflows. Table 2 lists the sources ob-
served with the positions, distances and bolometric tem-
peratures. The sample was chosen to include as many
of the very young (Class 0) sources as possible. Several
Class I sources, with evidence of molecular outflow emis-
sion, were also chosen to be used as a comparison with the
Class 0 sources. In addition to observations towards the
embedded source, for those sources which showed strong
methanol lines, we observed at several positions around
the source, where previous observations have shown peaks
in the CO outflow emission. These positions are listed in
Table 2 as arcsecond offsets from the source position above
them. We refer to the positions centred on CO outflow
peaks as “outflow” positions, and the positions centred on
the protostellar source as “core” positions.

Figures 1 and 2 show sample spectra from the proto-
stellar sources. In Fig. 1, spectra were chosen to show the
range of linewidths and intensities detected for CH3OH
and c-C3H2 molecules. The velocity scales are set to the
velocity of the Jk = 30→20A

+ transition. Figure 2 shows
examples of the DCN detections.

Data reduction was carried out using the radio data re-
duction software CLASS. Despite the variety of line pro-
files detected, we find that Gaussian fitting to the line
profile provides a good fit to the data, and allows a sim-
ple comparison of linewidths and integrated intensities.
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Fig. 1. Spectra from a sample of sources, showing the spectra obtained at 145 GHz (CH3OH, c-C3H2). An arrow marks the
position of the c-C3H2 transition in the spectrum of S68N. All spectra are plotted to the same velocity and temperature scales.

For c-C3H2, single or two component Gaussians were fit-
ted to the data using the CLASS routines. The choice of
single or double component Gaussians was made on the
basis of producing the best fit to the data. If a double
component line that produced the best fit was the sum of
two very similar velocity and linewidth components, then
a single component fit was made. For DCN, CLASS rou-
tines that account for the multiplet transitions were used.
For CH3OH, we used a separate fitting procedure based
on single or double Gaussian components. Since the sepa-
ration of the K transitions is fixed by the structure of the
molecule, each of the Gaussian components had 7 free pa-
rameters: its width, its velocity and the intensity in each
of the 5 K transitions. Using this procedure, we hope to

obtain a more useful fit to the data than by freely fitting
all the lines in the spectra.

3. Detections

3.1. CH3 OH

Methanol was detected towards all of the observed po-
sitions. The spectra shown in Fig. 1 demonstrate the
range of linewidths, line profiles and peak temperatures
detected towards the protostellar sources. Towards some
core positions, such as L1527 and L483, the lines are
narrow, whereas cores such as S68N and SMM4 have
large blue and red wings. In some outflow positions, such
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Table 2. Summary of sources observed. Bolometric temperatures, Tbol, and source distances, d, are obtained from the current
literature.

Source Tbol d RA Dec Source Tbol d RA Dec
(K) (pc) 1950 1950 (K) (pc) 1950 1950

L1448 IRS3 70 300 03:22:31.9 30:34:48.0 continuum peak 45′′ 6′′

L1448 NW –17′′ 16′′ red lobe peak –71′′ 36′′

blue lobe peak 25′′ –35′′ LFAM1 174 160 16:23:20.3 –24:16:06.6
red lobe peak 57′′ –110′′ I16244-2432 157 160 16:24:26.1 -24:32:51.0
L1448 mms 56 300 03:22:34.3 30:33:35.0 blue lobe peak 35′′ 15′′

red lobe peak 33′′ –77′′ I16293-2422 43 160 16:29:20.9 –24:22:13.0
I03282+3035 26 300 03:28:15.2 30:35:14.0 red lobe peak 60′′ –45′′

HH211 30 300 03:40:48.7 31:51:24.0 L483 48 200 18:14:50.6 -04:40:49.0
red lobe peak –14′′ 7′′ blue lobe peak –30′′ 5′′

blue lobe peak 18′′ –9′′ red lobe peak 40′′ –5′′

quiescent cloud 41′′ 14′′ L483 SW –30′′ –60′′

blue lobe peak 41′′ –14′′ S68N 40 300 18:27:15.6 01:14:42.0
IRAM04191+1522 18 140 04:19:06.4 15:22:45.0 quiescent cloud 46′′ 66′′

red lobe peak 6′′ 17′′ SMM1 51 300 18:27:17.5 01:12:13.3
Haro6-10 242 140 04:26:21.9 24:26:29.0 SMM4 43 300 18:27:24.8 01:11:08.0
L1551IRS5 97 140 04:28:40.2 18:01:42.0 B335 37 250 19:34:35.7 07:27:20.0
L1551NE 75 140 04:28:50.8 18:02:11.0 blue lobe peak –60′′ 24′′

blue lobe peak –168′′ –96′′ L1152 72 440 20:35:19.4 67:42:30.0
L1535 152 140 04:32:33.4 24:02:13.0 blue lobe peak 15′′ 30′′

TMR-1 144 140 04:36:09.7 25:47:29.0 L1157 62 440 20:38:39.6 67:51:33.0
L1527 59 140 04:36:49.3 25:57:16.0 blue lobe peak 20′′ –60′′

RNO43 33 400 05:29:30.6 12:47:25.0 I20126+4104 (0) 1700 20:12:41.0 41:04:21.0
HH25 34 400 05:43:33.7 –00:16:05.0 L1174 (I) 440 20:59:42.1 68:00:12.0
red lobe peak 224′′ 30′′ L1251B 91 200 22:37:40.8 74:55:50.0
HH111 38 460 05:49:09.3 02:47:48.0 blue lobe peak –81′′ 85′′

VLA1623 30 160 16:23:24.9 –24:17:46.0 red lobe peak 128′′ –50′′

red lobe peak –42′′ 16′′ CepE (0) 730 23:01:10.1 61:26:16.0
blue lobe peak 45′′ –24′′ blue lobe peak –24′′ –22′′

continuum peak 16′′ 76′′ red lobe peak 4′′ 17′′

continuum peak 16′′ 31′′ L1262 104 200 23:23:48.7 74:01:08.0

as L1448 (25′′, –35′′) and L1157 (20′′, –60′′), asymmet-
ric wings are observed. Other outflow positions, such as
VLA1623 (–42′′, 16′′), do not have any obvious asymmet-
ric broadening.

The Jk = 30 → 20A
+ (El ∼ 7 K) and Jk = 31 → 21E

−

(El ∼ 12 K) transitions, which lie between 0 and 25 kms−1

in the spectra, were detected towards all of the observed
positions, and are the strongest CH3OH lines in all of
the sources. The Jk = 31 → 21E

+ (El ∼ 28 K) and
Jk = 32 → 22E

+/− (El ∼ 30 K) transitions, which lie
between –60 and –30 kms−1, were much weaker, and were
detected towards only ∼12% of positions. The CH3OH
Jk = 30 →20E

+ (El ∼ 20 K) transition is also weaker
than the lower lying transitions, and was detected towards
∼65% of positions. This line is brighter in the sources
which also have emission from the higher lying (El >
20 K) transitions. The few sources that show unambiguous
emission in all of the transitions are all Class 0 sources. In
IRAS 16293–2422, all five transitions are detected towards
both core and outflow positions. In S68N, all five transi-
tions are detected towards the core positions (we did not
observe an outflow position for this source). For two other
sources, L1157 and VLA1623, the outflow positions show
5 transitions, whereas the core positions show only the

three lower lying transitions, evidence of warmer material
in the outflow.

3.2. c-C3 H2

c-C3H2 was detected towards ∼87% of the positions ob-
served. This molecule has narrow linewidths towards the
majority of sources. However, there are exceptions, such
as SMM4, where there is an obvious broad component
to the line. Emission from c-C3H2 tends to have larger
peak intensities towards those positions that show nar-
row CH3OH linewidths, such as L1527 and L483, and is
weaker, if detected, towards positions where CH3OH lines
have broad components, such as S68N and L1157 (Fig. 1).
The positions where we do not detect c-C3H2 emission are
all outflow positions, with the exception of IRAS 16244–
2432, where we do not detect c-C3H2 emission towards
either core or outflow positions.

3.3. DCN

The DCN hyperfine component lines are weaker than the
CH3OH or c-C3H2 lines in our sources, as shown in Fig. 2.
Emission from DCN is detected towards both core and
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Fig. 2. Spectra from a sample of sources, showing the spectra
obtained at 144.8 GHz (DCN). The spectra are plotted to the
same velocity and temperature scales, and have been smoothed
in order to better display the hyperfine components.

outflow positions, in ∼66% of the positions observed. In
those sources where emission from c-C3H2 and DCN is
not detected, the methanol lines are also weaker. However,
towards L1527, the CH3OH and c-C3H2 lines are bright,
but we did not detect emission from DCN.

4. Analysis

4.1. Linewidths and velocities

Linewidths, velocities, intensities and associated uncer-
tainties are shown in Table 3. The integrated intensity
is calculated from the Gaussian fits to the data, using:∫
T ∗Rdv = 1.06T ∗R∆v (1)

and the corresponding uncertainties are calculated from
uncertainties in the linewidths (∆v) and peak ampli-
tudes (T ∗R).

4.1.1. Number of detected line components

For the sources which have two detectable components,
the Gaussian fits generally result in one component which
is broader than the other, although a few sources have
two components which are distinguishable by a difference
in velocity rather than linewidth. For convenience, we la-
bel linewidths as single if fitted with one Gaussian, and
as broad and narrow if fitted with two Gaussians. For a
few sources (e.g. L1448NW), the difference in broad and
narrow linewidths may be as little as 0.1 km s−1.

The detection of two components in the lines is not
a function of distance to the source, as is demonstrated
in Figs. 3a–c. The sources at the largest distances are as
likely to have two detectable components as the nearer
sources. Additionally, we do not see a significant difference
in the widths of the lines that we detect as a function of
distance to the source (Figs. 3d–e).

Over half of the positions observed (57%) have two
detectable components in the CH3OH emission. Class 0
cores and outflows have the highest fraction of two com-
ponent lines: 70% of the outflows and 62% of the cores for
Class 0 compared to 33% and 20% for Class I core and
outflow positions respectively. Only ∼32% of the sources
that have detectable c-C3H2 emission show two compo-
nents in the lines from this molecule, irrespective of class
or position.

4.1.2. Linewidths

Figure 4 displays the distribution of the broad, narrow and
single component linewidths detected towards the sources.
Also shown on the plots is the weighted average of the
linewidths, over all observed positions, for each compo-
nent. The weighted average of the linewidths by core and
outflow position are listed in Table 4 for CH3OH, c-C3H2

and DCN. The broadest lines are the broad component
CH3OH transitions (Fig. 4a), with an average linewidth of
1.5 km s−1. The narrowest lines are the narrow component
c-C3H2 transitions (Fig. 4f), with an average linewidth of
0.4 km s−1. All of the other components of the molecu-
lar transitions have similar average linewidths, of between
0.5–0.7 km s−1 (Figs. 4b–e, Table 4).

Perhaps surprisingly, we detect the broadest CH3OH
lines towards core positions, rather than outflow positions.
This is also true for the c-C3H2 single component lines. On
the other hand, outflow positions have broader c-C3H2

broad components, and DCN single components.

When the linewidths for individual sources are com-
pared, as in Fig. 5, we see that positions with broader
CH3OH linewidths are also likely to have broader c-C3H2

and DCN linewidths. As stated previously, the detection
of broad lines does not appear to be correlated with the
distance to the source (Fig. 3).

4.1.3. Central velocities

The sources with two components in CH3OH and c-C3H2

have central velocities for the broad and narrow compo-
nent that are similar for each molecule. In most cases, the
values lie within a few tenths of a km s−1, as is illustrated
in Fig. 6. The narrow CH3OH components (Fig. 6a) are
both red and blue-shifted with respect to corresponding
broad CH3OH components, with differences <1 km s−1.
There are a few sources which show larger differences in
central velocities between the broad and narrow compo-
nents, including IRAS 16293 (60,−45) and L1157. In these
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Table 3. Velocities and intensities from Gaussian fits to the data. Values of
∫
T ∗Rdv are given for the Jk = 30 → 20A

+ transition
for CH3OH, which is the strongest line in this spectrum. For DCN, values are quoted for the main hyperfine component, which
must be multiplied by 2.146 to get the total intensity in the transition. Uncertainties are quoted in parentheses. Offsets in the
source names are in arcsec.

Source Molecule ∆v v (Broad/Single)
∫
T ∗Rdv ∆v v (Narrow)

∫
T ∗Rdv

km s−1 km s−1 K km s−1 km s−1 km s−1 K km s−1

L1448 IRS3 CH3OH 0.86(0.04) 4.76(0.01) 0.70(0.04) 0.60(0.04) 4.02(0.03) 0.30(0.02)

c-C3H2 0.99(0.08) 4.63(0.03) 0.47(0.03) 0.46(0.04) 3.92(0.02) 0.15(0.03)

DCN 0.76(0.03) 3.99(0.01) 0.34(0.06) .. .. ..

L1448NW CH3OH 0.74(0.03) 4.21(0.04) 0.47(0.02) 0.63(0.03) 4.82(0.01) 0.46(0.02)

c-C3H2 0.70(0.05) 4.63(0.02) 0.29(0.02) 0.50(0.03) 3.98(0.01) 0.24(0.02)

DCN 0.83(0.03) 3.95(0.01) 0.43(0.06) .. .. ..

L1448N(+25, −35) CH3OH 4.14(0.30) 4.37(0.28) 0.96(0.09) 0.79(0.06) 4.58(0.02) 0.56(0.04)

c-C3H2 1.36(0.05) 4.75(0.02) 0.70(0.03) 0.38(0.04) 4.57(0.02) 0.12(0.02)

DCN 1.17(0.07) 4.39(0.03) 0.48(0.24) .. .. ..

L1448N(+57, −110) CH3OH 1.54(0.21) 4.78(0.24) 0.33(0.07) 0.54(0.10) 4.65(0.02) 0.18(0.04)

c-C3H2 1.01(0.11) 4.90(0.09) 0.26(0.05) 0.44(0.07) 4.48(0.01) 0.13(0.04)

DCN 1.20(0.06) 4.74(0.03) 0.25(0.01) .. .. ..

L1448 MMS CH3OH 1.64(0.09) 5.00(0.02) 0.67(0.04) .. .. ..

c-C3H2 1.07(0.03) 4.84(0.01) 0.60(0.02) .. .. ..

DCN 0.96(0.05) 4.78(0.02) 0.66(0.30) .. .. ..

L1448N(33, −77) CH3OH 7.23(0.51) 8.23(0.67) 0.75(0.06) 1.02(0.11) 4.79(0.03) 0.23(0.03)

c-C3H2 1.19(0.13) 4.91(0.04) 0.27(0.02) .. .. ..

DCN 1.30(0.15) 4.53(0.09) 0.14(0.02) .. .. ..

I03282 CH3OH 1.00(0.05) 7.33(0.01) 0.33(0.02) .. .. ..

c-C3H2 0.72(0.06) 6.94(0.02) 0.13(0.01) .. .. ..

DCN 0.42(0.03) 6.70(0.01) 0.10(0.02) .. .. ..

C18O 0.95(0.03) 7.48(0.01) 0.89(0.02) 0.51(0.19) 8.48(0.06) 0.05(0.02)

HH211 CH3OH 4.05(0.71) 8.57(0.26) 0.25(0.05) 0.69(0.02) 9.03(0.03) 0.51(0.02)

c-C3H2 0.50(0.03) 9.06(0.01) 0.15(0.01) .. .. ..

DCN 0.48(0.03) 8.83(0.01) 0.11(0.02) .. .. ..

HH211(−14, 7) CH3OH 0.84(0.06) 8.92(0.01) 0.27(0.02) .. .. ..

c-C3H2 0.46(0.08) 8.94(0.03) 0.05(0.01) .. .. ..

DCN 0.70(0.15) 8.73(0.05) 0.09(0.01) .. .. ..

HH211(18, −9) CH3OH 0.78(0.03) 9.07(0.01) 0.44(0.02) .. .. ..

c-C3H2 0.45(0.04) 9.08(0.02) 0.13(0.01) .. .. ..

DCN 0.34(0.03) 8.91(0.02) 0.04(0.01) .. .. ..

HH211(41, 14) CH3OH 1.17(0.12) 8.90(0.25) 0.31(0.06) 0.60(0.18) 9.19(0.05) 0.11(0.05)

c-C3H2 0.94(0.14) 8.94(0.08) 0.10(0.02) 0.18(0.08) 9.23(0.03) 0.03(0.01)

HH211(41, −14) CH3OH 1.55(0.07) 8.77(0.02) 0.45(0.02) .. .. ..

c-C3H2 0.60(0.15) 9.09(0.06) 0.04(0.01) .. .. ..

HH211(−43, 14) CH3OH 0.90(0.08) 8.90(0.02) 0.23(0.02) .. .. ..

c-C3H2 0.59(0.10) 9.11(0.06) 0.04(0.01) .. .. ..

IRAM 04191 CH3OH 0.63(0.02) 6.65(0.01) 0.38(0.01) .. .. ..

c-C3H2 0.41(0.02) 6.50(0.01) 0.15(0.01) 0.24(0.06) 7.01(0.03) 0.02(0.01)

DCN 0.49(0.04) 6.60(0.02) 0.04(0.01) .. .. ..

C18O 0.72(0.02) 6.71(0.02) 1.15(0.06) 0.33(0.07) 6.49(0.03) 0.12(0.06)

IRAM 04191(6, 17) CH3OH 0.59(0.02) 6.94(0.01) 0.39(0.02) .. .. ..

c-C3H2 0.29(0.05) 6.86(0.02) 0.05(0.01) .. .. ..

Haro6-10 CH3OH 0.37(0.04) 6.35(0.01) 0.12(0.01) .. .. ..

c-C3H2 0.39(0.02) 6.29(0.01) 0.14(0.01) .. .. ..

L1551IRS5 CH3OH 1.06(0.02) 6.60(0.01) 0.62(0.01) .. .. ..

c-C3H2 1.14(0.22) 6.80(0.01) 0.09(0.02) 0.66(0.03) 6.39(0.02) 0.29(0.02)

DCN 0.71(0.04) 6.09(0.01) 0.26(0.09) .. .. ..

C18O 1.07(0.11) 6.01(0.12) 0.35(0.09) 0.61(0.03) 6.48(0.01) 0.78(0.09)

L1551NE CH3OH 2.09(0.17) 6.83(0.04) 0.39(0.03) .. .. ..

c-C3H2 0.58(0.04) 6.61(0.02) 0.15(0.01) .. .. ..

C18O 0.67(0.04) 6.63(0.02) 0.82(0.02) 0.43(0.01) 6.78(0.01) 0.66(0.02)

L1551NE(−168, −96) CH3OH 0.69(0.09) 6.39(0.16) 0.22(0.03) 0.66(0.16) 6.97(0.04) 0.11(0.03)

c-C3H2 0.62(0.10) 6.33(0.05) 0.10(0.01) .. .. ..

L1535 CH3OH 0.61(0.07) 5.90(0.01) 0.13(0.02) .. .. ..

c-C3H2 0.70(0.07) 5.76(0.03) 0.19(0.02) 0.23(0.04) 5.71(0.01) 0.08(0.02)

DCN 0.53(0.14) 5.47(0.05) 0.08(0.02) .. .. ..

C18O 0.72(0.02) 5.82(0.01) 1.03(0.03) .. .. ..
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Table 3. continued.

Source Molecule ∆v v (Broad/Single)
∫
T ∗Rdv ∆v v (Narrow)

∫
T ∗Rdv

km s−1 km s−1 K km s−1 km s−1 km s−1 K km s−1

TMR1 CH3OH 0.55(0.10) 6.54(0.02) 0.08(0.02) .. .. ..

c-C3H2 0.53(0.04) 6.46(0.02) 0.11(0.01) .. .. ..

DCN 0.24(0.06) 5.35(0.03) 0.04(0.01) .. .. ..

C18O 0.58(0.01) 6.52(0.01) 1.39(0.02) 0.40(0.02) 5.78(0.01) 0.32(0.02)

L1527 CH3OH 0.42(0.02) 5.90(0.01) 0.31(0.01) .. .. ..

c-C3H2 0.54(0.02) 5.81(0.01) 0.38(0.01) 0.24(0.02) 5.77(0.01) 0.07(0.01)

C18O 0.51(0.01) 6.00(0.01) 1.25(0.02) .. .. ..

RNO43 CH3OH 0.56(0.04) 10.30(0.01) 0.14(0.01) .. .. ..

c-C3H2 0.86(0.05) 10.24(0.03) 0.13(0.01) .. .. ..

DCN 0.77(0.07) 10.13(0.03) 0.14(0.01) .. .. ..

HH25 CH3OH 3.58(0.20) 10.02(0.62) 0.54(0.04) 0.99(0.05) 10.50(0.01) 0.35(0.02)

c-C3H2 0.53(0.05) 10.41(0.02) 0.08(0.01) .. .. ..

DCN 0.85(0.15) 10.03(0.05) 0.06(0.01) .. .. ..

C18O 0.64(0.03) 10.54(0.01) 0.53(0.02) .. .. ..

HH25(224, 30) CH3OH 4.58(0.39) 10.34(0.09) 0.29(0.03) .. .. ..

HH111 CH3OH 0.72(0.04) 8.75(0.01) 0.32(0.02) .. .. ..

c-C3H2 1.12(0.16) 8.79(0.07) 0.11(0.01) .. .. ..

C18O 0.83(0.01) 8.76(0.01) 1.99(0.02) .. .. ..

VLA1623 CH3OH 1.65(0.07) 3.47(0.01) 0.70(0.03) .. .. ..

c-C3H2 0.70(0.03) 3.61(0.01) 0.25(0.01) .. .. ..

DCN 0.85(0.03) 3.53(0.01) 0.54(0.02) .. .. ..

C18O 0.95(0.01) 3.61(0.01) 6.03(0.06) 0.72(0.04) 2.54(0.02) 1.08(0.06)

VLA1623(−42, 16) CH3OH 1.86(0.05) 3.00(0.02) 0.89(0.04) 0.79(0.11) 2.63(0.02) 0.11(0.02)

c-C3H2 1.25(0.18) 3.62(0.10) 0.07(0.01) .. .. ..

DCN 1.49(0.10) 3.27(0.05) 0.15(0.01) .. .. ..

VLA1623(45, −24) CH3OH 1.41(0.38) 3.34(0.74) 0.48(0.28) 0.84(0.45) 3.46(0.08) 0.18(0.17)

c-C3H2 0.66(0.06) 3.58(0.03) 0.15(0.01) .. .. ..

DCN 0.82(0.04) 3.19(0.02) 0.37(0.02) .. .. ..

VLA1623(16, 76) CH3OH 1.61(0.10) 3.42(0.04) 1.22(0.09) 0.92(0.14) 2.63(0.02) 0.25(0.06)

c-C3H2 0.71(0.04) 3.42(0.01) 0.27(0.01) .. .. ..

DCN 1.30(0.04) 3.04(0.02) 0.41(0.01) .. .. ..

VLA1623(16, 31) CH3OH 1.64(0.11) 3.17(0.13) 0.57(0.05) 0.57(0.07) 3.61(0.02) 0.22(0.03)

c-C3H2 0.67(0.03) 3.58(0.01) 0.35(0.01) .. .. ..

DCN 0.67(0.02) 3.52(0.01) 0.46(0.02) .. .. ..

VLA1623(45, 6) CH3OH 0.96(0.34) 3.25(0.46) 0.21(0.65) 0.78(0.33) 3.43(0.11) 0.45(0.62)

c-C3H2 0.54(0.03) 3.53(0.01) 0.22(0.01) .. .. ..

DCN 0.53(0.03) 3.32(0.01) 0.54(0.27) .. .. ..

VLA1623(−71, 36) CH3OH 2.24(0.34) 3.06(0.24) 0.68(0.18) 1.03(0.30) 2.75(0.08) 0.33(0.12)

c-C3H2 0.48(0.10) 3.48(0.04) 0.10(0.02) .. .. ..

LFAM1 CH3OH 2.21(0.33) 3.70(0.46) 0.67(0.19) 1.36(0.22) 3.33(0.05) 0.35(0.12)

EL29 CH3OH 1.32(0.44) 3.97(0.09) 0.07(0.03) .. .. ..

I16244 CH3OH 1.23(0.12) 3.82(0.03) 0.24(0.03) .. .. ..

C18O 1.63(0.02) 3.48(0.01) 5.91(0.08) .. .. ..

I16244(35, 14) CH3OH 1.87(0.27) 3.84(0.06) 0.20(0.03) .. .. ..

I16293 CH3OH 4.49(0.19) 4.00(0.04) 1.16(0.06) 0.97(0.04) 3.86(0.01) 0.64(0.03)

c-C3H2 1.50(0.05) 4.10(0.02) 0.41(0.01) 0.28(0.02) 3.93(0.01) 0.07(0.01)

DCN 1.90(0.08) 3.88(0.03) 0.65(0.13) .. .. ..

C18O 1.48(0.07) 3.85(0.02) 3.46(0.17) 0.54(0.04) 3.91(0.01) 1.42(0.19)

I16293(60, −45) CH3OH 2.90(0.11) 1.95(0.03) 1.11(0.05) 0.81(0.02) 3.76(0.01) 0.90(0.02)

c-C3H2 0.78(0.05) 3.87(0.02) 0.31(0.01) 0.16(0.04) 3.83(0.02) 0.03(0.01)

DCN 0.73(0.02) 3.65(0.01) 0.45(0.08) .. .. ..

L483 CH3OH 0.83(0.09) 5.57(0.07) 0.19(0.04) 0.43(0.05) 5.29(0.05) 0.19(0.03)

c-C3H2 0.77(0.07) 5.37(0.05) 0.11(0.03) 0.38(0.03) 5.27(0.01) 0.16(0.03)

DCN 0.29(0.03) 5.15(0.01) 0.06(0.02) .. .. ..

L483(−30, 5) CH3OH 1.13(0.13) 5.31(0.03) 0.26(0.04) 0.35(0.02) 5.26(0.04) 0.24(0.02)

c-C3H2 0.51(0.22) 4.91(0.11) 0.04(0.02) 0.40(0.01) 5.26(0.01) 0.35(0.02)

DCN 0.44(0.02) 5.15(0.01) 0.13(0.02) .. .. ..

L483(40, −5) CH3OH 0.66(0.31) 5.39(0.16) 0.21(0.29) 0.48(0.76) 5.40(0.04) 0.04(0.20)

c-C3H2 0.61(0.04) 5.35(0.01) 0.15(0.01) .. .. ..

DCN 0.67(0.09) 5.37(0.04) 0.08(0.01) .. .. ..

L483SW(0, 0) CH3OH 0.51(0.03) 5.43(0.01) 0.20(0.01) .. .. ..

c-C3H2 0.38(0.03) 5.30(0.01) 0.08(0.01) .. .. ..



84 J. V. Buckle and G. A. Fuller: Carbon-bearing species in protostars

Table 3. continued.

Source Molecule ∆v v (Broad/Single)
∫
T ∗Rdv ∆v v (Narrow)

∫
T ∗Rdv

km s−1 km s−1 K km s−1 km s−1 km s−1 K km s−1

S68N CH3OH 6.70(0.08) 8.91(0.02) 3.41(0.05) 1.63(0.03) 8.67(0.01) 1.16(0.03)
c-C3H2 1.11(0.05) 8.30(0.02) 0.28(0.01) .. .. ..
DCN 1.41(0.07) 8.34(0.03) 0.22(0.06) .. .. ..
C18O 1.25(0.01) 8.47(0.01) 5.13(0.04) 0.63(0.07) 6.93(0.03) 0.32(0.03)

SMM1 CH3OH 5.48(0.33) 4.70(0.67) 1.83(0.13) 2.56(0.16) 7.71(0.04) 1.19(0.10)
c-C3H2 0.93(0.22) 7.87(0.08) 0.09(0.01) .. .. ..
DCN 0.43(0.09) 7.63(0.03) 0.08(0.01) .. .. ..

SMM4 CH3OH 8.29(0.48) 8.26(0.10) 1.48(0.11) 1.96(0.07) 8.07(0.01) 1.28(0.05)
c-C3H2 1.19(0.07) 8.15(0.03) 0.34(0.02) 0.91(0.08) 6.83(0.04) 0.15(0.01)

DCN 2.04(0.13) 7.54(0.06) 0.20(0.07) .. .. ..
S68N(46, 66) CH3OH 5.02(0.53) 7.06(0.18) 0.55(0.09) 2.00(0.18) 8.23(0.03) 0.59(0.06)

c-C3H2 0.93(0.12) 7.95(0.04) 0.15(0.01) .. .. ..
B335 CH3OH 0.61(0.11) 8.38(0.29) 0.12(0.03) 0.25(0.08) 8.34(0.01) 0.03(0.01)

c-C3H2 0.44(0.02) 8.31(0.01) 0.09(0.01) .. .. ..
DCN 0.39(0.05) 8.08(0.03) 0.01(0.01) .. .. ..

B335(−60, 24) CH3OH 0.53(0.07) 8.34(0.04) 0.12(0.02) 0.19(0.04) 8.29(0.01) 0.03(0.01)
c-C3H2 0.46(0.03) 8.31(0.01) 0.10(0.01) .. .. ..
DCN 0.19(0.04) 8.06(0.02) 0.02(0.01) .. .. ..

I20126 CH3OH 4.55(0.33) −3.00(0.08) 0.68(0.06) .. .. ..
c-C3H2 1.82(0.22) −3.76(0.08) 0.38(0.03) .. .. ..
DCN 2.11(0.15) −3.87(0.08) 0.52(0.04) .. .. ..
C18O 2.57(0.08) −3.69(0.04) 2.25(0.06) 0.69(0.15) −3.13(0.08) 0.14(0.05)

L1152 CH3OH 0.70(0.08) 2.61(0.22) 0.12(0.02) 0.25(0.13) 2.51(0.02) 0.01(0.01)

c-C3H2 0.97(0.14) 2.77(0.06) 0.06(0.01) 0.48(0.02) 2.68(0.01) 0.15(0.01)
DCN 0.36(0.05) 2.48(0.02) 0.05(0.02) .. .. ..
C18O 0.77(0.05) 2.69(0.04) 0.71(0.08) 0.33(0.09) 2.44(0.04) 0.13(0.08)

L1152(15, 30) CH3OH 0.41(0.04) 2.57(0.01) 0.09(0.01) .. .. ..
c-C3H2 0.33(0.03) 2.55(0.01) 0.08(0.01) 0.20(0.05) 2.89(0.02) 0.02(0.01)

DCN 0.79(0.13) 2.42(0.06) 0.06(0.01) .. .. ..
L1157 CH3OH 6.75(0.28) 0.91(0.41) 2.52(0.13) 1.25(0.25) 2.69(0.07) 0.27(0.06)

DCN 2.56(0.61) 2.68(0.29) 0.24(0.05) .. .. ..
C18O 0.45(0.04) 2.74(0.03) 0.58(0.08) 0.37(0.14) 2.32(0.08) 0.14(0.08)

L1157(20, −60) CH3OH 6.20(0.19) −0.66(0.15) 4.89(0.28) 3.67(0.29) 1.56(0.03) 2.15(0.27)
L1174 CH3OH 1.01(0.18) 3.08(0.04) 0.14(0.03) .. .. ..

c-C3H2 0.45(0.03) 3.03(0.01) 0.23(0.01) .. .. ..
DCN 1.05(0.18) 2.65(0.06) 0.14(0.02) .. .. ..
C18O 1.05(0.28) 2.29(0.23) 0.32(0.16) 0.73(0.03) 2.96(0.02) 1.10(0.16)

L1251B CH3OH 1.23(0.09) −3.78(0.02) 0.51(0.04) 0.46(0.15) −4.61(0.50) 0.05(0.02)
c-C3H2 1.01(0.03) −3.82(0.01) 0.32(0.01) .. .. ..
DCN 0.84(0.06) −4.01(0.03) 0.13(0.05) .. .. ..
C18O 0.70(0.05) −3.52(0.03) 1.17(0.09) 0.34(0.07) −3.99(0.03) 0.22(0.08)

L1251B(128, −50) CH3OH 1.78(0.11) −3.92(0.02) 0.36(0.03) .. .. ..

L1251B(−81, 85) CH3OH 1.43(0.22) −3.55(0.05) 0.13(0.02) .. .. ..
c-C3H2 0.90(0.13) −3.71(0.06) 0.09(0.01) .. .. ..

CEPE CH3OH 6.22(0.36) −12.00(0.87) 0.83(0.07) 2.43(0.22) −11.40(0.04) 0.37(0.04)
c-C3H2 1.01(0.13) −11.13(0.09) 0.04(0.01) .. .. ..
DCN 0.87(0.09) −11.37(0.03) 0.11(0.01) .. .. ..

C18O 0.74(0.06) −11.01(0.03) 0.90(0.07) 0.44(0.11) −11.64(0.08) 0.13(0.06)
CEPE(4, 17) CH3OH 5.77(0.26) −12.07(0.74) 0.72(0.04) 1.13(0.10) −11.08(0.03) 0.20(0.02)

c-C3H2 0.78(0.09) −11.14(0.04) 0.07(0.01) .. .. ..
CEPE(−24, −22) CH3OH 9.24(0.72) −12.43(0.88) 0.64(0.06) 0.92(0.14) −12.06(0.04) 0.08(0.01)

c-C3H2 0.42(0.11) −10.98(0.05) 0.02(0.01) .. .. ..
DCN 1.38(0.14) −11.27(0.05) 0.18(0.01) .. .. ..

L1262 CH3OH 1.01(0.11) 4.21(0.17) 0.18(0.02) 0.32(0.03) 4.22(0.01) 0.11(0.01)
c-C3H2 0.65(0.04) 4.05(0.01) 0.15(0.01) 0.21(0.07) 4.08(0.02) 0.02(0.01)
DCN 0.47(0.05) 3.90(0.02) 0.04(0.01) .. .. ..

C18O 0.58(0.02) 4.09(0.01) 0.98(0.03) 0.22(0.05) 3.50(0.02) 0.08(0.02)
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Fig. 3. a)–c) The number of detected components for each source as a function of distance to the source. d)–e) The derived
linewidths as a function of distance to the source.

Table 4. Weighted average of linewidths, by molecule and by class/position, with the error on the mean in parentheses. The
number of positions detected in the component is given to the right in each column.

Position Molecule 〈∆vbroad〉 km s−1 # 〈∆vnarrow〉 km s−1 # 〈∆vsingle〉 km s−1 #

All CH3OH 1.46(.02) 35 0.72(.01) 35 0.69(.01) 27

c-C3H2 0.59(.01) 17 0.39(.01) 17 0.59(.01) 37

DCN .. .. 0.64(.01) 41

Core 0 CH3OH 2.09(.03) 13 0.95(.01) 13 0.62(.01) 8

c-C3H2 0.56(.01) 6 0.30(.01) 6 0.67(.01) 14

DCN .. .. 0.65(.01) 18

Core I CH3OH 0.99(.05) 4 0.34(.03) 4 0.89(.02) 8

c-C3H2 0.69(.03) 4 0.48(.01) 4 0.55(.01) 5

DCN .. .. 0.54(.02) 7

Outflow 0 CH3OH 1.26(.02) 17 0.61(.01) 17 0.70(.01) 7

c-C3H2 0.94(.03) 6 0.40(.01) 6 0.54(.01) 16

DCN .. .. 0.64(.01) 15

Outflow I CH3OH 0.69(.09) 1 0.66(.16) 1 0.60(.04) 4

c-C3H2 0.33(.03) 1 0.20(.05) 1 0.72(.08) 2

DCN .. .. 0.79(.13) 1

sources, the separation of the components can clearly be
seen in the spectra (Fig. 1).

For c-C3H2 (Fig. 6b) the narrow component is also
both red and blue-shifted with respect to the broad com-
ponent, but there are more sources which have a nar-
row component which is blue-shifted with respect to the
broad component. The differences in the central velocity
between c-C3H2 narrow and broad components is gener-
ally <0.7 km s−1. For the majority of sources, v0 broad ∼
v0 narrow for both CH3OH and c-C3H2.

The single components of CH3OH are slightly red-
shifted relative to the same component in the c-C3H2

lines, while the differences between the narrow and broad
components of these two molecules are more evenly

distributed. The single components of DCN are blue
shifted with respect to the CH3OH single component lines
towards the majority of sources.

The linewidths of emission we detect suggest that emis-
sion is arising in kinematically distinct regions. However,
we only detect differences in central velocities of a few ×
0.1 km s−1 in the majority of sources.

4.2. CH3 OH rotation diagram analysis

The emission from CH3OH has been analysed using the
rotation diagram method, which can be applied to op-
tically thin emission, where the molecules are in local
thermodynamic equilibrium (LTE). This technique has
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Fig. 4. Histograms of the linewidths of the single, broad and narrow components for each molecule detected towards all observed
positions. Each plot is labelled with the molecule. The weighted average of the linewidth components for each molecule, with the
error on the mean in parentheses, is shown on each plot. Left to right diagonally shaded histograms (/) are broad components,
horizontally shaded histograms are narrow components, and right to left diagonally shaded (\) histograms are single components.

Fig. 5. A comparison of the relative linewidths of CH3OH,
c-C3H2 and DCN. b) shows the narrow linewidth section of a).
In a) and b) filled squares denote the broad component.

been successfully used to analyse CH3OH emission in out-
flow regions (Helmich et al. 1994; Bachiller et al. 1998;
Van Dishoeck et al. 1995). In star forming regions, previ-
ous observations of several transitions of CH3OH at differ-
ent frequencies, observations of 13CH3OH and statistical

equilibrium calculations (Kalenskii et al. 1997) all suggest
that the transitions are optically thin.

The rotation diagram method provides the rotational
temperature, Trot, and the total column density, Ntot,
through the relation:

3k
∫
Tmbdv

8π3µ2νS
=
Nu

gu
=

Ntot

Q(Trot)
e−Eu/kTrot (2)

where Tmb is calculated from the corrected source an-
tenna temperature, T ∗R, using the corrected main beam
efficiency, Tmb=T ∗R/η∗m.

∫
Tmbdv is the integrated line in-

tensity, µ is the transition dipole moment, S is the line
strength, Nu is the level column density, gu is the sta-
tistical weight, and Eu is the upper energy level. The
partition function Q(Trot) = 1.28T 1.5

rot was adopted from
Menten et al. (1986), and takes into account the equal
populations of A and E species. The rotational constants
and energies were obtained from the JPL molecular line
database (Pickett et al. 1998), and the values of µ2S were
taken from Anderson et al. (1990). Taking logarithms of
the quantities in Eq. (2), the total column densities can
then be calculated from a least-squares fitting of a straight
line to the data. For methanol, the populations of the E
and A species are usually assumed to be equal (Kalenskii
et al. 1997), with the A species having a slightly lower
zero point energy. We have four E type transitions, and
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Fig. 6. Differences between the central velocities of CH3OH,
c-C3H2 and DCN components. For d) the difference between
narrow components is shaded in vertical lines, while the differ-
ence between single components is shaded in diagonal lines.

one A type transition in these observations, although not
all of the spectra have detectable emission from the higher
lying E type transitions. The A species transition is the
strongest line in all of the sources, and has a good sig-
nal to noise ratio in most of the spectra. We have ex-
cluded the blended E line from the rotation diagram fit,
as we cannot derive the individual contributions to the
emission line from the line fitting procedure. Although
the methanol may be sub-thermally excited, the rotation
diagram method will provide rotation temperatures that
are at least lower limits on the kinetic temperature.

Rotation diagrams and the linear least squares fit are
shown for four sources in Fig. 7, where all the lines except
for the blended E transitions have been included in the
fit. The error bars are from uncertainties in the integrated
line intensities, calculated from the uncertainties in the fit.
S68N has two component lines, which are fitted separately,
to give rotation temperatures of 11.9 K (broad) and 10.1 K
(narrow), showing that the two components are associ-
ated with gas having similar rotation temperatures. For
L1157, we derive rotation temperatures of 11.5 K (broad)
and 14.7 K (narrow) towards the core position, and 8.8 K
(broad) and 8.4 K (narrow) towards the outflow position.
For L1527 and IRAM 04191, the lines show only a single
component, giving rotation temperatures derived from the

Fig. 7. Rotation diagrams for four of the sources in the sample.
Arrows indicate the species giving rise to the transitions. The
error bars are from the uncertainties in the integrated inten-
sities. Rotation temperatures are produced from linear least
square fits to the derived column densities. Squares and the
solid line mark the broad component; crosses and a dotted
line mark the narrow component. Top left: S68N, Class 0,
two component fit. Top right: L1527, Class 0, single compo-
nent fit. Bottom left: L1157 outflow position, Class 0, two
component fit. Bottom right: IRAM 04191, Class 0, single
component fit.

rotation diagram technique of 16.3 K (L1527) and 19.0 K
(04191). The derived rotation temperatures for all the ob-
served positions are given in Table 5.

4.3. Minimum values for rotation temperatures
and column densities

For those positions where only two CH3OH transitions
were detected with reasonable signal to noise, or for
analysing emission from c-C3H2 and DCN where we only
detected one transition, the rotation diagram method is
unable to constrain the temperature and total column
density. For these positions, Eq. (2) can be modified to
determine a lower limit to the column density (Thompson
et al. 1999). The rotation temperature can be approx-
imated as Trot = 2Eu

3k for non-linear molecules, or as
Trot = Eu

k for linear molecules, based on the evaluation
of the turning point of the temperature dependent part of
Eq. (2):

d
dTrot

(
Q(Trot)e

Eu
kTex

)
= 0. (3)

Since the second derivative shows that the rotation tem-
perature approximations are turning points that are min-
ima, they can be used to calculate a lower limit to the
molecular column density, Nmin:

Nmin =
3k
∫
Tmbdv Q(2Eu

3k )e3/2

8π3µ2νS
non−linear (4)
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Nmin =
3k
∫
Tmbdv Q(Eu

k )e
8π3µ2νS

linear. (5)

This analysis also assumes that the molecules are in LTE,
and that the emission is optically thin. All molecular
constants were obtained from the JPL molecular line
database (Pickett et al. 1998), except for the CH3OH
partition function and µ2S values, which remain as de-
scribed in Sect. 4.2. Table 5 displays the derived total col-
umn densities and rotation temperatures for the sources
in Table 2. Where minimum values have been calculated,
this has been indicated.

Due to the two hydrogen spins, c-C3H2 possesses both
ortho and para species, with an ortho-to-para ratio, based
on statistical weights, of 3:1. Given the small energy dif-
ference between the ortho and para states (∆E = 2.35 K,
Turner 1998), the ratio should remain close to this even
at the temperatures, ∼10 K, of dark clouds. The detected
transition is an ortho species, and so the calculated col-
umn density has been multiplied by 4/3 before listing in
Table 5.

4.4. CH3 OH rotation temperatures

Our observations suggest that emission from CH3OH may
be sub-thermally excited towards low mass protostellar
regions; we detect CH3OH emission from regions char-
acterised by linewidths <1 km s−1, and >5 km s−1, but
the derived rotation temperatures in both components are
∼10 K. If the broader CH3OH component is arising in
shock, or post-shock regions, characterised by higher ki-
netic temperatures, then we would expect to see higher
rotation temperatures in the broader component mate-
rial. Other observations of CH3OH towards star form-
ing regions also suggest that the emission could be sub-
thermally excited (Gibb & Davis 1998; Bachiller et al.
1995).

In order to investigate the possibility of sub-thermal
excitation, we have carried out an analysis using a statis-
tical equilibrium model. Using this model, we can compare
kinetic and rotation temperatures derived from the model
with rotation temperatures obtained from the data, and
so infer kinetic temperatures in the emission regions.

We have used a statistical equilibrium code developed
by Walmsley et al. (1998), which has previously been used
to analyse the excitation of CH3OH in star forming re-
gions. The code considers A and E type transitions sep-
arately, and assumes that the two species have the same
abundance. Levels up to J = 15 and K = 3 are included,
with CH3OH energy levels based on Pickett et al. (1998)
and collision rates from Haque et al. (1974). The param-
eter space for the model covers CH3OH column densities
per linewidth of 1010–1014 cm−2/km s−1, H2 densities of
103–107 cm−3 and kinetic temperatures of 5–100 K. We
have assumed equal gas and dust temperatures. In order
to compare the model with our data, we have extracted
the intensities for the 5 lines we detected, and produced

rotation diagrams using the same method as for the data,
described in Sect. 4.2.

The results of the statistical equilibrium modelling are
summarised in Fig. 8, which show the derived rotation
temperatures and column densities as a function of kinetic
temperature and H2 density. As Figs. 8a–f show, the rota-
tion temperature of these transitions is a poor tracer of the
kinetic temperature. For kinetic temperatures of 100 K,
rotation temperatures vary from 3 K at H2 densities of
104 cm−3, to 20 K at H2 densities of 107 cm−3. For kinetic
temperatures of 10 K, rotation temperatures vary from
3 K at H2 densities of 104 cm−3, to 9 K at H2 densities
of 107 cm−3. For number densities ≤105 cm−3 the rota-
tion temperature is essentially independent of the kinetic
temperature. Even for a kinetic temperature of 100 K, a
number density >106 cm−3 is needed to obtain a rota-
tion temperature of ∼10 K, similar to that derived from
the observations. This modelling suggests that despite the
low rotation temperatures derived, the material traced by
the CH3OH emission is both dense, n(H2) ≥ 106 cm−3,
and warm, with temperatures possibly as high as 100 K.

From this statistical equilibrium analysis, it is clear
that CH3OH emission is sub-thermally excited within star
forming regions, and that kinetic temperatures could eas-
ily be warm enough to evaporate grain mantles. The rota-
tion temperature will only give a lower limit to the kinetic
temperature. However, the CH3OH column densities that
we derive from our data are more accurately constrained
by the rotation diagram method. This is in agreement with
similar work carried out using statistical equilibrium codes
(Bachiller et al. 1995; Johnston et al. 1992) and radia-
tive transfer modelling using large velocity gradient codes
(Gibb & Davis 1998; Bachiller et al. 1998).

4.5. Column densities

We find CH3OH column densities of a few ×1013 to a
few ×1014 cm−2, with the larger values usually in the
broad component. The column densities derived for A
type CH3OH using the minimum column density calcula-
tions are within a factor of a few of those derived for both
species using the rotation diagram method. For c-C3H2,
we derive minimum column densities of a few ×1012 to a
few ×1013 cm−2, and a few ×1011 to a few ×1012 cm−2 for
DCN. The derived column densities may be lower limits,
since we have assumed that the emission fills the beam.

Averaged over all of the sources the broad component
has about twice the column density of the narrow compo-
nent. Figure 9 a–b shows a histogram of the ratio of the
total column densities from the two regions ( N(broad)

N(narrow) ).
As can be seen, the broad component of the CH3OH and
the c-C3H2 lines are tracing higher column density re-
gions than the narrow component. Although the CH3OH
column densities differ by only a small factor, we need
estimates of H2 column densities in the two regions to
determine whether CH3OH abundances show greater en-
hancements in the broad material.
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Table 5. Temperatures and column densities calculated for CH3OH from linear least square fits to the rotation diagram.
Uncertainties (1 sigma) are given in parentheses. For sources with two components the narrow component values are shown
first. For some sources, and for c-C3H2 and DCN, we were unable to constrain the temperature and total column densities from
the rotation diagram fit, and so approximations to the rotation temperature and minimum values for the total column density
have been included, as described in the text. Offset positions are given in arcsec.

Source Molecule Width Trot N(mol) Width Trot N(mol)

km s−1 K ×1013 cm−3 km s−1 K ×1013 cm−3

L1448N CH3OH 0.86 9.32(0.64) 8.68(1.19) 0.60 11.85(1.46) 4.10(0.83)

C3H2 0.99 ∼10.70 ≥0.88 0.46 ∼10.70 ≥0.28

DCN 0.76 ∼10.43 ≥0.23 .. .. ..

L1448NW CH3OH 0.74 9.74(0.77) 6.39(0.97) 0.63 10.31(1.07) 5.68(1.01)

C3H2 0.70 ∼10.70 ≥0.54 0.50 ∼10.70 ≥0.45

DCN 0.83 ∼10.43 ≥0.29 .. .. ..

L1448N(+25, −35) CH3OH 4.14 13.91(2.61) 13.76(3.48) 0.79 14.65(4.48) 6.87(2.40)

C3H2 1.36 ∼10.70 ≥1.31 0.38 ∼10.70 ≥ 0.22

DCN 1.17 ∼10.43 ≥0.32 .. .. ..

L1448N(+57, −110) CH3OH 1.54 11.22(4.09) 4.51(2.68) 0.54 ∼9.29 ≥1.88

C3H2 1.01 ∼10.70 ≥0.49 0.44 ∼10.70 ≥0.24

DCN 1.20 ∼10.43 ≥0.17 .. .. ..

L1448C CH3OH 1.64 11.35(1.34) 8.50(1.61) .. .. ..

C3H2 1.07 ∼10.70 ≥1.12 .. .. ..

DCN 0.96 ∼10.43 ≥0.45 .. .. ..

L1448R3 CH3OH 7.23 20.40(4.62) 14.59(3.09) 1.02 13.38(4.47) 2.98(1.30)

C3H2 1.19 ∼10.70 ≥0.50 .. .. ..

DCN 1.30 ∼10.43 ≥0.09 .. .. ..

I03282 CH3OH 1.00 ∼9.29 ≥3.45 .. .. ..

C3H2 0.72 ∼10.70 ≥0.24 .. .. ..

DCN 0.42 ∼10.43 ≥0.07 .. .. ..

HH211 CH3OH 4.05 8.91(3.78) 2.81(2.28) 0.69 10.70(0.75) 6.33(0.74)

C3H2 0.50 ∼10.70 ≥0.28 .. .. ..

DCN 0.48 ∼10.43 ≥0.07 .. .. ..

HH211(−14, 7) CH3OH 0.84 ∼9.29 ≥2.83 .. .. ..

C3H2 0.46 ∼10.70 ≥0.09 .. .. ..

DCN 0.70 ∼10.43 ≥0.06 .. .. ..

HH211(18, −9) CH3OH 0.78 16.18(2.24) 6.24(0.92) .. .. ..

C3H2 0.45 ∼10.70 ≥0.24 .. .. ..

DCN 0.34 ∼10.43 ≥0.03 .. .. ..

HH211(41, 14) CH3OH 1.17 ∼9.29 ≥3.24 0.60 ∼9.29 ≥1.15

C3H2 0.94 ∼10.70 ≥0.19 0.18 ∼10.70 ≥0.06

HH211(41, −14) CH3OH 1.55 12.30(1.71) 5.60(1.09) .. .. ..

C3H2 0.60 ∼10.70 ≥0.07 .. .. ..

HH211(−43, 14) CH3OH 0.90 15.92(3.10) 3.11(0.73) .. .. ..

C3H2 0.59 ∼10.70 ≥0.07 .. .. ..

IRAM 04191 CH3OH 0.63 19.05(2.50) 5.85(0.68) .. .. ..

C3H2 0.41 ∼10.70 ≥0.28 0.24 ∼10.70 ≥0.04

DCN 0.49 ∼10.43 ≥0.03 .. .. ..

IRAM 04191(6, 17) CH3OH 0.59 11.18(1.03) 4.87(0.72) .. .. ..

C3H2 0.29 ∼10.70 ≥0.09 .. .. ..

Haro6-10 CH3OH 0.37 ∼9.29 ≥1.23 .. .. ..

C3H2 0.39 ∼10.70 ≥0.26 .. .. ..

L1551IRS5 CH3OH 1.06 12.02(0.73) 7.74(0.67) .. .. ..

C3H2 1.14 ∼10.70 ≥0.17 0.66 ∼10.70 ≥0.54

DCN 0.71 ∼10.43 ≥0.18 .. .. ..

L1551NE CH3OH 2.09 15.07(4.69) 5.18(1.83) .. .. ..

C3H2 0.58 ∼10.70 ≥0.28 .. .. ..

L1551NE(−168, −96) CH3OH 0.69 9.04(2.06) 2.82(1.29) 0.66 9.46(4.06) 1.42(1.21)

C3H2 0.62 ∼10.70 ≥0.19 .. .. ..

L1535 CH3OH 0.61 ∼9.29 ≥5.65 .. .. ..

C3H2 0.70 ∼10.70 ≥0.35 0.23 ∼10.70 ≥0.15

DCN 0.53 ∼10.43 ≥0.05 .. .. ..

TMR1 CH3OH 0.55 ∼9.29 ≥0.84 .. .. ..

C3H2 0.53 ∼10.70 ≥0.21 .. .. ..

DCN 0.24 ∼10.43 ≥0.03 .. .. ..

L1527 CH3OH 0.42 16.34(2.67) 4.57(0.80) .. .. ..

C3H2 0.54 ∼10.70 ≥0.71 0.24 ∼10.70 ≥0.13
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Table 5. continued.

Source Molecule Width Trot N(mol) Width Trot N(mol)

km s−1 K ×1013 cm−3 km s−1 K ×1013 cm−3

RNO43 CH3OH 0.56 10.61(1.75) 1.65(0.45) .. .. ..

C3H2 0.86 ∼10.70 ≥0.24 .. .. ..

DCN 0.77 ∼10.43 ≥0.09 .. .. ..

HH25 CH3OH 3.58 20.61(7.05) 8.96(2.55) 0.99 11.26(1.44) 4.24(0.84)

C3H2 0.53 ∼10.70 ≥0.15 .. .. ..

DCN 0.85 ∼10.43 ≥0.04 .. .. ..

HH25(224, 30) CH3OH 4.58 13.33(2.41) 3.73(0.97) .. .. ..

HH111 CH3OH 0.72 10.80(1.67) 3.77(0.92) .. .. ..

C3H2 1.12 ∼10.70 ≥0.21 .. .. ..

VLA1623 CH3OH 1.65 10.33(0.78) 8.30(1.10) .. .. ..

C3H2 0.70 ∼10.70 ≥0.47 .. .. ..

DCN 0.85 ∼10.43 ≥0.36 .. .. ..

VLA1623(−42, 16) CH3OH 1.86 10.74(0.91) 10.96(1.52) 0.79 24.23(7.58) 2.17(0.68)

C3H2 1.25 ∼10.70 ≥0.13 .. .. ..

DCN 1.49 ∼10.43 ≥0.10 .. .. ..

VLA1623(45, −24) CH3OH 1.41 ∼9.29 ≥5.02 0.84 ∼9.29 ≥1.88

C3H2 0.66 ∼10.70 ≥0.28 .. .. ..

DCN 0.82 ∼10.43 ≥0.25 .. .. ..

VLA1623(16, 76) CH3OH 1.61 7.76(0.57) 16.38(2.97) 0.92 ∼9.29 ≥2.62

C3H2 0.71 ∼10.70 ≥0.50 .. .. ..

DCN 1.30 ∼10.43 ≥0.28 .. .. ..

VLA1623(16, 31) CH3OH 1.64 11.13(1.59) 7.16(1.74) 0.57 12.73(3.53) 2.91(1.17)

C3H2 0.67 ∼10.70 ≥0.65 .. .. ..

DCN 0.67 ∼10.43 ≥0.31 .. .. ..

VLA1623(45, 6) CH3OH 0.96 ∼9.29 ≥2.20 0.78 ∼9.29 ≥4.71

C3H2 0.54 ∼10.70 ≥0.41 .. .. ..

DCN 0.53 ∼10.43 ≥0.36 .. .. ..

VLA1623(−71, 36) CH3OH 2.24 8.74(1.76) 10.64(5.30) 1.03 8.34(3.49) 4.03(3.72)

C3H2 0.48 ∼10.70 ≥0.19 .. .. ..

LFAM1 CH3OH 2.21 8.63(1.88) 7.68(4.13) 1.36 10.42(4.88) 6.11(5.23)

EL29 CH3OH 1.32 ∼9.29 ≥0.73 .. .. ..

I16244 CH3OH 1.23 11.82(2.02) 2.87(0.80) .. .. ..

I16244(35, 14) CH3OH 1.87 13.93(3.79) 2.52(0.95) .. .. ..

I16293 CH3OH 4.49 16.22(1.10) 16.65(1.61) 0.97 9.52(0.73) 7.85(1.14)

C3H2 1.50 ∼10.70 ≥0.77 0.28 ∼10.70 ≥0.13

DCN 1.90 ∼10.43 ≥0.44 .. .. ..

I16293(60, −45) CH3OH 2.90 11.27(0.58) 14.59(1.35) 0.81 9.38(0.38) 11.31(0.88)

C3H2 0.78 ∼10.70 ≥0.58 0.16 ∼10.70 ≥0.06

DCN 0.73 ∼10.43 ≥0.30 .. .. ..

L483 CH3OH 0.83 ∼9.29 ≥1.99 0.43 8.34(1.34) 2.59(0.99)

C3H2 0.77 ∼10.70 ≥0.21 0.38 ∼10.70 ≥0.30

DCN 0.29 ∼10.43 ≥0.04 .. .. ..

L483(−30, 5) CH3OH 1.13 23.75(5.65) 4.19(1.05) 0.35 ∼9.29 ≥2.72

C3H2 0.51 ∼10.70 ≥0.07 0.40 ∼10.70 ≥0.65

DCN 0.44 ∼10.43 ≥0.09 .. .. ..

L483(40, −5) CH3OH 0.66 ∼9.29 ≥2.20 0.48 ∼9.29 ≥0.42

C3H2 0.61 ∼10.70 ≥0.28 .. .. ..

DCN 0.67 ∼10.43 ≥0.05 .. .. ..

L483SW CH3OH 0.51 ∼9.29 ≥2.09 .. .. ..

C3H2 0.38 ∼10.70 ≥0.15 .. .. ..

S68N CH3OH 6.70 11.87(0.30) 44.75(1.81) 1.63 10.09(0.32) 14.75(0.87)

C3H2 1.11 ∼10.70 ≥0.52 .. .. ..

DCN 1.41 ∼10.43 ≥0.15 .. .. ..

SMM1 CH3OH 5.48 8.31(0.42) 24.86(3.29) 2.56 8.13(0.40) 18.61(2.54)

C3H2 0.93 ∼10.70 ≥0.17 .. .. ..

DCN 0.43 ∼10.43 ≥0.05 .. .. ..

SMM4 CH3OH 8.29 9.39(0.54) 20.01(2.72) 1.96 12.14(1.10) 16.46(2.14)

C3H2 1.19 ∼10.70 ≥0.63 0.91 ∼10.70 ≥0.28

DCN 2.04 ∼10.43 ≥0.14 .. .. ..

Serpens CH3OH 5.02 ∼9.29 ≥5.75 2.00 9.34(1.12) 7.55(1.85)

C3H2 0.93 ∼10.70 ≥0.28 .. .. ..
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Table 5. continued.

Source Molecule Width Trot N(mol) Width Trot N(mol)
km s−1 K ×1013 cm−3 km s−1 K ×1013 cm−3

B335 CH3OH 0.61 ∼9.29 ≥1.25 0.25 ∼9.29 ≥0.31
C3H2 0.44 ∼10.70 ≥0.17 .. .. ..
DCN 0.39 ∼10.43 ≥0.01 .. .. ..

B335(−60, 24) CH3OH 0.53 ∼9.29 ≥1.25 0.19 ∼9.29 ≥0.31
C3H2 0.46 ∼10.70 ≥0.19 .. .. ..
DCN 0.19 ∼10.43 ≥0.01 .. .. ..

I20126 CH3OH 4.55 14.80(2.28) 9.07(1.84) .. .. ..
C3H2 1.82 ∼10.70 ≥0.71 .. .. ..
DCN 2.11 ∼10.43 ≥0.35 .. .. ..

L1152 CH3OH 0.70 ∼9.29 ≥1.25 0.25 ∼9.29 ≥0.10
C3H2 0.97 ∼10.70 ≥0.11 0.48 ∼10.70 ≥0.28
DCN 0.36 ∼10.43 ≥0.03 .. .. ..

L1152(15, 30) CH3OH 0.41 16.52(5.21) 1.31(0.44) .. .. ..
C3H2 0.33 ∼10.70 ≥0.15 0.20 ∼10.70 ≥0.04
DCN 0.79 ∼10.43 ≥0.04 .. .. ..

L1157 CH3OH 6.75 11.54(1.12) 31.68(4.84) 1.25 13.69(3.53) 3.47(1.42)
DCN 2.56 ∼10.43 ≥0.16 .. .. ..

L1157(20, −60) CH3OH 6.20 8.83(0.45) 64.50(7.99) 3.67 8.43(0.88) 28.07(7.37)
L1174 CH3OH 1.01 ∼9.29 ≥1.47 .. .. ..

C3H2 0.45 ∼10.70 ≥0.43 .. .. ..
DCN 1.05 ∼10.43 ≥0.09 .. .. ..

L1251B CH3OH 1.23 9.50(0.94) 6.27(1.23) 0.46 ∼9.29 ≥0.52
C3H2 1.01 ∼10.70 ≥0.60 .. .. ..
DCN 0.84 ∼10.43 ≥0.09 .. .. ..

L1251B(128, −50) CH3OH 1.78 12.15(1.52) 4.50(0.87) .. .. ..
L1251B(−81, 85) CH3OH 1.43 ∼9.29 ≥1.36 .. .. ..

C3H2 0.90 ∼10.70 ≥0.17 .. .. ..
CEPE CH3OH 6.22 13.71(2.90) 10.66(2.89) 2.43 16.54(3.38) 5.10(1.27)

C3H2 1.01 ∼10.70 ≥0.07 .. .. ..
DCN 0.87 ∼10.43 ≥0.07 .. .. ..

CEPE(4, 17) CH3OH 5.77 15.86(2.79) 9.99(1.92) 1.13 ∼9.29 ≥2.09
C3H2 0.78 ∼10.70 ≥0.13 .. .. ..

CEPE(−24, −22) CH3OH 9.24 10.46(1.41) 6.58(1.56) 0.92 ∼9.29 ≥0.84
C3H2 0.42 ∼10.70 ≥0.04 .. .. ..
DCN 1.38 ∼10.43 ≥0.12 .. .. ..

L1262 CH3OH 1.01 ∼9.29 ≥1.88 0.32 ∼9.29 ≥1.15
C3H2 0.65 ∼10.70 ≥0.28 0.21 ∼10.70 ≥0.04
DCN 0.47 ∼10.43 ≥0.03 .. .. ..

4.6. CH3 OH abundances

From observations of the sources in C18O, we can calculate
the C18O column densities, and use these calculations to
estimate the H2 column densities, and hence determine
CH3OH abundances. Assuming optically thin emission,
and conditions of LTE, the column density of C18O can
be calculated using (Bachiller et al. 1990):

N(C18O) = 1.06× 1013×T10 exp
16.5
T10

∫
T ∗R(1→ 0)dv.(6)

The H2 column density, in cm−2, can then be estimated
(Frerking et al. 1982):

N(H2) = 5.53× 106N(C18O) + 1.22× 1021. (7)

These calculations lead to C18O column densities of a
few ×1014 cm−2 to a few ×1015 cm−2 (Buckle 2001),

H2 column densities of a few ×1021 cm−2 to a few
×1022 cm−2, and CH3OH abundances, listed in Table 6, of
a few ×10−10 to a few ×10−8 towards the core positions.
Where sources have two line components, the broad com-
ponent typically has a factor of two higher CH3OH abun-
dance than the narrow (Fig. 9c, Table 6). A few sources
show much larger increases in the CH3OH abundances
traced by the broad material towards the core positions.

Comparing the linewidths in Table 6, the CH3OH
linewidths are consistently broader than the C18O
linewidths, so that the C18O is not tracing the high veloc-
ity material in the core. This may mean that we are not
calculating accurate CH3OH fractional abundances in the
vicinity of the CH3OH emitting regions which give rise to
broad linewidths towards the cores.

In low mass star-forming regions, optical depths and
column densities are lower for the higher velocity emission
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Table 6. CH3OH abundances at the core positions.

Source Narrow component ∆v Broad component ∆v

CH3OH C18O X CH3OH CH3OH C18O X CH3OH X(broad)
X(narrow)

km s−1 km s−1 ×10−9 km s−1 km s−1 ×10−9

IRAS 03282 1.00(0.05) 0.51(0.19) 7.14 : 0.95(0.03) : :
IRAM 04191 0.63(0.02) 0.33(0.07) 5.91 : 0.72(0.02) : :
L1551 IRS5 1.06(0.02) 0.61(0.03) 8.29 : 1.07(0.11) : :
L1535 0.61(0.07) 0.72(0.02) 2.14 : : : :
TMR-1 0.55(0.10) 0.40(0.02) 0.84 : 0.58(0.01) : :
L1527 0.42(0.02) 0.51(0.01) 4.60 : : : :
HH25 0.99(0.05) 0.64(0.03) 9.19 3.58(0.20) : : :
HH111 0.72(0.04) 0.83(0.01) 3.62 : : : :
VLA1623 1.65(0.07) 0.72(0.04) 4.68 : 0.95(0.01) : :
IRAS 16244 1.23(0.12) 1.63(0.02) 1.65 : : : :
IRAS 16293 0.97(0.04) 0.54(0.04) 7.85 4.49(0.19) 1.48(0.07) 13.45 1.7
S68N 1.63(0.03) 0.63(0.07) 16.05 6.70(0.08) 1.25(0.01) 28.63 1.8
L1152 0.25(0.13) 0.33(0.09) 0.15 0.70(0.08) 0.77(0.05) 1.27 8.5
L1157 1.25(0.25) 0.37(0.14) 4.89 6.75(0.28) 0.45(0.04) 32.35 6.6
L1251B 0.46(0.15) 0.34(0.07) 0.62 1.23(0.09 0.70(0.05) 6.33 10.2
CepE 2.43(0.22) 0.44(0.11) 7.42 6.22(0.36) 0.74(0.06) 10.81 1.5
L1262 0.32(0.03) 0.22(0.05) 2.13 1.01(0.11) 0.58(0.02) 2.94 1.4

Fig. 8. Results of statistical equilibrium model. a) Variation of rotation temperature (Trot) with H2 volume density for kinetic
temperatures (Tkin) of 10, 50 and 100 K, and CH3OH column densities of 1011–1015 cm−2. b) Variation of rotation temperature
with kinetic temperature for H2 volume densities of 104, 106 and 107 cm−3, and CH3OH column densities of 1011–1015 cm−2. c)
Variation of column densities, calculated using the rotation diagram technique, with H2 volume density, for kinetic temperatures
of 10, 50 and 100 K, with a CH3OH column density of 1013 cm−2. d)–f) Rotation diagrams generated from the model data,
for model parameters listed in the plot. As for the observed CH3OH lines, all transitions except for the blended 32 → 22E

+/−

transitions have been included in the least squares fit.
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Table 7. CH3OH abundances at the outflow positions.

Source N(H2) ∆v CH3OH N(CH3OH) X(CH3OH) X(outflow)
X(core)

×1020 cm−2 km s−1 ×1013 cm−2 ×10−7

HH25 (224, 30) 2.1a 4.58 3.7 1.8 19.6

L1157 (20, −60) 4.0b 3.67 28.1 7.0 142.9

6.20 64.5 16.1 49.7

VLA1623 (45, −24) 0.82c 0.84 0.9 2.3 49.1

1.41 5.0 6.1 130.3

VLA1623 (−42, 16) 0.77c 0.79 2.2 2.9 62.0

1.86 11.0 14.3 305.6

a Derived from high velocity CO; Gibb & Davis (1998).
b Derived from CO in this lobe; Umemoto et al. (1992).
c Derived from high velocity CO; André et al. (1990).

(Moriarty-Schieven & Snell 1988; Bachiller et al. 1990;
Mitchell et al. 1992). This leads to typical H2 column
densities in the high velocity lobes that are at least 1–
2 orders of magnitude less than those of the ambient
cloud (Bachiller et al. 1990). The lower H2 column den-
sities towards the outflow positions, which are centred
on peaks of CO emission, result in higher CH3OH abun-
dances. For example, from our C18O observations, we de-
rive N(H2) ∼ 1022 cm−2 towards the core position of
VLA1623, whereas using published CO data towards the
CO outflow we derive N(H2) ∼ 1020 cm−2 (André et al.
1990). The lower H2 column density at the outflow posi-
tion leads to abundances at the outflow position that are
factors of a few ×10–100 higher than the abundance at
the core position (Table 7).

For a few sources we have obtained column densities of
H2 at our observed outflow position from published high
velocity CO data (Gibb & Davis 1998; Umemoto et al.
1992; André et al. 1990), leading to lower values for the H2

column densities. Table 7 lists the sources, H2 and CH3OH
column densities, and CH3OH abundances for this small
sample. The last column gives the ratio of the broad or
narrow component CH3OH abundance towards the out-
flow position to that of the same component towards the
core position. The smaller values of H2 column densities
at the outflow positions leads to higher CH3OH abun-
dances at the outflow position by 1 to 2 orders of mag-
nitude over the CH3OH abundance at the core position.
The abundance of CH3OH traced by the broad compo-
nent material increases by factors of up to 300 towards the
outflow positions, while the abundance traced by the nar-
row component material also increases, by factors of up to
150 towards the outflow positions. The enhanced abun-
dances in material characterised by relatively narrow
linewidths implies that the processes involved in increas-
ing the CH3OH abundances in star forming regions (dis-
cussed in Sect. 5) are as important in the more quiescent
envelope regions as they are in the outflowing regions.

4.7. Origin of enhanced abundances

The major route to enhance gas phase methanol abun-
dances is through the release of methanol trapped in
grain mantles (Charnley et al. 1995; Bachiller et al. 1995;
Van Dishoeck et al. 1995). This could occur either through
radiative heating of the grains or sputtering. Although a
grain temperature of ∼90 K is needed to thermally desorb
water or methanol rich ice, the release of CH3OH could oc-
cur at a much lower temperature, ∼20 K, if the methanol
is liberated as a minor constituent as the CO mantle on
grains is released (van der Tak 2000). Weak shocks are
sufficient to desorb the grain ice mantles: grain-grain ve-
locities of 2 km s−1 will shatter ice material, but probably
not return much material to the gas phase (Jones et al.
1996). In higher velocity shocks, thermal sputtering takes
place, but non-thermal sputtering occurs in low velocity
shocks, and is driven by the motion of grains through gas
swept up by the shock, or by acceleration of grains in the
magnetic field (Jones et al. 1996). This could account for
increased abundances of CH3OH with relatively narrow
linewidths, and does not require high temperatures, nor
large relative gas-grain velocities.

Once released, CH3OH is destroyed in ∼104 years in
reactions with ions such as H+

3 (van der Tak 2000), leading
to the formation of complex molecules such as CH3OCH3.
This may account for the drop in abundance of CH3OH
around Class I sources (Sect. 5.2) if the temperatures and
densities are sufficient to drive the reactions.

5. Discussion

These observations include molecules with differing for-
mation routes, and so we are able to probe several regions
within the circumstellar environment, in order to assess
the interaction between the outflow and the dense core
and envelope surrounding the protostar.

CH3OH is one of the more complex molecules found
to be abundant in the gas phase in dark clouds (Turner
1998b; Friberg et al. 1988), and is also expected to be
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Fig. 9. a) Distribution of CH3OH broad to narrow column
density ratios. Unshaded histograms show the ratio calculated
for core positions, and shaded histograms show the ratio calcu-
lated for outflow positions. b) As for a), but for c-C3H2 column
densities. The broad component material almost always has a
higher column density, and core positions generally have larger
( N(broad)
N(narrow) ) ratios. c) Distribution of CH3OH broad to narrow

abundance ratios.

one of the most abundant constituents (Van Dishoeck &
Hogerheijde 1999) of ice mantles in grains in star forming
regions. As shocks form from the impact of molecular out-
flows from protostars with the ambient medium, the gas
and dust is heated. The ice mantles evaporate from the
grains, and return volatile molecules, including CH3OH,
to the gas phase. Evidence for this can be seen in BH71,
where maps of CH3OH and SiO (a known shock diagnos-
tic) have similar distributions (Garay et al. 1998), suggest-
ing that shocks provide the heating mechanism required
to evaporate the mantles.

Transitions of c-C3H2 have been detected in emission
towards a wide variety of sources (Madden et al. 1989),
where the emission usually shows narrow linewidths, with
the majority of the emission tracing cold, dense regions:
in IRAS 16293–2422, this molecule traces the cold outer
part of the envelope (Van Dishoeck et al. 1995). In a few
protostellar sources, c-C3H2 has been observed in outflow
lobes (Tafalla & Myers 1997), with a bipolar distribution,
and with shifted, narrow lines without extended wings,
suggesting that the c-C3H2 is tracing dense clumps of gas
that has been dragged into, rather than stirred up by, the
outflow.

Although the chemical formation route in quiescent re-
gions is through radiative association reactions, c-C3H2

can also form in star forming regions through shock
chemistry (Lee et al. 1993; Pineau des Forêts et al. 1987;

Neufeld & Dalgarno 1989). The enhanced c-C3H2

linewidths observed in W49, a luminous HII region
(Matthews & Irvine 1985), have been associated with
emission from an extended, warm region within the ac-
celeration zone of an MHD shock (Pineau des Forêts et al.
1987).

The c-C3H2 linewidths derived from our data are sim-
ilar to those of NH3, a molecule which is abundant in the
dense quiescent regions of molecular clouds (Jijina et al.
1999; Benson & Myers 1989). Jijina et al. (1999) find in-
trinsic linewidths for NH3 of 0.2−0.6 km s−1, towards the
low mass star forming regions we have observed, although
a few sources in regions of high star-forming activity (such
as Serpens) have linewidths up to 0.8 km s−1. This is sim-
ilar to the range of linewidths we find for c-C3H2, indi-
cating that this emission, like NH3, is associated with the
least disturbed material as previous studies have found
(Benson et al. 1994; Lee et al. 1993). The c-C3H2 emis-
sion is tracing the most quiescent core/envelope gas sur-
rounding the protostar. However, only towards a small
fraction of the core positions is this gas detected. The ab-
sence of this narrow component towards 70% of Class 0
core positions implies that the ambient material close to
the protostar is disturbed during the very earliest stagest
of star formation. Where we detect evidence of strongly
disturbed gas from broad CH3OH lines the emission from
c-C3H2 is weak.

The low temperatures in low-mass star forming cores
in the pre-stellar and collapse stages (Van Dishoeck &
Hogerheijde 1999) leads to significant gas phase enhance-
ment of deuterated species. This is due to their lower
ground state energy, so that deuterated species are pref-
erentially formed compared to their hydrogenated coun-
terparts. This also leads to enhancement of deuterated
species on grain surfaces, as the accretion of higher abun-
dances of gas-phase deuterated species leads to higher
abundances on the grain surfaces. Although to date there
has been only one detailed study of deuteration in a low
mass source (Van Dishoeck et al. 1995), other low mass
sources appear to show similar fractionation (Roberts
et al. 2001).

All of the molecules which we have detected towards
these low mass sources have also been detected towards
quiescent dark clouds; we would therefore expect to detect
CH3OH, c-C3H2 and DCN in the quiescent, unprocessed
material surrounding the protostar. The differences be-
tween emission arising in dark clouds and protostellar en-
vironments can be used to place constraints on the chem-
ical and physical changes which have taken place through
the onset of the star formation process.

5.1. Enhanced abundance regions

Canonical values for CH3OH abundances in dark clouds
are of the order a few ×10−10 to a few ×10−9 (e.g.
Markwick 2000; Friberg et al. 1988; Turner 1998b). The
values of X(CH3OH) of a few ×10−9 to a few ×10−8
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(Table 6) we determine towards the core positions sug-
gest that the methanol abundance is enhanced by at least
an order of magnitude in both the broad and narrow
component.

Due to the larger linewidths, we associate the broad
component material with shock processing as the outflow
impacts ambient circumstellar material. In these regions,
the elevated temperatures lead to the evaporation of grain
mantles, and increased abundances of volatile molecules
such as CH3OH.

The increased CH3OH abundances in material traced
by emission with narrow and single component linewidths
suggests that the quiescent envelope/core gas has been
processed. The quiescent material could be processed
through the influence of outflow activity, as the turbu-
lence generated by shocks propagates through the qui-
escent circumstellar material, although the narrow and
single component CH3OH lines are narrower than those
usually associated with outflow activity.

A second possible mechanism for the processing of qui-
escent material is through infall activity. The linewidths
of the single and narrow component CH3OH emission
are similar to those usually associated with infall close
to the source (0.3–1 km s−1, Ohashi et al. 1997; Zhou
1992). However, if the processing were due to infall ac-
tivity, then we would expect linewidths to decrease at
positions further from the source. Generally, we detect
similar linewidths in the single and narrow component to-
wards core and outflow positions, although the sources
IRAS 16293–2422 and CepE have broader (single or nar-
row) lines towards the core positions than the outflow
positions.

Thirdly, the increased CH3OH abundances in material
with narrower linewidths could be due to the effect of gas
phase chemical evolution (Takakuwa et al. 2000). However,
gas phase enhancements of CH3OH peak at early stages,
and the largest enhancements are seen towards starless
cores (Takakuwa et al. 2000). Therefore, enhancements
due to gas phase chemical evolution are unlikely to be sig-
nificant towards sources which have outflows, where en-
hancement routes include grain mantle evaporation.

5.2. Class 0 and Class I characteristics

To look for evidence of evolution in the line properties,
the sources have been divided into Class 0 and Class I
using values of bolometric temperature obtained from the
literature. We have used the criteria of Class 0 with Tbol ≤
70 K, and Class I with 70 K < Tbol ≤ 250 K (Table 2).

The CH3OH emission from the Class I sources is
generally well fit by relatively weak, single component
Gaussians. Towards the Class I sources, we do not see
extended wings on the CH3OH lines, nor strong, narrow
components at the source velocity, towards either core
or outflow positions. If the Class 0 lines are composed
of emission from two distinct regions, the turbulent out-
flow gas, and the quiescent core/envelope gas, then at the

Fig. 10. a) CH3OH abundances for the broad, single and nar-
row components versus bolometric temperature. The horizon-
tal line marks the abundance of CH3OH in TMC-1 (Turner
et al. 2000; Walmsley 1993; Roberts & Millar 2000). All of the
linewidth components tend to have enhanced abundances with
respect to dark cloud values. b) As for a), for c-C3H2 abun-
dances. For this molecule, none of the linewidth components
have enhanced abundances with respect to dark cloud values.

Class I stage, this distinction has all but disappeared: the
broad component has disappeared at the Class I stage.

Figure 10 displays the variation in abundance of
CH3OH and c-C3H2 with bolometric temperature. The
abundance of CH3OH (Fig. 10a) is generally enhanced
over dark cloud values for the broad, narrow and single
linewidth components. There is weak evidence of a trend
of decreasing CH3OH abundance with increasing bolomet-
ric temperature, with the Class 0 sources having an aver-
age value 〈X(CH3OH)〉 = 1.5 (±0.4)× 10−8, whereas the
Class I sources have 〈X(CH3OH)〉 = 0.4 (±0.09)× 10−8.
These abundance enhancements point to energetic activ-
ity, able to affect core material, being at least as, if not
more, important at the earliest stages of protostellar evo-
lution as it is at the later stages.

Whether material is disturbed through the action of
outflows or possibly infall, the high narrow component
CH3OH abundances towards Class 0 sources argues that
this interaction occurs very rapidly once a central source
has formed and that the disturbed gas rapidly dominates
the emission. Indeed it appears likely that the bulk of the
dense gas around these sources is disturbed as in most of
the sources there is little evidence for undisturbed mate-
rial, the exception being the ∼30% of sources which have
narrow c-C3H2 components.

The apparent decrease in CH3OH abundance in the
Class I phase implies that the methanol associated with
Class 0 sources is removed. One way that a decrease in
CH3OH abundance could occur is through reactions of
CH3OH with molecular ions to produce more complex
hydrocarbon species (Charnley et al. 1995; van der Tak
2000). Alternatively the methanol rich material may
just be removed from the circumstellar region. With a
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velocity of 0.25 km s−1 material could leave the beam
(in the nearest sources) in ∼7 × 104 years and some-
what longer for more distant sources provided it is not
gravitationally bound. The decrease in the CH3OH abun-
dance also points to a decrease in the rate at which
CH3OH is released into the gas phase. That the in-
teraction giving rise to the enhancement has lessened
by the Class I stage is also shown by the decrease
in the narrow component linewidth and the lower in-
cidence of broad components towards Class I core po-
sitions. Fuller & Ladd (2002) have argued on the ba-
sis of the evolution of the linewidths towards Class I
sources that the outflows in these sources are less well
coupled to their circumstellar material than in younger
sources. These CH3OH results appear to support this
interpretation.

Although the c-C3H2 abundances are lower limits, the
values are at least an order of magnitude below TMC-1
abundances (Fig. 10b) for both Class 0 and Class I sources.
The origin of the c-C3H2 depletion with respect to quies-
cent dark cloud values is unclear. c-C3H2 abundances can
be increased through gas phase reactions in regions with
a large carbon abundance (Turner et al. 2000), such as in
TMC-1. Alternatively it may be that our derived abun-
dances are underestimated due to the optical depth and
excitation temperature differences between the transitions
observed here and those typically used for observations of
dark clouds. Clearly further modelling of the reaction net-
works for this molecule in protostellar regions is necessary
to understand the evolution of c-C3H2 abundances during
star formation.

6. Summary

We detected CH3OH emission towards all of the Class 0
and Class I sources which we observed, with 57% of the
positions observed showing two component line profiles,
and with a higher proportion of Class 0 sources showing
two component lines than Class I sources. Of the positions
observed, 87% also showed c-C3H2 emission with 32% of
these having two component line profiles and 66% of the
sample of sources observed showed DCN emission. Sources
which have broader CH3OH lines have broader lines in
both c-C3H2 and DCN. The molecules are all tracing gas
moving at similar velocities, as the central velocities of all
the emission lines generally differ by only a few tenths of
a km s−1.

A rotation diagram analysis of the CH3OH lines gives
a rotation temperature ∼10 K toward both core and out-
flow positions, although statistical equilibrium calcula-
tions suggest that the kinetic temperature could be much
higher, at 50–100 K. All of the CH3OH emission shows
enhanced abundances, even the narrower linewidth com-
ponents. The large abundances of CH3OH derived from
these data, and the enhancements found towards the out-
flow positions, suggest that grain mantle evaporation con-
tributes significantly to the chemistry in these regions. The
abundance of CH3OH in the broad component is enhanced

by up to two orders of magnitude, and the narrow and
single component has an enhanced abundance of up to an
order of magnitude over dark cloud values. The enhanced
abundances in material traced by emission with relatively
narrow linewidths suggests that much of the circumstel-
lar material has been processed. We detect the broadest
CH3OH lines towards the core positions rather than the
outflow regions, which provides evidence of interaction be-
tween the outflow and core material very close to the star.

The narrow linewidth component of c-C3H2 has the
narrowest linewidth, which is comparable to the intrin-
sic linewidths detected in NH3, a molecule used to trace
quiescent cloud material and so we associate this c-C3H2

emission with ambient material in the envelope. This com-
ponent is detected towards both core and outflow posi-
tions, in an equal but small fraction of sources, ∼30%. We
conclude that only a small amount of the circumstellar en-
velope remains undisturbed, and only a small number of
sources contain undisturbed material, at least detectable
in this line, even in Class 0 sources.

The broad linewidth component of CH3OH we asso-
ciate with the turbulent regions around the high velocity
outflows. Shock heating in these regions leads to evapora-
tion of grain mantles, and large increases in abundances of
CH3OH. The regions influenced by these interactions in-
clude positions close to the source, as well as along the out-
flow axis. The narrow and single emission lines of CH3OH,
the single and broad emission lines of c-C3H2, and the
emission lines of DCN, appear to be tracing the influence
of outflow, or possibly infall activity, on the circumstel-
lar envelope. Increases in CH3OH abundances traced by
this component indicate that although less energetic, the
activity is sufficient to evaporate the grain mantles.

The enhanced abundances and linewidths seen towards
the majority of the sources show that the energetic activi-
ties that begin during star formation, particularly outflow
but possibly also infall related, very quickly affect the cir-
cumstellar envelope surrounding a source. These interac-
tions dominate the emission from Class 0 sources, even for
lines which are expected to trace the quiescent material,
such as c-C3H2. Evidence from the decreased abundances
and the rarity of two component lines towards the core
positions in Class I sources point to less activity in these
sources than in the Class 0 phase. This suggests that the
interaction between the outflow and the circumstellar ma-
terial has significantly decreased by the time sources reach
the Class I phase.
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André, Ph., & Bacmann, A. 1999, ApJ, 513, L57
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