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Summary. Observations have been made of the southwest out-
flow lobe of L1551 in several millimetre and submillimetre
molecular lines. Maps have been made in the J = 3-2 and J =
2-1 transitions of CO over areas of 7.5 by 2.5arcmin and 5 by
5arcmin respectively, using the 3.8 m United Kingdom Infrared
Telescope (UKIRT). Higher angular resolution maps have also
been made in the J = 2—1 CO transition over an area of about
6 by 3.5arcmin with the NRAO 12m telescope, and additional
observations of the J = 4-3 transitions of HCN, HCO™* and
H!3CO™* were obtained towards selected positions. The detec-
tion of the J = 4-3 transitions of HCN, HCO ™, and H'3CO*
close to the position of HH 29 suggests the presence of very dense
gas in this region (n > 10° cm ), although LVG analysis of the
CO line wings suggests a density of only 3103 to 10*cm 3. To
the southwest of HH 29 there is a decrease in both the linewidth
and intensity of CO emission. This may result from an inter-
action between the outflowing gas and a dense clump of gas
and may be directly related to the processes resulting in HH 29.
The maps of the CO J = 3-2 and CO J = 2-1 emission inte-
grated over various velocity intervals show evidence for a shell
structure which delineates the edge of the outflow cavity. At
higher blueshifted velocities the CO J = 2-1 and J = 3-2 emis-
sion is predominantly emitted from areas closer to the outflow
axis. Redshifted emission from the northern edge of the shell
may be a consequence of rotation of the outflowing gas. Our
observations, showing a shell structure, an accelerating outflow
and possible rotation of the outflowing gas, suggest that the
Sweeping-Magnetic-Twist model of Uchida and Shibata (Uchida
et al., 1986, and references therein) is the most appropriate of
currently available models of bipolar sources, to explain the
L 1551 bipolar outflow.

Key words: interstellar medium: molecular clouds — bipolar
outflows

1. Introduction

The molecular outflow phase is a common stage in the early
evolution of stars, and has now become a widely observed physi-

Send offprint requests to: G.J. White

cal process. The outflow associated with L 1551 is the archetype
of these bipolar molecular outflow sources. Early observations
of this source by Knapp et al. (1976) showed the presence of
broad asymmetric wings on the CO profiles, and subsequently
it was recognised as the first bipolar molecular outflow source
by Snell et al. (1980). The outflow is situated at the southeast
edge of the L 1551 dark cloud complex (Sandqvist and Bernes,
1980) which is assumed to lie at a distance of 160 pc (Snell, 1981).
The LSR velocity of the ambient cloud material is ~6.7kms™!
(Sandqvist and Bernes, 1980), and it extends over an area of
about 40’ by 40’ (Snell, 1981). In the CO J = 1-0 transition the
molecular outflow consists of a lobe of blueshifted emission to
the southwest and a lobe of redshifted emission to the northeast
(Snell et al., 1980). Both lobes are highly collimated and extend
over several arc minutes.

The L 1551 region has been extensively studied at optical,
infrared and radio wavelengths. At the centre of the outflow is the
infrared source IRS 5 (Strom et al., 1976) which has a total bolo-
metric luminosity of 32 to 38 L, (Emerson et al., 1984, Cohen
et al. 1984). This would imply the presence of a dust embedded
pre-main sequence (PMS) star of about 1 M. From infrared
photometry at wavelengths between 1.2 and 19 um, Cohen and
Schwartz (1983) have found that IRS 5 is extended on the scale of
a few arc seconds. Infrared polarisation observations of Nagata,
Sato and Kobayashi (1983) and by Hodapp (1984) suggest the
presence of a thick disc whose axis lies parallel to the direction
of the molecular outflow. Optical spectroscopy of the reflection
nebulosity which lies close to the embedded infrared source indi-
cates that IRS 5 has a spectral type G-K, and that its spectrum
is similar to stars of the FU Ori class (Mundt et al., 1985). Strom
et al. (1985) report observations at 2 um wavelength of the region
around IRS 5, which they interpret as due to light scattered from
dust grains in a thick disk of about 1000 AU diameter.

Radio continuum observations of the IRS 5 area have been
made by Cohen et al., (1982), Bieging et al., (1984), Snell et al.
(1985) and Bieging and Cohen (1985). These studies show the cen-
tral core with two jets extending 14 and 10 arcsec to the northeast
and southwest of IRS 5 respectively, along the axis of the molecu-
lar outflow (Snell et al., 1985). The central core has been resolved
into two point like sources separated by 0.3 arcsec (Bieging and
Cohen, 1985) and they suggest that IRS 5 may contain a binary
system whose orbital plane lies in a north—south direction. An-
other possibility is that the binary structure seen in the 15 GHz
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emission arises from enhancements in the ionized gas column
density at the inner edge of the dense molecular disk detected by
Kaifu et al. (1984), as has been suggested for the double 6 cm radio
continuum source in G35.2N (Dent et al., 1985, and references
therein), and subsequently for L 1551 by Rodriguez et al. (1986).
At 5GHz Bieging and Cohen (1985) have observed the radio
continuum jets close to IRS 5 and they find the width of the jet
to be less than 0.3 arcsec. In these observations the jet extends
3.2 arcsec with position angle 255° compared to a position angle
of about 225° for the molecular outflow and the more extended
radio jets.

An optical jet, coincident with the southwest radio jet, has
been observed by Mundt and Fried (1983). This extends 17 arcsec
southwest from IRSS. The jet contains several emission knots
connected by fainter diffuse emission. No optical jet counterpart
is observed to the northeast of IRS 5, probably as a consequence
of greater optical extinction in this direction. The emission knots
in the jet have radial velocities which decrease from —210kms ™!
(at distances between 3 and 10 arcsec from IRS 5) to —80km s
(between 10 and 18 arcsec from IRS 5) (Sarcander et al., 1985).

The optical jets, radio jets and the CO bipolar outflow show
structure on a wide range of scales extending in a northeast—
southwest direction. Three Herbig-Haro objects lie in projection
against the southwest lobe of the molecular outflow. Two of
these, HH 28 and HH 29, lie close to the axis of the outflow.
Observations of their proper motions, when projected back along
their paths, intersect close to the position of IRS 5 (Cudworth and
Herbig, 1979). HH 102 (S239) is a larger area of nebulosity lying
to the west of IRS5 and is mainly a reflection nebula (Mundt
et al., 1985). CCD images of a 4 by 7 arcmin region around IRS 5
have been obtained through V, R, I and H, filters by Snell et al.
(1985). These show that towards HH 102 the light from the shock
excited gas and the scattered light mainly arise in different areas.
The scattered light appears to delineate the walls of a cavity
extending from the tip of a jet-like feature originating from IRS 5
and the shock excited gas mainly lies inside this cavity.

The bipolar molecular outflow has been studied extensively.
The first observations of L 1551 in the CO J = 1-0 transition
showed broad, low intensity wings (Knapp et al., 1976). Sub-
sequent observations include mapping of the outflow in the CO
J = 1-0 line by Snell et al., (1980), Snell and Schloerb (1985) and
Uchida et al. (1986), and in the CO J = 2-1 line by Levreault
(1985). Both CO transitions show the flow to be highly collimated
and to extend over about 1.2 pc (~25arcmin). Higher angular
resolution observations of the CO J = 1-0 transition along the
axis of the outflow have been made by Fridlund et al. (1984) with
the Onsala 20 m telescope. These show an apparent acceleration
of the outflowing gas. The outflow region has also been mapped
in th 1667 MHz OH transition (Mirabel et al., 1985), the (J, K) =
(1,1) inversion transition of ammonia at 23.7 GHz (Torrelles et
al. 1983, Menten and Walmsley 1985) and the J = 1-0 and
J = 2-1 transitions of CS (Snell and Schloerb 1985, Kaifu et al.,
1984 and Batrla and Menten 1985). These observations reveal
the presence of dense gas around IRS 5 which, according to the
interpretation of the CS J = 1-0 observations by Kaifu et al.
(1984), is in the form of a slowly rotating disk. However the CS
J = 1-0 observations of Batrla and Menten (1985) did not detect
a systematic velocity gradient along a line at position angle 330°
or in the north-south direction. There is a considerable amount
of velocity and spatial structure within the outflow, as is shown
by a series of CO J = 1-0 spectra observed along the axis of

-1

the flow by Fridlund et al. (1984), observations of the CO J = 1-0
transition during a lunar occultation which gave a synthesised
beamwidth of 7 arcsec (Snell and Schloerb, 1985) and the higher
resolution (HPBW = 15arcs) mapping of the outflow made by
Uchida et al. (1986).

In this paper we report observations of the southwest lobe of
the bipolar molecular outflow in both the J = 2-1 and J = 3-2
transitions of CO. These were made in order to investigate the
structure and physical conditions within this part of the outflow.
Observations of the J = 4-3 transitions of HCO™, H!3CO™,
and HCN were also made towards selected positions to sample
and characterise the properties of the denser gas.

2. Observations

The observations were carried out using the 3.8 m United King-
dom Infrared Telescope (UKIRT) on Mauna Kea, Hawaii, during
the periods 1983 August to September, 1984 August and 1984
October. Further observations of the CO J = 2—1 transition were
made with the 12m National Radio Astronomy Observatory
(NRAO) telescope during 1985 May.

At UKIRT the QMC submillimetre heterodyne receiver
(White et al., 1986a) was operated at the cassegrain focus of the
telescope. The total noise temperatures were typically 250K at
230 GHz and 350K at 346 GHz, including all optics, telescope
and atmospheric losses. The weather conditions were generally
excellent during the 1983 observing periods but somewhat worse
during 1984. Pointing was determined by peaking on continuum
emission from Jupiter, Saturn and Venus. Absolute pointing, as
determined with an on-axis TV guider, was found to have an un-
certainty of less than about 5arcsec. Calibration was carried out
at approximately 10 to 15min intervals using a chopper wheel
calibration technique. The results are given in terms of the cor-
rected antenna temperature, T7 (Kutner and Ulich, 1981), where
the forward spillover efficiency () was estimated to be 0.9 at
346 GHz and 0.85 at 230 GHz. The beam sizes of the telescope
were measured to be 55 and 83 arcsec at 346 and 230 GHz re-
spectively, which correspond to linear sizes of 0.04 and 0.06 pc.
All observations were made with respect to a reference ‘off’
position at Right Ascension (1950) 4*36™40%, Declination (1950)
+18°01'52” determined to be free of significant molecular emis-
sion. All offsets in this paper are given relative to Right Ascension
(1950) 4:28™40°, Declination (1950) +18°01'52”, which is about
10arcsec north of IRS 5.

At the NRAO 12m telescope a dual channel cryogenic re-
ceiver was used. The telescope beam size was measured to be
30arcsec (0.02pc) and the forward spillover efficiency was es-
timated to be 0.73. The total system noise temperature was
typically 1000-2000K including losses due to atmospheric at-
tenuation and dish efficiency.

3. Results
3.1. UKIRT observations

A region extending over 7.5 by 2.5arcmin was mapped in the
CO J = 3-2 transition with a spacing of 30arcsec. This area
covers most of the southwest CO lobe seen in the maps of Snell
and Schloerb (1985) and a small part of the northeast lobe. In
Fig. 1 we show a map of the total integrated emission, and a
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Fig. 1. Maps of the total integrated CO J = 3-2 emission (K kms™1!) in L1551 and the CO J = 3-2 emission integrated in 3.25kms™" intervals.
The central velocity of the relevant interval is given on each map. HH 102 is outlined by a broken line and the positions towards which spectra

were obtained are marked with a dot on the 10.2kms™! map

sequence of maps of the emission integrated over 3.25kms™?
velocity intevals. The total integrated CO emission shows two
main peaks 30arcsec to the north of HH29 and towards the
northeast part of HH 102. About one arcmin to the southwest
of HH 29 there is a region where the total integrated emission
is low, which shows an elongation perpendicular to the outflow
axis, and extends as far as the southeast edge of HH 102.

The individual 3.25kms™! maps show that the region of
strongest redshifted emission (i.e. at velocities contained in the
map centred at 10.2km s~ 1) lies to the northeast of IRS 5, which
is part of the northeast outflow lobe. There is also emission at red-
shifted velocities relative to the ambient gas over the northeastern
part of HH 102. In the map centred at 3.7kms™! a shell-like
structure is seen, which extends northeast from HH 29 towards
IRS 5 and then bends in a westward direction to follow the shape
of the cavity shown up by HH 102. The most intense emission
in this velocity interval comes from two areas, one to the north
of HH 29, close to IRS 5, and the other to the north of HH 102.
In the map centred at 0.45kms~! the emission is concentrated
in two main peaks, one lying to the north of HH 29 while the
other is to the east of HH 102.

In the CO J = 2-1 transition an area of about 5 by 5 arcmin
of the southwest lobe was mapped with a one arcmin spacing
using UKIRT. The map of total integrated emission is shown in
Fig. 2. We also show a series of maps of the emission integrated
in velocity intervals which match those of the CO J = 3-2 data
shown previously. The total integrated emission is most intense
to the north and west of the area mapped, and in particular
towards HH 102. The integrated emission to the south of HH 29

again shows a minimum, but this is neither as pronounced nor
as extensive as the corresponding minimum at the same position
in the CO J = 3-2 total integrated emission map in Fig. 1.

In the maps of emission integrated in 3.25kms™! intervals
shown in Fig. 2 it can be seen that, as with the CO J =3-2
transition, emission at velocities redshifted relative to the ambient
gas comes mainly from the HH 102 region. In the map centred at
3.7kms " ! the most intense emission is observed to come from an
area lying between 30 to 60 arcsec southwest of IRS 5, from the
HH 102 region, and also from an area lying 5 arcmin southwest
of IRS 5, which is between HH 28 and HH 29. The shell-like struc-
ture seen in the corresponding map for the CO J = 3-2 transition
in Fig. 1 is apparent. In the map centred at 0.45kms ™! the most
intense CO J = 2—1 emission comes from an area approximately
3arcmin in diameter which lies between HH 29, HH 102 and
IRS 5. When the effects of the larger beam size for the CO J =
2-1 observations are taken into account, the map of integrated
emission at 0.45kms ! is similar to the corresponding map for
the CO J = 3-2 transition.

In Fig. 3 we show a series of UKIRT CO J = 2-1 spectra
observed along a strip in Right Ascension, which were obtained
with a declination offset one arcmin south of the reference posi-
tion. At the position 1’S2'W of this position (subsequently we
refer to positions such as this as 1S 2W) (Fig. 3b) the emission of
the blue shifted wing is as intense as that of the gas at the ambient
cloud velocity. At positions further west, the intensity of emission
from material at the ambient cloud velocity increases. Spectra
observed towards positions which lie on the shell-like structure
seen in the 3.7kms™! map of Fig. 1 are presented in Figs. 3a
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Fig. 2. Maps of the CO J = 2-1 emission in L 1551 observed at UKIRT. Details as for Fig. 1
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Fig. 3. A strip of five CO J = 2-1 spectra in the southwest outflow lobe of L 1551 observed at UKIRT. Positions are given in arcmin offset from

Right Ascension (1950) = 04P28™40°, Declination (1950) = + 18°01'52”

and 3d. In Fig. 3c we show a spectrum obtained towards a posi-
tion lying close to HH 102, where intense integrated emission at
0.45kms~! in both CO J = 3-2 and CO J = 2-1 transitions is
seen.

In Fig. 4 we show J = 2—-1 and J = 3-2 CO spectra obtained
at UKIRT towards seven positions along the southern outflow
axis. The intensity of emission at the ambient cloud velocity is
generally greater in the CO J = 2-1 spectra. There is a decrease
in the intensity of CO J = 2-1 and J = 3-2 emission at 2S2W
(close to HH 29), and again at 6S 6W (one arc minute south of
HH 28). The intensity of the CO J = 2-1 emission is always
greater than the intensity of the CO J = 3-2 emission at the
ambient cloud velocity to within the noise level. Generally the
shape and intensity of the blueshifted wings in the J = 3-2 and
J = 2-1 transitions are very similar, but there is a tendency for

the CO J = 2-1 emission to be more intense at velocities above
3kms~!. A ratio of the intensity of the CO J =3-2 to CO
J = 2-1 transitions of greater than 1 may be due to the presence
of optically thin gas. A ratio equal to or less than 1 could result
from either optically thick gas or incomplete thermalisation of
the upper level of the molecules. Since the ratio is found to be
less than or equal to 1 towards most of the positions observed,
and the effect of any difference in the coupling efficiencies to the
beam at the two frequencies will be to reduce this ratio further,
we can conclude that the gas in the outflow is generally either
optically thick or the CO J = 3 level is not fully thermalised due
to either a low kinetic temperature or low gas density.

The CO J =2-1 and J = 3-2 lines with the greatest line-
width to the 1 K level are emitted from a region lying close to the
position of HH 102. The width of the CO J = 2-1 line decreases
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Fig. 4. CO J = 2-1 (=) and CO J = 3-2 (M) spectra observed at UKIRT towards the sourthern outflow axis of L 1551. Offsets as for Fig. 3.

from about 10 to less than 5kms~! towards a position lying
about 45 arcsec south of HH 29. The CO J = 3-2 lines are gener-
ally broad with widths exceeding 9kms ™! to the 1K level along
the southern outflow axis, except for a decrease in line width one
arcmin to the southwest of HH 29. The broadest line is the CO
J = 2-1 transition, with a width of 15kms~! to the 1K level,
was observed towards the position 1S 2W.

The highest peak antenna temperature occurs to the north-
east of HH 102 in both the J = 3-2 and J = 2-1 transitions of
CO. Both transitions also show low values of peak antenna tem-
perature to the southwest of HH 29. In the CO J = 3-2 transi-
tion the antenna temperature of the high velocity gas exceeds
the antenna temperature at the ambient cloud velocity in three
places. The two regions where the peak antenna temperature oc-
curs at velocities less than 2km s ™! are at about 30 arcsec north
of HH 29 and in a narrow region extending for 1.5arcmin in a
northwest direction from a point 45 arcsec west of HH 29, where
there is also a decrease in the total integrated emission, peak
antenna temperature and line width.

With UKIRT we have also detected the J = 4-3 transitions
of HCO™*, H!3CO ™" and HCN towards a number of positions in
the southwest lobe of L 1551. In Table 1 details of the detec-

tions and non-detections are given, and in Fig. 5 examples of
the spectra observed are shown. At the reference position, the
J = 4-3 transitions of HCO* and HCN were detected but the
H!3CO™ line was not present at a level > 0.1K giving a lower
limit on the ratio of the HCO* to H*3CO™* emission of 12 + 4.
At 2S 2W, close to the position of HH 29, all three J = 4-3 transi-
tions were detected and the peak antenna temperatures occurred
at velocities in the range 1 to 3kms™!. These correspond to
velocities blueshifted by 4 to 6kms™! with respect to the am-
bient cloud velocity, which is similar to the velocities at which the
blueshifted wing peaks in the CO J = 2—1 and J = 3-2 lines at
this position. The ratio of the peak antenna temperatures of the
HCO™ to H!3CO™ transitions is about 7 + 1.5 at this position,
which is much greater than the usually assumed isotopic abun-
dance ratio of 40 to 90 (the solar system value), and suggests that
the HCO™ J = 4-3 line is optically thick. All the HCO™ lines
detected have a full width to the 0.1 K level of greater or equal
to 8kms~! with the broadest line, which has a full width of
15kms™?, being observed at 4S4W. The HCO* J = 4-3 transi-
tion was detected towards all points along the outflow axis that
were observed but not towards the positions 1S and 1W. This
indicates that the material from which the HCO™* J = 4-3 emis-
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Table 1
Line Position T* Visr AV [TFav
(K) (kms™1) (to 0.1K) (Kkms™1)
HCO*J=4-3 ONOE 1.2 6 10 5.7
1S1W 1.2 2 8 6.1
2S2W 1.6 1 13 10.3
4S 4W 2.2 3 16 16.3
0S1W <12 - - -
1SOW <04 - - -
H!3CO* J =4-3 ONOE <01 - - -
2S2W 0.2 1 L5
HCNJ =4-3 ONOE 04 5 4 0.9
2S2W 0.7 3 5 2.7
I fonoe heo' ON OF HCN sion arises is associated with IRS5 and its molecular outflow
@ and not with the general ambient gas.
o
o 3 3.2. NRAO 12m COJ = 2-1 observations
° ’_J-LFL An area of extending over about 6 by 3.5arcmin was mapped
Lnn [] IJ-I ﬂn with a 30 arcsec spacing. Figure 6 shows a map of the total inte-
© U o ° "—ru IJ"" I_lu grated emission obtained from these data together with maps of
the emission which has been integrated over 3.25km s~ ! intervals
p= centred on velocities as close to those of the UKIRT data in Figs. 1
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Fig. 5. Spectra of the J = 4-3 transitions of HCN, HCO* and H*3CO*
(x 2.5) towards selected positions in the southwest outflow lobe of L 1551.
Offsets as for Fig. 3

and 2 as was possible. There are strong similarities between the
maps of the CO J = 3-2 UKIRT emission and the correspond-
ing maps of Fig. 6. The main exceptions are the greater extent
of the redshifted emission to the north of the area mapped in
Fig. 6, which was not mapped in the CO J = 3-2 transition,
and in the map at about Okms™! there are still two maxima
of integrated emission but these occur 30 and 60 arcsec further
south in Fig. 6 than in the corresponding CO J = 3-2 map in Fig.
1. The maps of integrated emission centred at about —3kms™*
in Figs. 1 and 6 are not similar.

In Fig. 6 it can be seen that emission comes from different
areas which show considerable dependence on the velocity. At
velocities redshifted relative to the ambient cloud velocity the
integrated emission lies in an arc principally to the north and
west of HH 29, and shows an extension to the north of IRS 5.
At the ambient cloud velocity this arc is also seen and in the
3.5kms™! map it has developed into a clearly defined shell
extending to the east of HH29. There is no extension to the
north of IRS5 at this velocity. The observed shell thickness at
half maximum intensity, corrected for dilution of the beam, is
between 0.03 to 0.07 pc (42 to 90 arcsec). A minimum in the inte-
grated emission is centred on a position about 35 arcsec northeast
of HH 29. In the next map centred at 0.3kms ™! the shell struc-
ture is no longer visible, instead two peaks are seen which lie
within the shell structure seen in the map centred at 3.5kms™!.
The minimum that lies between these two peaks again comes
from a position about 35 arcsec northeast of HH 29. In the map
centred at —3.0km s ™! this has become the position of the single
emission peak.

The CO J = 2-1 spectra observed at the NRAO 12m tele-
scope are generally similar in shape to those observed at UKIRT
in the CO J = 2-1 transition except that the emission at the
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Fig. 6. Maps of the CO J = 2-1 emission in
L1551 observed at the NRAO 12m tele-
scope. Details as for Fig. 1. HH 102 is indi-
cated by the shaded region on the 10.1kms ™!
map and the positions of IRS5(+) and
HH 29(A) are also marked.

RIGHT ASCENSION (1950)

ambient cloud velocity, in terms of T7, tends to be more intense
for the NRAO observations. Examples of spectra observed at
the NRAO are shown in Fig. 7. These were observed towards
similar positions as four of the UKIRT CO J = 2-1 spectra
shown in Fig. 3.

4. Discussion

In L 1551 collimation appears to occur on many scales from less
than 0.01 pc (optical and radio jets) to greater than 0.5 pc (the

molecular outflow). Several models have been proposed to ac-
count for the collimation of the bipolar outflows and these are
summarised in the review paper by Strom and Strom (1985). Our
observations are of the larger scale properties of the outflow.
Snell et al. (1985) suggest that the reflection nebulosity in the
HH 102 region delineates the “walls” of a cavity formed by the
interaction of a collimated stellar wind with the ambient molec-
ular cloud. The CO J = 1-0 observations of Snell and Schloerb
(1985) support this, in particular their lunar occultation measure-
ments which identify two points of low velocity emission (V,, = 2

T T T T T T T T T T T T T T T T T T T T
10 1S19W | |
% 0 I
-2 L 1 I | | 1 ) . ) | | 1 . ; ! I ) L L1 ! ! |
-5 0 5 10 15 -5 0 5 10 15 -5 0 5 10 15 -5 0 5 10 15

VELOCITY (kms™)
Fig. 7. A strip of four CO J = 2-1 spectra in the southwest outflow lobe of L 1551 observed at the NRAO 12m telescope. Offsets as for Fig. 3
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Fig. 8. The shell structure seen in the NRAO 12m telescope data.
Contours have been taken from the maps shown in Fig. 7 centred at
3.5kms™}—), 0.3kms™}(~—-) and —3.0kms™ !(---). Other points of
interest are IRS 5(+), HH 29 (4) and the positions of low ( x ) and high

(o) velocity emission tfrom the lunar occultation measurements of Snell
and Schloerb (1985)

to 5kms™1'), each with a width of less than 0.03 pc (40 arcsec).
This is the same as the minimum thickness that we find for the
shell. These positions are suggested to lie on opposite edges of a
shell which is seen for the first time in the present maps of inte-
grated CO J = 2-1 emission, particularly at 3.5kms™! in Fig.
6. The shell structure and these positions are diagramatically il-
lustrated in Fig. 8 together with the position of the spatially
extended high velocity emission (V;,, = —3 to 1 kms™!) from the
lunar occultation measurements of Snell and Schloerb (1985),
and the areas of maximum integrated emission from the maps
at 0.3 and —3.0kms~?! taken from Fig. 6. In Fig. 8 it can also
be seen that the high velocity emission position from the lunar
occultation measurements coincides with the peak of integrated
emission in the —3.0km s~ ! map. Our observations clearly show
the presence of a shell structure in the southwest lobe of the
L 1551 bipolar molecular outflow, as was hypothesised by Snell
and Schloerb (1985).

The variation of the intensity of the CO emission with both
velocity and position along the outflow axis was investigated
for the observations made at UKIRT. Some of the relevant CO
J =2-1and J = 3-2 spectra are shown in Fig. 4. Figure 9 shows
a position-velocity plot of the CO J = 3-2 emission which is very
similar to the equivalent plot for the CO J = 1-0 emission shown
in Fig. 4 of Uchida et al. (1986). The main feature is the steady
increase in the wing velocity (i.e. the velocity difference between
the velocity of the ambient gas and that of the peak emission in
the wing), with distance from IRS 5 up to about 3 arcmin from
IRS5 (2S2W) and again from 3.5arcmin from IRS S to about
5.5arcmin from IRS 5 (4S 4W). Fridlund et al. (1984) also find a
general increase of the wing velocity with distance from IRS 5 but
they also observed that one peak of emission in the wing vanished
at positions to the southwest of HH 29. This we do not see, but
like Fridlund et al. (1984), we do see another peak of emission in
the wing appear at velocities close to the ambient cloud velocity
at positions southwest of both HH29 and the faint nebulosity
35arcsec southwest HH 29. From this, and also because of the
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Fig. 9. Position-velocity plot of the CO J = 3-2 emission in L 1551 along
the outflow axis. Offsets are given in arc minutes relative to Right
Ascension (1950) = 04"28™40°, Declination (1950) = +18°01'52"”. Con-
tours are at 1K intervals with the lowest contour at 1K

low total integrated emission, low peak antenna temperature
and the decrease in linewidth in both the J = 3-2 and J = 2-1
transitions of CO to the southwest of HH 29, it appears that the
outflow may be interacting with something at or close to the
position of HH 29. Fridlund et al. (1984) suggest that this could
be a dense clump of ambient cloud material which, on excitation
by the impact of the outflow, also manifests itself as a Herbig-
Haro object. A consequence of the blocking of the outflow by a
dense clump would be a sudden deceleration in the velocity of
the outflowing gas and a reduction in the amount of material in
the outflow immediately beyond the clump. However optical ob-
servations of HH 29 reported by Stocke et al. (1986) and the large
proper motion of HH29 measured by Cudworth and Herbig
(1979) suggest that HH 29 is more likely to be an interstellar
bullet rather than a dense clump of ambient material.

Our observations of the J =4-3 transitions of HCO™,
H!3CO™ and HCN at the position 2S2W, which is 20arcsec
from HH?29, indicate the presence of either very dense gas
(>10°cm?) or lower density gas with an unusually high abun-
dance of these molecular species. The ratio of peak corrected
antenna temperatures in the J = 4-3 transitions of HCO* to
H'3CO™ is 7 4+ 1.5, which indicates that the HCO™ line is op-
tically thick with = > 5 for an isotopic abundance ratio of 40.
The low intensity of the optically thick HCO™* J = 4-3 emission
could either be due to the HCO* J = 4 level being subthermally
excited together with a large column density of HCO* along the
line of sight, or be caused by beam dilution effects.if the HCO™*
emission originates in a number of small dense clumps which
do not fill the beam area. The latter explanation indicates that
extensive fragmentation of the denser gas is likely to be occur-
ring. It is probable that the HCN and HCO™* emission arise in
different regions or as the result of different excitation processes
as the line shapes are so different. The HCN J = 4-3 emission
peaks at 3kms ™! while both the HCO* and H!3CO* J = 4-3
lines peak at about 0kms~?! as can be seen in Fig. 5. The HCO*
line also has a second peak of emission at the ambient cloud
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velocity. The detection of H!3CO™ emission peaking at about
0kms~* means that the double peaked structure observed in the
HCO™ J = 4-3 line is unlikely to be due to self absorption.

Large Velocity Gradient analysis of the CO J = 3-2 and
J = 21 lines observed at UKIRT at this position at Okms™ %,
assuming a source size of 1.5arcmin in diameter (taken from
the maps of the NRAO data), together with the values for the
J = 1-0 transitions of CO and '*CO taken from Snell et al.
(1980) which were corrected for the appropriate source size, gives
a fit within errors for an isotopic abundance ratio of 40 and
a kinetic temperature of 25K (Clark and Laureijs, 1986, and
Edwards et al., 1986) for density of the exciting gas of 310 to
10%* cm ~ 3. This differs from the density deduced in the paper by
Richardson et al. (1985), primarily due to the assumed source
size in this analysis being smaller and the use of more recent
data for the CO J = 3-2 transition at the 2S 2W position. It is
also possible that radiative transfer effects in this complicated
region will mean that the use of the LVG analysis is inappropri-
ate, giving unreliable results. If the velocity gradient is taken
to be 80kms~!pc™! (Fridlund et al, 1984) the corresponding
abundance of CO has an upper limit of 4107, For an isotopic
abundance ratio of 89 the density of the exciting gas is between
103 and 10*cm 3. The CO emission apparently comes from a
region which has a density and temperature too low for the ex-
citation of the J = 4-3 HCO™ lines unless the HCO* has an
abundance greater than that of CO as we have previously sug-
gested. As the LVG analysis becomes very model dependent at
high optical depths it is unlikely to be reliable in deriving the
abundance of HCO™ at this position. There is no H'*CO* emis-
sion at the ambient cloud velocity at 2S2W and, although the
profiles of the CO and HCO™* lines observed at UKIRT are sur-
prisingly similar in shape at this and other positions, the HCO™*
emission at the ambient cloud velocity is comparatively weaker
than in the CO transitions observed. One reason for this differ-
ence is that the high velocity emission could occur in gas that
has been shocked and the shock has enhanced the abundance of
the HCO™ (see White et al., 1986b, for observations of shocked
gas in 1C 443), particularly towards 2S 2W where H*3CO™ has
been detected. The passage of a relatively low shock velocity of
about 10kms~! can significantly enhance the abundance of
HCO", as has been discussed by Mitchell and Deveau (1983). It
is possible that HH 29 could be caused by a related shock pro-
cess due to the interaction of the outflow with denser clumps of
gas.

From these observations it appears that the HH 29 region is
extremely complicated. It is possible that the interstellar medium
at this position could consist of clumps of dense gas which give
rise to the HCO ™ and H*3CO™ emission, while the CO emission
comes predominantly from a lower density interclump medium.
This is a model that has been suggested for other sources in-
cluding DR 21 (Richardson et al., 1986).

A second position of interest is 1.5S 2.5W where there is a
hole in the position-velocity plots of the CO J = 3-2 emission
in directions both parallel and perpendicular to the outflow axis
at velocities between 0 and 5kms™!. There is emission at both
the ambient cloud velocity and at velocities less than O kms™?.
This position is only 30arcsec southwest of the high velocity
lunar occultation point of Snell and Schloerb (1985) and is coin-
cident with a small area of emission in the R, ¥ and I wavebands
(Snell et al., 1985). As this emission is weak in their H, obser-
vations it is probably due to scattered light rather than shock
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excitation. The H, radial velocity from observations made by
Sarcander, Neckel and Elsasser (1985) show a change from —40
to —72kms™ ! at this position. There is obviously some inter-
action between the material giving rise to the optical emission
and the molecular outflow at this position. One possibility is that
the outflow is being bent around the clump of denser material
that is scattering the light.

In order to make first order estimates of the properties of the
flow source a simple model of a non-rotating outflow along a
hyperboloidal shell of opening angle v has been derived to inves-
tigate the variation of the spectral profiles with position. The
spectral lines are assumed to originate from four separate regions
and have gaussian line shapes of variable widths. The four regions
considered are: the background ambient cloud; the back and
front of the shell which has thickness, ¢, and an optical depth
which is proportional to the distance along the line of sight
through the shell; and the gas within the shell which has an op-
tical depth proportional to the distance along the line of sight
between the two sides of the shell. No account of the effects of
density, variation of optical depth with frequency or of radiative
transfer within each region has been made. This is to allow sim-
plicity with as few free parameters as possible. The gas within
the shell has a constant outflow velocity, v,, directed along the
outflow axis. The velocity of the material within the shell is made
up of a component of velocity tangential to the shell, v,, and
another component of constant velocity normal to the shell, v,.
The tangential velocity, v,, consists of a constant component, v,4,
and a variable component, v,,, which is proportional to the dis-
tance along the outflow axis, x. All velocities are in kms™~*. The
axis of the shell is at an angle of inclination, i, to the plane of
the sky. This is shown in Fig. 10. Initially the intensity of the
emission for each of the regions, I,(v), at a given velocity, v, rela-
tive to the ambient cloud velocity is calculated using

1,(v) = (hv/k) - [exp (hv/kT,) — 1]7*
~exp[—(© — v,)* 410 2/vEwiu] (1)

where v, is the resultant velocity along the line of sight of the
emitting gas relative to the ambient cloud velocity, vgwy is the

Region 1 - ambient

Region 2 - shell
To. 1o

Region 3 - inside shell
T3, Ts/d

Region 4 - shell
Ta g

OBSERVER

Fig. 10. Diagram to show parameters used in the hyperboloidal shell
model of the outflow discussed in the text
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Table 2 a constant velocity outflow model where a decrease in the

difference between the wing velocity and ambient cloud velocity
Region 1 2and4 3 is obtained. To give the observed increase there must be an ac-
celeration of the outflowing gas.

T(K) - 15 25 35 To obtain the model spectra shown in Fig. 3 we had to use

Vewnn (kms™1) 3 4 3 optical depths that were less than 1. Since the model does not

t(pe” 1)_ - 5.5 0.1 convolve the spectra with the beamsize of the telescope that was

v, (kms™1) - - 12 used in making the observations, the low optical depths that the

v, (km S__lz - 1 - model required may be a consequence of the actual observations

v, (km s 1) ) - 6 - involving beam averaging effects over a clumpy medium.

vg(kms™'pe™t) - 15 - We now summarise some of the main features of the L 1551

t(pe) - 0.015 - bipolar outflow. From the central source IRS 5 there is evidence

Notes: Ambient cloud velocity (V gg) = 6.7 km
s™L i=15% v = 9.7°. Position angle of out-
flow axis = 225°

full width at half maximum of the gaussian line, and T, is the ex-
citation temperature of the line. Then the resultant intensity of
emission at this velocity from all 4 regions is calculated using a
simple radiative transfer equation

li(v) = Li(v)exp — (15 + 73 + 74) + L(v)[1 — exp(—1,)] exp
— (t3+74) + L(0)[1 — exp(—1;)] exp(—714) + L(v)
x [1—exp(—=1)] — Ly 2

where 7, and 7, are the optical depths of the back and front of
the shell, 75 is the optical depth of the material inside the shell
along the line of sight and [, is the intensity of the background
radiation. The optical depths per unit distance of the two sides
of the shell are assumed to be the same.

Using the parameters given in Table 2 to model the CO J =
2-1 spectra we obtained the line of spectra shown in Fig. 11 at
the same positions as the spectra shown in Fig. 3, which were
observed at UKIRT, and close to the positions of the spectra
observed at the NRAO 12m telescope shown in Fig. 7. The
values of the parameters T,, i, v, t and the position angle of the
outflow axis were chosen to be in agreement with observed values.
There was not expected to be much agreement between the ob-
served and model spectra towards the positions close to IRS 5
where the geometry of the shell has little resemblance to the
actual situation which includes a dense disk. This may explain
the discrepancy between the observed and model spectra towards
the 1S 1W position, but we were able to produce a slight increase
in intensity of the peak wing emission towards 1S 1W, compared
to that towards 1S 2W, using the model. We found that the spec-
tra produced by the model were very dependent on the exact
positioning of the shell. One result of our modelling is that the
acceleration of outflowing gas commented on by Fridlund et. al.
(1984) and also seen in our observations can not be produced by

of outflow on many scales. On the smallest scales of 0.001 to
0.01 pc are the radio and optical jets which are highly collimated.
On much larger scales from 0.1 to 1 pc the molecular outflow is
seen. Our observations, and those of Fridlund et al. (1984) and
Uchida et al. (1986), show that the molecular gas in the south-
west outflow lobe is accelerating out to at least 0.25 pc (5.5 arcmin)
from IRSS. The molecular outflow is not uniform and there is
violent disruption of the outflow close to the position of HH 29
as is seen in our CO J = 2-1 and J = 3-2 observations and the
detection of the J =4-3 transitions of HCN, HCO* and
H'3CO™ at 2S2W. We see another disruption of the outflow at
the position 1.5S2.5W.

One major result of our observations is the detection of a
shell structure in the southwest outflow lobe which is between
0.03 to 0.07 pc thick. The shell structure could be due to ambient
gas being swept up by a hot stellar wind, as been suggested by
Snell, Loren and Plambeck (1980) and by Snell and Schloerb
(1985). The similarity of the line profiles we have observed in
the J = 2—1 and J = 3-2 transitions of CO and the J = 4-3 tran-
sition of HCO™, particularly in the wings, suggest that velocity
projection rather than optical depth effects is responsible for the
differences in the spatial distribution of the low and high velocity
blue shifted gas. This excludes the “viscous fluid in a pipe” model
for L1551 proposed by Levreault (1985) where optical depth
effects should be seen. We have modelled the CO J = 2—1 spectra
as arising from emission in an accelerating gas in a slowly ex-
panding hyperboloid shell, which is inclined at 15° to the plane
of the sky, with some further emission from hotter outflowing
gas inside the shell.

Observations of redshifted emission towards certain areas of
the southwest outflow lobe have been reported by Uchida et al.
(1986). These results have been interpreted as evidence for a ro-
tating shell which was predicted by the Sweeping-Magnetic-
Twist model proposed by Uchida and Shibata (Uchida et al,,
1986 and references therein). The shell structure is due to the
magnetic field pattern formed by the contraction of the accretion
disk. The relaxation of the magnetic twist, originally produced
by the rotation of the accretion disk, drives out mass from the
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surface of the disk giving rise to a helical outflow. Pudritz and
Norman (1985) also propose a model which results in the rota-
tion of the accelerating molecular outflow where the bipolar
outflows are centrifugally driven hydromagnetic winds from mo-
lecular disks. The magnetic field enforces corotation of the out-
flowing gas with the disk out to the Alfvén surface, on scales
>0.2 pc. By removing excess angular momentum of the gas in
the disk, the hydromagnetic disk winds drive the accretion of the
disk material onto a protostellar core. The outflowing molecular
gas is collimated by effects of the wind’s toroidal magnetic field.
The disk wind also contains an ionized inner component, which
is highly collimated by the pressure of the outflowing molecular
gas.

We have detected redshifted emission in the northwestern
part of the predominately blueshifted southwest outflow lobe in
both the CO J = 3-2 and J = 2-1 transitions which could be
due to rotation of the outflowing gas. The map of integrated
redshifted CO J = 2-1 emission in Fig. 6 shows that the red-
shifted emission comes from a “shell” similar to that seen in the
low velocity blueshifted emission although there is little redshifted
emission to the south of the outflow axis, as would be expected
from the likely direction of rotation of the outflow, which should
be the same as that of the rotating disk (Kaifu et al., 1984) for
both the Uchida and Shibata and the Pudritz and Norman mod-
els. The evidence of a shell structure from our CO observations
favours the model of Uchida and Shibata but we cannot exclude
that of Pudritz and Norman since although the concentration
of gas along all the edges of the outflow is not predicted by their
model, it is also not excluded. Similarly position velocity plots
made in directions perpendicular to the outflow axis do not show
the systematic velocity gradient expected for the corotating gas
that is predicted by Pudritz and Norman but this could not be
apparent in our observations due to low signal to noise and too
few spectra. If the redshifted emission is due to rotation of the
outflowing gas the models based on the collimation or confine-
ment of isotopic winds by disks or density gradients will not be
appropriate.

5. Conclusions

1.Our CO J =3-2 and J =2-1 observations show a shell
structure which delineates the walls of the cavity of the south-
west molecular outflow lobe of L 1551. The thickness of the shell
is between 0.03 and 0.07 pc.

2. There is also some red-shifted emission to the north of the
outflow axis that may be interpreted as evidence for rotation of
the outflow.

3. We have detected the J = 4-3 transitions of HCO* and
HCN at several positions. The J = 4-3 transition of H!*CO*
was detected towards the position 2S 2W, close to HH 29.

4. The outflow is strongly disrupted close to HH29. The
HCO™ emission is optically thick at this position and may have
an enhanced abundance due to the effects of shocks on the inter-
stellar chemistry. The high velocity CO emission at this position
comes from gas for which LVG analysis gives a density of 3 103
to 10*cm ™ 3. The HCO™* emission may come from dense clumps
within this lower density gas.

5. We have modelled the outflow as an expanding hyperoc-
loidal shell with an accelerating outflow. The opening angle of
the outflow is 10°, the temperatures of the ambient gas, shell and
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inner shell gas are 15, 25 and 35K respectively, and the shell gas
has velocity components both normal and tangential to the shell
surface, with the acceleration occuring in the tangential direction.
The angle inclination of the axis of the shell to the plane of the
sky is 15°.

6. Our observations, which suggest the presence of a rotating
shell structure, may support the model proposed by Uchida and
Shibata.
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