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Abstract

We present a search for molecular outflows for Stage 1 sources in the Ophiuchus star forming region,
in order to confirm the reliability of a new classification method for young stellar objects and to explore
the outflow activity. With the HARP-B instrument at the James Clerk Maxwell Telescope, 17 sources were
mapped in 2'x2’ regions in '*CO J=3-2. The broad line wings of this CO line are the tracers of molecular
outflows. For 13 sources, molecular outflows were detected and energetic properties such as momentum
fluxes were derived. The other sources were confused by outflows from nearby sources. The correlation
between envelope mass and momentum flux, representing the outflow strength, was confirmed, implicating
a decline of outflow strength with evolution. The well-known correlation of momentum flux with bolometric
luminosity could however not be extended down to the three lowest luminosity sources (Lo < 0.5L¢) in
this study, for which the momentum flux remained constant. This implies that the accretion rate is not directly
related to the outflow strength, as concluded in previous works. The distribution of the outflow directions
suggests a scenario with star formation in two separately triggered events, propagating from the north west
to the south east, as suggested by previous studies. The outflows were compared to studies of Hz knots,
Herbig Haro objects and disks, where available. In addition to the targeted sources, seven new outflows
were found which could not be assigned to a young stellar object. In combination with submillimeter and
Spitzer observations, candidate sources were selected.



1 Introduction

Molecular outflows are distinctive for the earliest
phases of star formation. In this study we present
the results of an outflow study of Class I objects in
the star forming region Ophiuchus, in order to better
understand the star formation process.

1.1 Star formation

Although people have been observing the stars for
thousands of years, the understanding of their ori-
gin is actually much more recent. Only in the last
century, after it was discovered that stars are not
‘eternal” but are born, live and die afterwards, as-
tronomers started to study the conditions and envi-
ronments in which they form.

Star formation starts in the dense molecular
clouds of gas and dust in the interstellar medium
(e.g. Lada 1999). Parts of the clouds may contract
gravitationally by small density perturbations and
form substructure with clustered prestellar cores.
During this contraction, the density increases until
it is high enough for nuclear fusion to start: a star
is born. Until the star enters the main sequence,
the core or protostar is called a young stellar object
(YSO). Observations of YSOs are significantly differ-
ent from main-sequence star observations because of
the surrounding gas and dust from which the YSO
is and was formed. Dust in particular obscures the
stellar core in the optical and reradiates the energy
at longer wavelengths.

YSOs are generally divided into four classes, des-
ignated 0, I, Il and III, primarily based on their spec-
tral energy distribution (SED). These classes also
roughly represent different phases in the YSO evo-
lutionary track. In Class 0 and I the source is still
deeply embedded and accreting mass from the sur-
rounding envelope. YSOs from Class II and III
are already pre-main-sequence stars, where the sur-
rounding material has nearly disappeared and the
source is visible in the optical spectrum. In Class II
(also called the T Tauri stage or Herbig Ae/Be stage
for more massive stars) the star is still surrounded by
a gas-rich circumstellar disk, which turns into a gas-
poor debris disk in the Class III phase. In the Class

0 and Class I phase the central core is still growing
from the accretion of circumstellar material. Class
0 objects are distinguished from Class I in that they
are more embedded and extincted, have much lower
temperatures (typically tens of K versus several hun-
derds of K) and more collimated bipolar molecu-
lar outflows (next section, see also Arce & Sargent
(2006)).

Observational classification is done with the ob-
served infrared spectral slope, air, from 2 to 24 ym
or the bolometric temperature 7},1. Details on the
limiting values can be found in Greene et al. (1994).
A fifth class has recently been introduced: the flat-
spectrum source, which is basically the transition be-
tween Class I and Class II. Another, newer classifi-
cation is based on ratios between Mg, Meny and
Mgiar and is therefore relies on physical parameters
instead of observational. This classification has been
gradually introduced by e.g. Whitney et al. (2003)
and Robitaille et al. (2006). The new classification is
numbered Stage 0 to 3; Stage 0 and 1 contain the em-
bedded sources, but do not correspond directly to
Class 0 and I. Stage 1 sources are most problematic
to uniquely identify, because aa_24,m, and Tho1, used
to classify Class I and II cannot distinguish edge-on
disks from embedded sources or face-on embedded
sources from T Tauri stars. This is due to confusion
by an edge on disk or obscuration by foreground
layers of the source (Crapsi et al. 2008; van Kempen
et al. 2009¢).

To aid classification of Stage 1 sources, this study
focuses on bipolar molecular outflows, a prominent
component of a Class 0 and Class I source (Andre
et al. 2000).

1.2 Bipolar molecular outflows

Molecular outflows were, like many astronomi-
cal discoveries, detected by coincidence. In the
first high-resolution observations of star forming re-
gions, it was quite a surprise that outflow motions
were measured near young stellar objects instead of
the expected strong infall from the accretion process
(Snell et al. 1980). The molecular outflow is actu-
ally bipolar, which is clearly visible by blue-shifted
and red-shifted emission features. Infall occurs si-



multaneously, but because the velocity differences in
the outflow are large over a much larger area, out-
flows are more easily detected (Bachiller & Tafalla
1999). Quadrupolar outflows are known as well, see
e.g. Avery et al. (1990). The molecular outflow is the
swept up gas along cavity outflow walls.

An important property of an outflow is its colli-
mation (ratio between major and minor axes of the
flow): Class 0 YSOs usually have highly collimated
outflows, while outflows from Class I objects are
much less collimated. The outflow of a Class 0 ob-
ject follows the shape of the driving force, which is
thought to be an optical jet or wind. Evolving fur-
ther, the outflow angle will open up and the swept-
up material slows down, as the driving force disap-
pears (Arce & Sargent 2006). The outflow is there-
fore also an evolutionary parameter: outflows in
Class 0 sources have proven to be much stronger
than in Class I objects (Bontemps et al. 1996).

Another interesting property for the study of evo-
lution is the ratio between infall (accretion) and out-
flow. Bipolar outflow models predict a direct pro-
portionality between accretion and ejection which
declines with evolution, Mjet / M,ee ~ 0.1 — 0.3 with
Viet ~ 100 km s~! (Bontemps et al. 1996).

Another morphological aspect is the spatial dis-
tribution of the gas inside the lobes: a cavity is visi-
ble in the lobe, strongly suggesting a wind pushing
away material (Bachiller & Tafalla 1999). Outflows
are generally thought to be driven by jets and wide
angle winds (see also next paragraph). For high
resolution observations, the flow angle can be mea-
sured and related to the age of the outflow (Richer
et al. 2000).

The origin of the jets is still unclear. The cor-
relation found between the bolometric luminosity
L1 and outflow force Foo (Cabrit & Bertout 1992)
suggests that a single mechanism is responsible for
the production of the outflows. Energy is probably
not conserved (it is radiated away), but momentum
conservation does exist: momentum of the outflow
equals the momentum of the invisible agent (wind)
(Bachiller & Tafalla 1999). Outflows can carry away
angular momentum that would otherwise prevent
accretion (Hogerheijde et al. 1998). Several models

are discussed by Arce & Sargent (2006) and Richer
et al. (2000). A second correlation, between Ly
and Me,y, was interpreted as an evolutionary effect
reflecting a progressive decline of outflow activity
during the accretion phase (Bontemps et al. 1996).
Outflows have significant influence on their envi-
ronment, both the close environment (envelope and
core) as well as the surrounding cloud. Shock chem-
istry provides new tracers for outflow properties as
well (Bachiller & Perez Gutierrez 1997; Arce & Sar-
gent 2006).

Molecular outflows are generally studied by spec-
tral maps of low-J CO lines. The line wings, tracing
the high-velocity CO material, represent the outflow
material. CO is an excellent tracer of outflows be-
cause it traces the swept up gas at lower tempera-
tures, while Hj traces shocked gas with 7" >1000 K.

1.3 Ophiuchus

The p Ophiuchus molecular clouds are some of the
nearest star forming regions and contain many Class
I and II sources. The distance is 12044 pc (Loinard
et al. 2008). The cloud is divided into several fila-
ments: main filaments 11688, L1689 and L1709 and
complementary clouds L1712, L1729, L1740, L1744,
L1755 and L1765. The filaments are further divided
in CO ”clumps”, labeled with an R number, e.g.
R27 to R52 can be found in L1709. Several isolated
clumps do not belong to a Lynds filament, e.g. R1
to R20. Maps of these divisions can be found in
Loren (1989). Furthermore, .1688 is divided into six
regions: Oph-A to Oph-F. The large-scale structure
with identification of clumps was first mapped by
Loren (1989) with J=1-0 "*CO emission. Loren esti-
mated the total mass as 3050 M, and dimensions in
the order of 10 pc. Tens of YSOs have been identified
since (Wilking et al. (2008) and references therein).

1.4 Ophiuchus outflow studies

Class I outflows in Ophiuchus have been studied
extensively and energetic properties have been de-
rived for many sources. Ophiuchus is a star forming
region where most of the star formation is not iso-
lated, but clustered. Therefore the YSOs (and their



outflows) are very close together and may even be
overlapping along the line of sight. In the next para-
graph we give a chronological overview of outflow
studies in Ophiuchus, in the second paragraph ad-
ditional studies of the YSOs in Ophiuchus are listed.

Bontemps et al. (1996) performed a large survey
study of the '2CO 2-1 line of Class 0 and Class I
YSOs in Ophiuchus, Taurus and Perseus, from our
sample (see Section 2) Elias 29, IRS 43, IRS 44, WL 6
and WL 12, and assigned an outflow status to all
of these except WL 6. However, this outflow sta-
tus for WL 6 was assigned later (Sekimoto et al.
1997) with '2CO 2-1 and '?CO 1-0 lines in a study
of X-ray emitting protostars, also including Elias 29,
IRS 44 and IRS 46 and Class II source WL 10. Ka-
mazaki et al. (2001) discovered an outflow for the in-
termediate Class I-1I source CRBR 2324.1-1619 near
GSS30 with '2CO 1-0 observations, and further ex-
tended this with 12CO 3-2 observations of outflows,
also for VLA 1623 (Class 0) and Elias 32 (Kamazaki
et al. 2003). Ceccarelli et al. (2002) and Boogert et al.
(2002) extensively studied and modeled the outflow
and envelope properties of Elias 29. Bussmann et al.
(2007) mapped a much bigger region around Elias 29
in 12CO 3-2 and discovered an outflow for LFAM 26
as well. Gurney et al. (2008) observed nine sources
in Ophiuchus (e.g. Elias 33 and GSS 30) in rota-
tional transitions of 2CQO, 13CQO, C'®0 and C'7O, de-
termined several outflow and infall properties, and
produced contour maps. Zhang & Wang (2009) used
data from IRAC observations and *CO 1-0 emission
data from the FCRAO telescope in order to study the
spatial distribution of young stellar objects and out-
flows in Ophiuchus and concluded that most of the
mid-infrared outflows are concentrated in the L1688
dense core region and that star formation is prop-
agating from the northwest to the southeast in the
cloud. Earlier outflow studies for Ophiuchus, be-
tween 1989 and 1991, were summarized (Cabrit &
Andre 1991) but none of the observed Class I sources
could be assigned an outflow status due to low spa-
tial resolution observations.

Additional information on the sources from ear-
lier studies can be found in several publications.
Many of these are summarized in Wilking et al.
(2008), but some are listed here in particular. Van

Kempen et al. (2009¢c) used HCO™ 4-3 and C'*O
3-2 lines, 850 pm dust maps and 350 ym maps to-
gether with air, Lbor and Ty to infer Ny, masses
and evolutionary stage. They also included data
on the foreground layers of five sources including
LFAM 26, IRS 44 and IRS 37. Leous et al. (1991) ob-
served several sources in free-free emission (6 cm)
and calculated the flux Sgem, which is related to the
ionized wind of the jet, forcing the molecular out-
flow (Cabrit & Bertout 1992). Jorgensen et al. (2009)
observed the HCO™ 3-2 and HCN 3-2 lines and 1.1
mm continuum with the SubMillimeter Array for
e.g. WL 12, Elias 29, IRS 43, IRS 54 and IRS 63 at
much higher spatial resolution in order to obtain in-
formation on the disks and the envelope and com-
pare it with model results. Beckford et al. (2008)
studied 20 sources in the near infrared for polariza-
tion, amongst other Elias 29, 32 and 33, IRS 43, 44, 54
and 63 and WL 3 and 6. Andre & Montmerle (1994)
observed young stellar objects of Class I, Il and III in
Ophiuchus (from our sample GSS 30, WL 6, WL 12,
WL 17, IRS 37, IRS 43, IRS 44, IRS 54 and RNO 91)
in 1.3 mm continuum and calculated their circum-
stellar masses in order to better understand the evo-
lution process. Furuya et al. (2003) observed e.g.
Elias 29, WL 6, IRS 43, IRAS 16253-2429 and IRS 63 in
a multi-epoch 22 GHz H»O maser survey and con-
cluded that H,O maser emission can be used as a
probe for protostellar jets, although they are more
closely related to 100 AU scale thermally ionized jets
than to the 10* to 10° AU scale CO outflows.

1.5 Goals

In this report, the molecular outflows for the Stage 1
sources as classified by van Kempen et al. (2009¢) in
Ophiuchus are studied with high-resolution *CO 3-
2 observations. For about half of these sources bipo-
lar outflows have been detected in previous works,
but not with the high spatial resolution from the
new HARP-B array receiver at the JCMT. One of the
goals is to determine whether all of these embed-
ded sources show outflow activity. This would con-
firm the reliability of the new classification method
and in general explore the earliest phases of star
formation. In particular the physical properties of



these outflows will be studied and plotted versus
envelope mass and bolometric luminosity, in order
to analyse the effect of lower envelope masses and
lower luminosities on the outflow strength. Further-
more, the outflows will be compared with other out-
flow studies, with recently published disk studies,
star formation direction and triggering, and studies
of Herbig Haro objects and Hy knots, further refining
the processes involved in molecular outflows. The
outline of the report is as follows. In Section 2 and 3,
the sample selection and observations are presented.
The actual data reduction is discussed in Section 4.
Section 5 present the results, including the physical
properties of the outflows. The implications on out-
flow evolution, classification and star formation ac-
tivity in Ophiuchus are discussed in Section 6. The
main conclusions are summarized in Section 7.

2 Sample selection

Of the known YSO population in Ophiuchus, 17 ob-
jects were selected for our sample. Out of the com-
plete sample selection of van Kempen et al. (2009¢)
of 41 sources with potential Class I classification
(ov2—24p0m > 0.3 and Ti,1 < 650 K), only 17 were iden-
tified as truly embedded sources, from which four
were actually classified as late Stage 1. These sources
(IRS 63, IRS 54, WL 6 and WL 17) are in transition
to the T Tauri Stage 2 phase because they have little
envelope left (Meny ~ 0.05M¢). Van Kempen et al.
(2009c¢) used a new classification based on molecu-
lar emission of HCO% 4-3 and C'80 3-2, with HCO*
tracing dense gas in the inner regions of protostellar
envelopes and C'®O tracing the nearby environment
including foreground layers. In combination with
continuum dust emission, van Kempen et al. (2009¢)
set limits for Stage 1 and 2. Note that IRAS 16253-
2429 was erroneously named IRAS 16285-2355 in
van Kempen et al. (2009¢). In addition RNO 91 was
included, which is known as a T Tauri star with an
extended outflow (Arce & Sargent 2006). Except for
RNO 91 and IRS 63, all sources are located in the L
1688 ridge. The final source sample can be found
in Table 1 and in Figures 1 and 2. In these maps,
the 850 um SCUBA map is used as background. The

outflows as observed in this study are indicated by
blue and red arrows (blue and red lobes). We also
found 7 outflows which could not be assigned to any
of the sample sources. These outflows are named
UFO (unidentified flowing object) throughout this
study and indicated on the map. The positions as
found in van Kempen et al. (2009¢c) were used where
available. For RNO 91, the coordinates from Arce &
Sargent (2006) were taken. IRS 46 was not listed in
Table 1, since it was classified as Stage 2. Since an
outflow was detected for this source, it was added
to the sample afterwards.

3 Observations

3.1 Gas line '*CO 3-2 maps

All sources in the sample were observed in the J=3-2
line of 2CO (345.796 GHz) with the HARP-B instru-
ment at the James Clerk Maxwell Telescope (JCMT).
The high spectral resolution mode of 0.026 km s~*
of the ACSIS back-end was used. The velocity range
around the central frequency was -50 to +60 km s~ .
The observations were carried out at 17th, 19th and
20th June 2008 under weather conditions with an at-
mospheric optical depth T25GH, ranging from 0.073
to 0.12. The unreduced spectra had a typical rms
noise of oyms = 0.4 K in 0.1 km s~ bins. The sources
were mapped in 2'x2" regions by 16 receivers ar-
ranged in a 4x4 pattern to capture the full extent of
the outflows. The fields were mapped with the jig-
gle position switch observing mode resulting in 15”
spatial resolution. The maps were resampled with a
pixel size of 7.5”. A position switch of 60" or 150" was
used. For the sources observed at June 19th, the ref-
erence off position accidentally coincided with emis-
sion, resulting in negative absorption peaks in the
spectra. The Class 0 source IRAS 16293-2422 was
used as a line calibrator. The main-beam efficiency
was taken as 0.7 and pointing errors were within 2”.
Two receivers were broken at the time of observa-
tion, resulting in lack of data in the south east corner
and the north north west (see also the velocity color
maps in Figure 3; the pixels without data are shown
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Figure 1: The L1688 core in Ophiuchus. In the background the 850 ym SCUBA map (Johnstone et al. 2000; Di
Francesco et al. 2008) is shown. The locations of all observed maps are shown by white squares, labeled with the
sources within. The blue and red arrows indicate the direction and extent of respectively the blue and red outflow of
that source. UFOs (newly detected outflows without a driving source) are drawn as well. The extent of VLA 1623, as
observed by Yu & Chernin (1997) is indicated.
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Figure 2: The environment of IRS 63. In the background the 850 ym SCUBA map (Johnstone et al. 2000; Di Francesco
et al. 2008) is shown. The location of the observed map is shown by a white square. The blue and red arrows indicate

the direction and extent of respectively the blue and red outflow of the source. The UFO is drawn with narrower
arrows and labeled as well.



Table 1: Sample of Stage 1 sources in Ophiuchus.

Source Alternative names Coordinates (J2000)
RA Dec
GSS 30-IRS1 GSS 30,Elias 21 16:26:21.4 -24:23:04.1
GSS 30-IRS3 LFAM 1 16:26:21.7 -24:22:51.4
WL 12 GY 111 16:26:44.0 -24:34:48
LFAM 26 GY 197,CRBR 2403.7 16:27:05.3 -24:36:29.8
WL 17 GY 205 16:27:07.0 -24:38:16.0
Elias 29 WL15,GY 214 16:27:09.6  -24:37:21.0
IRS 37 GY 244 16:27:17.6  -24:28:58
WL 3 GY 249 16:27:19.3 -24:28:45
WL 6 GY 254 16:27:21.8 -24:29:55
IRS 43 GY 265,YLW 15 16:27:27.1 -24:40:51
IRS 44 GY 269 16:27:28.3 -24:39:33.0
Elias 32 IRS 45,VSSG 18 16:27:28.6  -24:27:19.8
Elias 33 IRS 47,VSSG 17 16:27:30.1 -24:27:43
IRS 54 GY 378 16:27:51.7 -24:31:46.0
IRAS 16253-2429 16:28:21.6  -24:36:23.7
IRS 63 GWAYL 4 16:31:35.7 -24:01:29.5
RNO 91 16:34:29 -15:47:01

black). Some sources are separated by less than 30”
and therefore mapped in a single image. This is the
case for Elias 32 and Elias 33, IRS 37 and WL 3 and
GSS30-IRS1 and GSS30-IRS3, IRS 44 and IRS 46, re-
spectively. Only for the latter case the two sources
could be analyzed separately, due to the small sepa-
rations. In addition, RNO 91 and Elias 33 were ob-
served in February and September 2007 respectively
with HARP-B, in the raster position switch observ-
ing mode. These sources were mapped in 4'x4” re-
gions. The maps were resampled with a pixel size of
12” because many pixels in the original image con-
tained no data. Along the edges many resampled
pixels still contain no data, shown in black in Figure
3. Atmospheric optical depth values were 0.09 for
RNO 91 and 0.05 for Elias 33. The rms noise o, for
the unreduced spectra was 0.35 and 0.2 K for 0.026
km s~! bins, respectively.

3.2 Additional data

For the majority of the sample HCO™ 4-3 and C'®O
3-2 spectra from the central source position were

obtained from the data set used by van Kempen
et al. (2009¢). These observations were carried out
with the HARP-B and RxB receivers at the JCMT.
The RNO 91 HCO* and C!¥O spectra were ob-
tained from the JCMT data archive (not previously
published). The 850 yum continuum data of the
Ophiuchus region, obtained within the scope of the
COMPLETE project using the SCUBA instrument on
the JCMT were used for the overview map in Figure
1 (Johnstone et al. 2000; Di Francesco et al. 2008).

4 Data reduction and methods of
analysis

4.1 First reduction

Each dataset for each source contained 16x16 CO
spectra, in a 2’x2” map. Data were reduced using
the STARLINK package GAIA, CLASS and IDL. All
spectra are baseline subtracted with baseline poly-
nomials up to degree 2 in the spectrum outside the
window [-20,20] km s~!. For GSS 30 the baselines



were subtracted outside the window [-20,40] be-
cause of a high-velocity feature (~ 28 km s™!) in the
spectrum. All spectra were binned to a velocity reso-
lution of 0.11 km s~! to decrease the rms noise level
to typical oyms values of 0.19 K, using Hann smooth-

mng.

4.2 Line wings and integration limits

Ophiuchus is more complicated than other nearby
star forming regions, due to presence of multiple
clouds and sheets with gas velocites within a few
km s~!, studied by van Kempen et al. (2009c). The
spectra show a broad central profile around 4 km
s~ resulting from the envelope emission, and ex-
tended line wings at the outflow positions. The
most relevant characteristic of the spectral profile for
this study are these line wings at the red and/or
blue side of the central profile, since they are trac-
ing the outflow material. Line wings were detected
in all spectral maps. First, we made outflow maps
of the integrated CO wing emission in blue-shifted
and red-shifted velocity intervals. The integration
limits are given in Table 2 and were derived as fol-
lows (Hogerheijde et al. 1998). The outer limits for
the red and blue wings respectively are defined as
the maximum velocity where the signal is still above
the o,ms level. Color maps showing these veloci-
ties can be found in Figure 3. These maps already
give a very good indication of the location and ex-
tent of the outflow. Per source, the highest velocity
values for blue and red respectively are taken as the
outer integration limits for the whole map. The in-
ner limits for red and blue respectively are derived
from the '?CO 3-2 position-velocity diagrams in Fig-
ure 4. In these plots, the spectra are plotted in con-
tour as function of position, with the position along
the outflow direction, based on visual inspection of
the outflow maps. Contours are drawn at 30, in-
tervals, starting at o,m,s. The vertical bar structure
shows the general velocity profile of the envelope,
while the spectra with wings are shown by the high
velocity ‘bumps’ along the bar. The edges of the
vertical bar are taken as the inner integration lim-
its, since these are the velocities where the outflow
emission blends in with the envelope emission. In

the lower right corner the outflow direction or po-
sition angle is given, which is defined as the angle
between the line from south to north through the
center and the outflow axis, measuring from north
to east (Arce & Sargent 2006). These values are
also listed in Table 5. No position-velocity diagrams
were made for GSS 30, Elias 33 and RNO 91. The
GSS 30 map showed only outflow activity from the
nearby Class 0 source VLA 1623 (see next section)
and the outflows of Elias 33 and RNO 91 covered the
entire map, so that a cut through the outflow direc-
tion would not show the inner limits of the envelope
profile. The GSS 30 spectra show a very high veloc-
ity emission feature at 28 km s~ ! next to the red wing
in the central southern part of the spectral map. In
five maps, new bipolar outflows which could not be
assigned to IR sources were detected. In this report
they are named UFO (unidentified flowing object)
and further discussed in Section 6.6.

Integration limits were derived for these UFOs
with the same method as described above. For some
of the maps, other off-source spectra were used
than those along the outflow direction, because the
originals would show emission from other sources
or odd emission. Since the wings often blend in
with the envelope emission, the integrated intensi-
ties may overestimate the actual outflow emission.
A thorough analysis, where the central profile was
fitted by a Gaussian and subtracted before integra-
tion, shows that for all sources this difference is usu-
ally within a factor 1-1.5 and in a few cases still no
more than a factor 3.0, so within our error margins as
discussed in Section 5.5. Bontemps et al. (1996) used
in their analysis of '2CO 2-1 spectra a subtraction
method by averaging the off-source spectra over a
circle outside the outflow and subtracting this mean
from each outflow spectrum. The spatial differences
in the spectral profiles of our data are too large to
properly use this method, because of the presence
of foreground layers and nearby presence of other
sources.

The outflow maps are presented in Figure 7. The
maps have a pixel size of 7.5”, except for the maps
Elias 33 (RASTER) and RNO 91 (RASTER), which
have a pixel size of 12” and are also larger. Con-
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Table 2: Integration limits, o levels and vy, s g as determined from HCO™ emission.

Source Usource ~ Omms Blue limits (kms~1) Red limits (km s~ 1) Oblue Ored
(kms=!) (K) outer inner inner outer (Kkms™!) (Kkms™!)

Elias 29 4.6 0.21 -4.1 1.4 7.0 11.3 0.19 0.17
Elias 33 4.5 0.20 -6.6 1.3 5.8 9.9 0.22 0.16
GSS 30 4.6 017 95 1.0 6.0 30.3 0.22 0.33
IRAS 16253-2429 4.0 0.22 -1.3 0.6 6.0 9.2 0.12 0.15
IRS 37 4.2 018 -14 0.7 6.2 8.0 0.10 0.09
IRS 43 3.8 0.27 -3.8 0.2 6.3 10.6 0.21 0.22
IRS 44 3.8 0.18 -43 0.0 7.0 16.6 0.15 0.22
IRS 46 3.8 0.18 -34 0.5 6.5 10.2 0.13 0.13
IRS 54 4.1 0.16 -7.1 1.3 7.0 12.2 0.18 0.14
IRS 63 2.7 0.20 -7.0 1.3 4.2 6.7 0.22 0.12
LFAM 26 4.2 0.18 -4.4 1.3 7.0 11.2 0.17 0.14
RNO 91 0.5 019 -94 -0.6 2.0 5.0 0.22 0.13
WL 6 4.0 0.21 -3.0 0.6 6.2 14.3 0.16 0.23
WL 12 4.3 0.24 -2.0 1.5 6.2 9.9 0.18 0.18
WL 17 4.6 0.17 0.0 1.2 7.0 9.6 0.07 0.11
Elias 33 (raster) 4.5 0.22 5.7 1.0 5.7 14 0.22 0.25
RNO 91 (raster) 0.5 026 -9.0 -0.6 2.0 5.0 0.24 0.18
UFO 1 (near IRS 63) 2.3 020 -1.7 1.0 3.8 7.0 0.13 0.14
UFO 2 (near IRS 37) 3.7 0.18 -4.1 0.6 6.2 8.9 0.15 0.12
UFO 3 (near WL 12) 4.3 0.24 0.3 1.5 6.2 8.7 0.10 0.15
UFO 4 (near IRS 54) 4.1 0.16 0.3 1.8 6.5 9.2 0.12 0.12
UFO 5 (near IRS 44) 3.8 0.18 -1.6 0.5 6.5 9.8 0.10 0.12
UFO 6 (near IRS 44) 3.8 0.18 -2.1 0.5 - - 0.11 -
UFO 7 (near IRS 63) 2.3 0.20 - - 3.8 6.0 - 0.1

11



(M
-
o
|
-
|
©
|
@
|
W~

Elias 29 (blue) Elias 29 (red)

Dec offset (Arcsec)
Dec offset (Arcsec)

-50 0 50 -50 0 50
RA offset (Arcsec) RA offset (Arcsec)

(M
-
o
|
-
|
©
|
@
|
W~
|
o
|
o
|
~

Elias 32 and 33 (blue) Elias 32 and 33 (red)

Dec offset (Arcsec)
Dec offset (Aresec)

-50 0 50 -50 0 50
RA offset (Arcsec) RA offset (Arcsec)

Figure 3: Color maps of the outer velocity limits both at the blue and the red side of the spectral profile, where the
signal is still above o, level. The left maps show the blue velocities, the right maps the red velocities. Each map
consists of 60 levels, each normalized to its own minimum and maximum values. The brighter parts indicate emission
at high velocities: possible outflow detection.

12



Dec offset (Arcsec)

Dec offset (Arcsec)

Vi, (km s7)

(M
o
|
©
|
W~
|
o
|
@
|
—
S}
W~
@

13 17 22 26 30

GSS 30 (blue) GSS 30 (red)

Dec offset (Arcsec)

-50 0 50 -50 0 50
RA offset (Arcsec) RA offset (Arcsec)

(M
-
o
|
-

IRAS 16253-2429 (blue) IRAS 16253-2429 (red)

Dec offset (Arcsec)

-50 0 50 -50 0 50
RA offset (Arcsec) RA offset (Arcsec)

Figure 3: Color maps of the outer velocity limits - Continued



Dec offset (Arcsec)

Dec offset (Arcsec)

(M

-50

(M

-50

Vi, (km s7)

4 5 6 6 7 8 9

IRS 37 (blue) IRS 37 (red)

Dec offset (Arcsec)

0 50 -50 0 50
RA offset (Arcsec) RA offset (Arcsec)

IRS 43 (blue) IRS 43 (red)

Dec offset (Arcsec)

0 50 -50 0 50
RA offset (Arcsec) RA offset (Arcsec)

Figure 3: Color maps of the outer velocity limits - Continued



Dec offset (Arcsec)

Dec offset (Arcsec)

(M
-
o
|
-
|
©
|
@
|
W~

IRS 44 (blue) IRS 44 (red)

Dec offset (Arcsec)

-50 0 50 -50 0 50
RA offset (Arcsec) RA offset (Arcsec)

(M
o
|
-
|
@
|
W~
|
o
|
~

IRS 54 (blue) IRS 54 (red)

Dec offset (Arcsec)

-50 0 50 -50 0 50
RA offset (Arcsec) RA offset (Arcsec)

Figure 3: Color maps of the outer velocity limits - Continued



Dec offset (Arcsec)

Dec offset (Arcsec)

(M

-50

(M

-50

Vi, (km s7)

3 4 5 5 6 6 7

IRS 63 (blue) IRS 63 (red)

Dec offset (Arcsec)

0 50 -50 0 50
RA offset (Arcsec) RA offset (Arcsec)

LFAM 26 (blue) LFAM 26 (red)

Dec offset (Arcsec)

0 50 -50 0 50
RA offset (Arcsec) RA offset (Arcsec)

Figure 3: Color maps of the outer velocity limits - Continued



Dec offset (Arcsec)

Dec offset (Arcsec)

-50

(M

-50

Vi, (km s7)

1 2 3

RNO 91 (blue) RNO 91 (red)

Dec offset (Arcsec)

0 50 -50 0 50
RA offset (Arcsec) RA offset (Arcsec)

WL 6 (blue)

Dec offset (Arcsec)

0 50 -50 0 50
RA offset (Arcsec) RA offset (Arcsec)

Figure 3: Color maps of the outer velocity limits - Continued



Dec offset (Arcsec)

Dec offset (Arcsec)

Vi, (km s7) Vi, (km s7)

2 1 0

WL 12 (blue)

Dec offset (Arcsec)

-50 0 50 -50 0
RA offset (Arcsec) RA offset (Arcsec)

(M
-
o
|
©
|
@
|
W~
|
o

WL 17 (blue) WL 17 (red)

Dec offset (Arcsec)

-50 0 50 -50 0 50
RA offset (Arcsec) RA offset (Arcsec)

Figure 3: Color maps of the outer velocity limits - Continued




(M
-
o
|
-
|
©
|
@
|
W~
|
o
|
o

Elias 32 and 33 (blue) Elias 32 and 33 (red)

100

Dec offset (Arcsec)
Dec offset (Arcsec)

-100

-100 0 100 -100 0 100
RA offset (Arcsec) RA offset (Arcsec)

(M
-
o
|
-
|
©
|
@
|
W~
|
o
|
o

RNO 91 (blue) RNO 91 (red)

100

Dec offset (Arcsec)
Dec offset (Arcsec)

—100

—100 ¢l 100 -100 0 100
RA offset (Arcsec) RA offset (Arcsec)

Figure 3: Color maps of the outer velocity limits - Continued. These maps are based on observations in the raster
observing mode with a larger spatial coverage.



Elias 29

15

IRAS 16285-2355

o
O
™D

15

10

- L w
g g
el
S = S
Ll 172}
. z
o) = o)
<t <t
C) F C)
= =
o
1 1 1 el 1 1 1 el
Q ) =) ! Q ) =) !
B k2 B k2
(oesouae) moryno Suore 19810 (oesouae) moryno Suore 19810
- < — ©
"o
o o
0 =)
~ 1@
= E
- L w
g g
> L
N =S
0 %) — w0
. z
o) = o)
<t <t
C) F C)
= =
o — o
1 1 1 el 1 1 1 el
Q ) =) ! Q ) =) !
B k2 B k2

(oesouae) moryno Suore 19810

(oesouae) moryno Suore 19810

IRS 54

IRS 44

(oesouae) moryno Suore 19810

10 5

5
Velocity (km/s)

20

15

20
Figure 4: Position-velocity diagrams of the 12CO emission along the outflow direction. Contours are drawn at 30,

intervals, starting at o, s. In the lower right corner the position angle is given. No position-velocity diagrams were

made for GSS 30, Elias 33 and RNO 91.



/s)

—

8 2 = T ] z L
— — e

2 = <t

=> R e e N — S/
= = A\ —

/s)

21

n-velocity diagrams of the 12CO emission

tinued.

- Con

tflow direction

along the ou

Figure 4: Positio



tour levels are taken at 3o level, unless defined dif-
ferently in the lower right corner (start level and step
size), with o defined as:

0 =12 0ms -V (Au- Av) (1)
where 0,5 is the rms noise on the antenna tempera-
ture T, Au is the velocity interval of the integration
and Auw is the velocity resolution. ¢ is the noise level
of the integrated intensity, which is given in Table 2
separately for the blue and the red.

4.3 Physical parameters

Outflow physical parameters are mass M, size Rco
and maximum velocity vco, each for both the blue
and the red parts of the outflow. These parameters
are not further corrected for inclination; an inclina-
tion correction factor will be applied to the energetic
quantities derived from these parameters (see Sec-
tion 5.3). Because the 2CO 3-2 line wing is assumed
optically thin (see Section 5.3), the mass can be cal-
culated from the column density Nco. The column
density of the upper level u, N, in cm—2, is defined
as:

N - 8mkv? [(Tindv)
“ hCBAul
(v[GHz])? [ (Tpdv)[Kkms ]
Aul

2)

=p ®)
with 8 ~ 1937, [(Tbdv) the integrated intensity of
the line wing, and A,,; the Einstein A coefficient for
the transition u — [. For the calculation of the to-
tal mass, all spectra with a line wing integrated in-
tensity > 3o are considered as part of the outflow
(based on visual inspection of the contour map). The
relevant spectra are summed and the total spectrum
is integrated with the derived integration limits de-
scribed above. This results in the column density for
the entire outflow lobe. Assuming local thermody-
namic equilibrium, the total column density is:

N = Q(T)Nu [gu eXp(—E"/k‘T)]_l (4)

with Q(T') the partition function, g, the degeneracy
of the upper level, E,, the energy of the upper level,

k the Boltzmann constant and 7 the kinetic temper-
ature. A kinetic temperature of 100 K was assumed.
However, any temperature between 20 and 150 K
gives a factor within 40% of the factor at 100 K, as
can be seen in Figure 5. The other numbers were
taken from CDMS. Finally, the mass is calculated by:

3.0
251

20

[Q(T)/exp(—Eu/kT)]/[Q(100K)/exp(—Eu/k*100K)]

0 50 100 150

T (K)

Figure 5: The factor used to calculate the total column
density from the column density at level J=3 as func-
tion of temperature, i.e. Q(T)(gyexp(—E,/kT])™!, as
function of temperature, relative to this factor at 100 K
(assumed in this study). For any temperature between 20
and 150 K this factor is within 40% of the factor at 100 K.

M=NA [E] -2 4my

1200 (5)

with M the mass, A the physical size of the actual
region covered in a pixel and mpy the mass of a hy-
drogen atom. The ratio [5]=1.5-10* and a factor
2.4 was used instead of 2 to take helium into account
in the mass calculation as well (the mass percentage
of helium in the Universe is 10%).

Figure 6 shows an overview of CO spectra for each
source: the strongest blue and red wings, an off-
source spectrum and the average outflow spectrum
are plotted for each source. Integration limits are
overplotted. This figure provides a good overview
of the spectral profiles of each outflow source.

The velocity vco is the maximum velocity extent
from the line center (Cabrit & Bertout 1992) and is
defined as the outer velocity limit (which is the max-
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imum outflow velocity) minus the line center ve-
locity. Since the line center is not easy to derive
from the 12CO 3-2 lines, because the central profile
contains narrow absorption features and sometimes
multiple emission features, HCO™ 4-3 and C'*O 3-2
emission lines are used (where available), since these
are characterized by narrow, Gaussian-like emission
profiles. Spectra from central positions of the data
set as used by van Kempen et al. (2009¢) are fitted to
determine the central velocity vsource. Values can be
found in Table 2. The spectra are also added to the
overview spectra in Figure 6.

The size Rco or extent of the outflow is defined as
the maximum flow extension from the central star
by visual inspection of the outflow maps, in Figure
7 (Cabrit & Bertout 1992). Unlike Cabrit & Bertout
(1992), values for both a blue and a red outflow size
are assigned, because the environment influences
the outflow extent significantly. The value of Rco
expressed in AU is calculated assuming a distance to
Ophiuchus of 120 pc (Loinard et al. 2008). The actual
dimensions of a pixel (7.5”x7.5”) are 900 AUx900 AU
and in the raster images the dimensions (12”x12”)
are 1440 AU x 1440 AU. Note that the diffraction lim-
ited beam is still 15”.

5 Results

5.1 Spectral profile

The spectra show a strong, broad central profile
around 4 km s~ !, often consisting of several emis-
sion peaks, caused by foreground layers. The en-
vironment was studied in more detail in C**O by
van Kempen et al. (2009¢), who derived properties
of foreground layers for e.g. LFAM 26, IRS 44 and
IRS 37. At the outflow positions, broad line wings
are detected (up to 15 km s~! in the red and -10 km
s~ ! in the blue), which were integrated in the data
reduction. The spectra are furthermore character-
ized by narrow absorption features, which are inter-
preted as self-absorption. However, in some cases
the absorption is below zero, which is clearly not
self-absorption. The maps with Elias 32 and Elias 33,
IRS 37, IRS 43, IRS 44, LFAM 26, WL 17 and IRS 54

29

all show negative absorption peaks in part or all
of their spectra in the central profile around 4 km
s~!. This is caused by emission in the reference off
position, mentioned in Section 3.1. All but IRS 54
were observed on June 19th. Since the absorption
peaks only show in the main envelope spectral pro-
file, they do not interfere with the outflow wings and
do not have to be taken into account in our calcula-
tions. Some spectral maps, e.g. IRS 54 and Elias 29,
locally show extra emission features at high veloci-
ties (typically +/- 3-4 km s~! with respect to the vg.)
in the wing velocity interval. These features do not
interfere with the outflow location, but they do show
up in the contour maps.

5.2 Outflow maps

The outflow maps in Figure 7 clearly show outflow
activity in most of the sources, but other features,
usually caused by the presence of nearby sources,
are observed as well. IR source positions are at 0,0
or marked (for multiple sources). Most outflows fit
in the 2'x2’ region, except for Elias 32/33, RNO 91,
Elias 29, LFAM 26 and IRAS 16253-2429. The first
two are also observed in the raster mode in 4'x4’
maps, covering a larger part of the outflow. In two
cases, the red and blue lobes overlap with the pixels
from the broken receivers, causing a likely underes-
timate of the total mass.

Local emission features, possibly caused by fore-
ground emission layers, are hereafter named ‘odd
emission’, since they do not belong to the outflow
of the central source, considering their morphology.
Alternative explanations, like chopping into an ab-
sorption position, deflected outflow, instrumental
effects and other emission lines are all ruled out.
Chopping into absorption is very unlikely, a de-
flected outflow would need to be deflected at least
twice and then end up moving in the plane of the
sky, instrumental effects would be visible in the
other data as well and other strong emission lines
are not present at this frequency. Spectra of these
odd emission features are given in Figure 8. An en-
tirely new interpretation of this odd emission was
the overlap of outflows from other sources into the
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maps. This interpretation is used throughout the re-
maining part of the report.

Seven possible new outflows which could not be
assigned to an IR source (UFOs) were discovered in
the contour maps near known Class I sources with
outflows. Spectral maps are given to show the local
changes in the spectra. Spectral overviews of these
UFOs are given in Figure 6.

We will now discuss each outflow map individu-
ally, and describe the outflow activity in the region.

e The first map in Figure 7 shows the outflow
of Elias 29 in the center. Both the red and the
blue lobe suffer from the missing data due to
the broken receivers, so that the mass of the
outflow is probably underestimated. A blob of
red odd emission is detected in the north east.
Spectra of this odd emission are given in Fig-
ure 8. An explanation for the odd emission
different than foreground layers is a red lobe
from LFAM 26 extending into this map. Buss-
mann et al. (2007) made large-scale observa-
tions of the Elias 29 region, and concluded that
the Elias 29 blue lobe was much larger than pre-
viously thought (see also Figure 9 and 10). The
blue lobe in the LFAM 26 map would actually
belong to Elias 29, and the bipolar outflow of
LFAM 26 consists of two very extended mainly
red lobes in two opposite directions (east and
west). The eastern red lobe is the red odd emis-
sion in the Elias 29 map. The observed wing ve-
locities are consistent with this explanation, but
a bipolar outflow with red lobes in opposite di-
rections is quite unlikely considering our view
of the origin of a bipolar outflow. Small blue
line wings are detected in these two red lobes
as well, supporting evidence for a quadrupo-
lar outflow. The reason that the connection be-
tween the Elias 29 and LFAM 26 maps is not
so clear in these results is that two of the re-
ceivers were broken at the time of the obser-
vations, as seen in the velocity maps, just at
the positions where the two maps and espe-
cially the outflow lobes start overlapping. Be-
sides, the LFAM 26 observations suffer from
negative absorption seriously inflicting the cen-
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Figure 8: Spectra of odd emission from the Elias 29 and
IRS 54 map. The spectra are taken from the north east of
the Elias 29 map and the central north and central south
of the IRS 54 map.
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Figure 9: The region of Elias 29 and LFAM 26, as mapped in our observations, with the Elias 29 map in the south
east and the LEAM 26 map in the north west. Contours are drawn with the same levels as in Figure 7. The thick black
squares mark the location of the sources. The blue lobe in the LEFAM 26 may belong to the Elias 29 outflow, and the
odd red emission in the Elias 29 map may belong to the eastern red lobe of LEAM 26.
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tral profile, making it harder to see the analo-
gies with the spectra in the Elias 29 map. Fig-
ure 9 shows where the contours overlap, sup-
porting the statements above. Figure 2 taken
from Bussmann et al. (2007) is shown in Figure
10. The elongated direction of the blue lobe in
the LFAM 26 map is another argument favoring
this scenario. This scenario is hereafter named
scenario 2. Scenario 1 is Elias 29 having a bipo-
lar outflow with the blue lobe blending in with
the blue lobe from LFAM 26, and LFAM 26 hav-
ing a bipolar outflow as well. For either expla-
nation, there is a large cavity between the source
position of LFAM 26 and the outflow material,
suggesting a large inclination angle. Both sce-
narios are adopted in our analysis. Very large
CO maps with high spatial resolution are cru-
cial to be conclusive about the interpretation of
these two outflow sources.

Elias 32 and 33 (both located in the same map)
have a separation of only 32”, so it is not very
clear to which one the observed outflow be-
longs. The jiggle map is further confused by
the lack of data in the south east corner due
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Figure 10: The region of Elias 29 and LEAM 26, taken from Bussmann et al. (2007) (Figure 2). Solid lines are used
for the blue integrated emission, dashed lines for red emission.

to the broken receiver. The raster map pro-
vides a better map, also because the outflow is
now completely covered. Since Elias 33 is some-
what closer to the center of the outflow (the line
where the edges of the blue and red outflow
meet), the outflow was assigned to this source.
This is further discussed in Section 6.3.

The map with GSS 30-IRS1 and IRS3 is very
complex, since the two sources are only 13”
separated, which is less than two pixel ele-
ments in this resolution. Besides, CRBR 2324.1-
1619 is located just outside the map at the
east side, still only 60” separation. Further-
more, the Class 0 source VLA 1623, which has
a very extensive collimated outflow (15" from
north west to south east; Dent et al. (1995);
Yu & Chernin (1997)) the outflow is located
to the south east of GSS 30 (J2000 coordinates
16:26:26.26, -24:24:30.01) and the outer parts of
its outflow are overlapping with the GSS 30
map. No definitive conclusions can be drawn
from the map concerning the outflows of the
GSS 30 sources. An interferometry study of
this region shows local wing emission in HCO™
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Figure 11: Spectrum with high velocity emission in
the GSS 30 map, originating from the Class 0 source
VLA 1623.

lines for GSS 30-IRS1 (Jergensen et al. 2009), but
this is not detected in our study. The high veloc-
ities and high intensities of the wings indicate
that these belong to VLA 1623. In the south, a
strong feature shows up in the integrated inten-
sity map, caused by the very high velocity emis-
sion feature at 28 km s~!, which is most likely
a high-velocity bullet (Bachiller & Tafalla 1999).
An overview of spectra in Figure 11 shows this
feature in comparison with the normal wings.

IRAS 16253-2429 is a nice isolated outflow with-
out any signs of other features. The outflow
could not be covered within the 2'x2" map, so
the values for the size and mass will be lower
limits. In a 1.2 mm continuum survey, the Class
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0 source MMS126 was identified at nearly the
same position as IRAS 16253-2429 (Stanke et al.
2006). Stanke et al. studied additional CO
observations and concluded that the outflow,
due to the collimated outflow shape, belonged
to MMS126, being a Class 0 source. However,
the small outflow strength is more typical for
a Class I object. Since the outflow properties
fit a Class I source just as well, the outflow is
associated with IRAS 16253-2429 in this study.

The map with IRS 37 and WL 3 is centered on
IRS 37. The center of the detected outflow in
the east is closer to IRS 37 and therefore likely
associated with this source. Since WL 3 is very
close by, its outflow if existent is completely
confused with the one from IRS 37. The red
lobe is somewhat hard to determine due to
the missing spectra in the south east. In the
west a feature shows up with strong blue and
red wings, but no IR source is known at this
location. This outflow is hereafter referred to as
UFO 2. The center of this outflow is about 45”
west of the central position, with coordinates
16:27:15.6, -24:28:35.5. A spectral map is given
in Figure 14. In the north east blue emission
from the Elias 33 outflow shows.

IRS 43 has a clear nearly pole-on outflow. In the
north east, the outer part of the IRS 44 outflow
shows up.

IRS 44 has a bipolar outflow with a non-bipolar
morphology. Since the Class II source IRS 46 is
located 20” to the north east of IRS 44, it is most
likely that the morphology is due to confusion
of two outflows, one belonging to IRS 46
(north-south orientation) and one belonging
to IRS 44 (north-north-east, south-south-west
orientation). It is possible to divide the spectral
map in the two parts by a vertical line through
a point 10” east of IRS 44, based on the shape
of the line wings (see Figure 12 and 6). The
wings of IRS 46 are very strong and narrow
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Figure 12: The separation of the two outflows in the IRS 44 spectral map, based on the shape of their spectral
wings. The velocity on the horizontal axis ranges from -10 to 15 km s~1, the temperature scale is -2 to 12 K. The
wings of IRS 46 (east side) are very strong and narrow (low velocity), while the wings of IRS 44 (west side) are
broad and weak compared to the main profile. See also Figure 6 for velocity ranges.
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(low velocity), while the wings of IRS 44 are
broad and weak compared to the main profile.
Due to the small separation of the two sources
the outflows are still confused and the spectra
mixed up, so this division may underestimate
the actual outflow masses. In the south west,
a third outflow shows up, with both a red
and a blue lobe. No IR source is known at
this location, this outflow is hereafter named
UFO 5. In the north east, a separate red lobe
shows up, again without a known IR source in
the neighbourhood. This outflow is hereafter
named UFO 6.

IRS 54 has a bipolar outflow. The blue outflow
may not be completely covered and therefore
the size underestimated. In the north is a blob
of red odd emission, partly hidden by the miss-
ing data of the broken receiver, and in the south
a blob of blue odd emission. Spectra of the odd
emission are given in Figure 8. Although the
two lobes are separated by 60”, their bipolar
structure and similar spectral wings suggest
instead of odd emission a second bipolar out-
flow, originating from about the same position
as IRS 54. The large separation may be caused
by an inclination nearly along the plane of the
sky. This outflow is hereafter named UFO 4.
Since its position is about the same as IRS 54,
the latter may actually be a binary, or two
protostars located along the line of sight.

IRS 63 is a very isolated source and shows a
clear bipolar outflow at the central position.
In the south west a feature shows up with
strong blue and red wings, but no IR source is
known at this location. This outflow is hereafter
referred to as UFO 1. The profile of the contours
suggest that the central position is beyond the
borders of the map, so it is located at least 85”
south west of IRS 63. Possible coordinates are
16:31:32.8, -24:03:16.9. A red lobe shows up
in the north east, again without a known IR
source close by. This outflow is hereafter named
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UFO 7. A spectral map is given in Figure 13.

RNO 91 is an isolated source, but the integrated
intensity map is very confused. The raster
map (right) is clearer than the jiggle map (left)
because the blue outflow is quite extended,
even the 4'x4’ raster map seems not to cover the
entire outflow in the south. The red outflow on
the other hand is very small. The contours near
the edges of the raster map are oddly shaped
due to the lack of data in the outer pixels, see
the black parts in Figure 3. The outflow is
not centered on the source position. Together
with the difference in size of the two lobes
this indicates that RNO 91 is surrounded by a
complex envelope.

WL 6 has a clear bipolar outflow at the central
position. In the north east the outer part of the
blue Elias 33 outflow shows.

WL 12 has a pole-on bipolar outflow. In the
east a feature shows up with strong blue and
red wings, but no IR source is known at this
location. The intensity of these wings is very
high, but the bipolar morphology indicates that
it is not foreground emission This outflow is
hereafter referred to as UFO 3. The center of
this outflow is about 50” west and 35” south of
the central position, with coordinates 16:26:40,
-24:35:27. A spectral map is given in Figure 15.

WL 17 has a faint outflow, the blue lobe even
fainter than the red lobe. In the north east cor-
ner, the outflow of Elias 29 shows. Due to the
negative absorption it is difficult to determine
whether odd emission is present.

The overlap between maps and outflows is shown
in Figure 1 of the L1688 core in Ophiuchus, where
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Figure 15: Spectral map of the WL12 region showing UFO 3 in the west. The velocity on the horizontal axis ranges
is encircled in orange.
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each square represents the actual size of each spec-
tral map and the red and blue arrows show the di-
rection and extent of the red and blue outflows re-
spectively. VLA 1623 is added as well, based on fig-
ures in Yu & Chernin (1997). The background shows
the 850 yum SCUBA map as published by Johnstone
et al. (2000) and Di Francesco et al. (2008). RNO 91
and IRS 63 lie outside the borders of this map. An
individual 850 pm SCUBA map with the outflow ar-
rows overplotted is presented in Figure 2.

Based on the outflow maps in Figure 7, an outflow
status can be assigned to each source, which is listed
in Table 3. The acronyms in column Outflow status
are “B” for bipolar outflow and ”"C” for confusion
whether an outflow can be assigned because of the
presence of nearby sources. References are given in
case the outflow was assigned before and “New” if
no earlier outflow assignment was given. Four new
outflows were identified, nine were confirmed from
previous observations.

5.3 Orientation and correction factors

Position angles of the outflows are derived from the
maps and are listed in Table 5. For IRS 37, IRS 44 and
WL 6 the lobes are not exactly opposite, so assign-
ing a position angle is less meaningful. Position an-
gles are especially useful in searches for disks, which
are orientated perpendicular to the outflow direc-
tion. Other morphology properties such as collima-
tion (length divided by width) and opening angle
strongly depend on inclination and could not be de-
termined for lack of accurate values of the inclina-
tion angle.

The mass of the outflow should be corrected for
the optical depth 7i,g, by a factor +—_— (Bontemps
et al. 1996). The optical depth is determined with
the abundance ratio between isotopologues X, e.g.
[*2COJ[**CO] = 70 (Wilson & Rood 1994), and the
intensity ratio r =12CO/'3CQO, for the same J tran-
sition line. If the line is optically thin, r is equal
to X, but if the line is optically thick, r is equal to
X/7(*2C0O), which determines 7 (Bachiller & Tafalla
1999). Depending on the available data, one can de-
cide on assuming optical thin line wings, resulting in

Table 3: Outflow status for the 17 sources in this sample.

Source Outflow status® References?
Elias 29 B 1,3
Elias 32/33¢ B 5
GSS 30-IRS1¢ C -
GSS 30-IRS3¢ C -
IRAS 16253-2429 B New
IRS 37 B New
IRS 43 B 1
IRS 44 B 1
IRS 46 B New
IRS 54 B New
IRS 63 B 16/
LFAM 26 B 3
RNO 91 B 2,4
WL 3 C -
WL 6 B 6
WL 12 B 1¢
WL 17 B New

a Outflow status: "B” for bipolar outflow and “C” for confusion
whether an outflow can be assigned because of the presence
of nearby sources. Of these latter sources, only WL 3 was
not studied for an outflow before, GSS 30 and Elias 32/33
were assigned confused before.

b References: [1] Bontemps et al. (1996), [2] Arce & Sargent
(2006), [3] Bussmann et al. (2007), [4] Cabrit & Andre (1991),
[5] Kamazaki et al. (2003), [6] Sekimoto et al. (1997)

¢ Due to the small separation of Elias 32 and 33, it is not clear to

which source the outflow belongs. Elias 33 was assigned as
the driving source in this study.

d Confusion with the outflow from the Class 0 source VLA 1623.

e IRS 63 is named L1709B (name of the core) or 16285-2355 in
Bontemps et al. (1996).

f IRS 63 and WL 12 were not recognized as bipolar in Bontemps
etal. (1996).
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a lower limit for the outflow mass, or calculating the
opacity and applying the correction, which will even
result in an upper limit for the outflow mass, be-
cause 7 changes with position and velocity (Cabrit &
Bertout 1990; van Kempen et al. 2009a). Typical val-
ues for Tying for low-J 2CO in other outflow stud-
ies range from <1 (optically thin) up to 18.4 (Hoger-
heijde et al. 1998; Cabrit & Bertout 1992). Bontemps
et al. (1996) decided on a mean correction factor of
3.5 on their entire sample assuming all wings opti-
cally thick in '2CO 2-1 observations, based on the
mean Tywing Value found by Cabrit & Bertout (1992)
on another sample. The only available isotopologue
CO data for the Ophiuchus sample is C'*O (van
Kempen et al. 2009¢), but this is inconvenient for de-
termining the optical depth because it is typically
550 times less abundant than '2CO (Wilson 1999)
and wings are not visible in any of the spectra. The
line wings are assumed to be optically thin, so all
the calculated masses and derived physical proper-
ties are lower limits.

The inclination of an outflow, which is defined as
the angle between the outflow direction and the line
of sight (Cabrit & Bertout 1990), is roughly estimated
from the morphology of the contour maps and the
position-velocity diagrams (Figure 4). For the UFOs,
no inclination could be derived because they were
not spatially covered by the maps. The inferred in-
clinations are given in Table 5. Cabrit & Bertout
(1990) modeled these output diagrams for four dif-
ferent configurations, with inclination angles of 10°,
50° and 70° and a cone opening angle of 30° and
60° (latter only for i=50°). For i >70°, the velocity
component along the line of sight becomes so small
that no outflow emission is detected. In the follow-
up paper, Cabrit & Bertout (1992) described the ef-
fects of inclination to Rco and vco and concluded
these parameters cannot be corrected by simple fac-
tors, because of the strong dependence on opening
angle and velocity field. Correction factors for the
energetic parameters (see next section) could be de-
rived. A different approach with a mean inclination
correction factor, for lack of complete CO maps, was
used by Bontemps et al. (1996), but this is less ac-
curate than the method described above, as further
discussed in Section 6.

5.4 Energetic parameters

A set of energetic parameters was derived (Cabrit
& Bertout 1990, 1992) and used in several outflow
studies (Bontemps et al. 1996; Hogerheijde et al.
1998; Hatchell et al. 2007; van Kempen et al. 2009b).
The most important are the momentum flux or force
Fco along a flow and the kinetic luminosity Liin,
defined as:

Fi = 6
co = Tl ©
ESVAYE:
Lkin w (7)
Rco

These energetic parameters are very convenient be-
cause they can be estimated even with incomplete
maps of the outflow (Bontemps et al. 1996). Since
outflows from low-mass YSOs are thought to be
momentum-driven (Cabrit & Bertout 1992), the out-
flow force should be conserved along the outflow di-
rection. The outflow force is a very important pa-
rameter in evolutionary studies of star formation,
as will be discussed extensively in the next section.
For both parameters, correction factors for inclina-
tion are derived (Cabrit & Bertout 1992). In addi-
tion to the correction factors in Table 1 in Cabrit
& Bertout (1992), the velocity component was cor-
rected in the calculation of Fiop and Ly, in case the
inclination angle is high (70°) with an additional fac-
tor 1/cos(i — 6), with 6 the opening angle, which is
usually taken as 30°. The corrected values are given
in Table 5. Other outflow parameters are the dynam-
ical time #p and the mass outflow rate M, defined as:

)
)

The dynamical time is a very rough estimate because
it assumes that both Rco and vco did not change
over time and that the maximum velocity is the same
everywhere. Both parameters were not corrected for
inclination.

5.5 Error margins Fo

tp = Rco/vco
M = M/ty

For determining the errors on the momentum flux
Foo, several factors have to be taken into account:



Table 4: Outflow parameters from 12CO observations for separate blue and red lobes

Blue lobe
Name Ulele} Rco M ta M Fops Lobs
(kms1) (10°AU) (10~*Mp) (10°yr) (107 (10-5M,  (107°Ly)
Meyr™')  kms~lyr=!)

Elias 29 (scen 1) 8.7 7.5 9.5 4.1 2.3 9.7 4.2
Elias 29 (scen 2)“ 9.0 14 29 74 3.9 17 7.5
Elias 33 10 29 280 13 21 104 53
IRAS 16253-2429 5.3 10 1.5 9.1 0.2 0.4 0.1
IRS 37 5.6 5.0 1.6 4.3 0.4 1.0 0.3
IRS 43 7.6 3.9 2.2 24 0.9 3.2 1.2
IRS 44 8.1 7.7 41 4.5 0.9 3.5 14
IRS 46 7.2 5.1 3.5 34 1.0 3.5 1.3
IRS 54 11 10 12 4.4 2.7 14 7.7
IRS 63 9.7 6.8 45 3.3 1.3 6.2 3.0
LFAM 26 (scen 1)* 8.6 10 20 5.6 3.6 15 6.3
LFAM 26 (scen 2 east)* 5.1 15 29 14 0.2 0.5 0.1
LFAM 26 (scen 2 west)® 5.1 10 2.5 9.5 0.3 0.6 0.2
RNO 91 9.5 22 110 11 9.7 44 21
WL 6 6.9 45 2.9 3.1 0.9 3.1 1.1
WL 12 6.1 7.1 1.3 5.5 0.2 0.7 0.2
WL 17 4.6 7.5 0.3 7.7 0.0 0.1 0.0
UFO 1 (IRS 63)" 40 5.1 13 6.1 0.2 0.4 0.1
UFO 2 (IRS 37)" 7.8 7.7 6.7 47 14 54 2.1
UFO 3 (WL 12)° 38 7.1 25 8.9 03 0.5 0.1
UFO 4 (IRS 54)° 43 7.9 47 8.7 0.5 1.1 0.2
UFO 5 (IRS 44)° 5.4 2.7 1.2 24 0.5 1.3 0.4
UFO 6 (IRS 44)° 5.9 3.6 1.0 2.9 0.4 1.0 0.3
UFO 7 (IRS 63)" - - - - - - -
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Red lobe

Name Vco RCO M tq M Fobs Lobs
(kms™1) (10°AU) (10~*Mgy) (103 yr) (107 (10~6M, (10~°Lg)
Moyr™!)  kms lyr 1)

Elias 29 (scen 1)“ 6.7 9.1 13 6.5 2.0 6.4 2.1
Elias 29 (scen 2)“ 6.7 9.1 13 6.5 2.0 6.4 2.1
Elias 33 9.5 29 380 14 27 120 57
IRAS 16253-2429 5.2 8.9 5.8 8.2 0.7 1.8 0.5
IRS 37 3.8 7.9 2.2 9.8 0.2 0.4 0.1
IRS 43 6.8 4.5 4.0 3.1 1.3 4.2 1.4
IRS 44 13 7.8 12 2.9 4.1 25 16
IRS 46 6.4 5.0 16 3.7 4.3 13 4.2
IRS 54 8.2 6.0 4.2 35 1.2 4.7 1.9
IRS 63 4.0 6.6 2.5 7.9 0.3 0.6 0.1
LFAM 26 (scen 1)* 7.0 10 9.6 6.9 1.4 4.6 1.6
LFAM 26 (scen 2 east)* 13 15 27 5.5 5.0 30 19
LFAM 26 (scen 2 west)* 13 10 9.9 3.8 2.6 16 10
RNO 91 4.5 14 6.7 15 0.5 1.0 0.2
WL 6 10 8.3 7.5 3.8 2.0 9.8 5.1
WL 12 5.8 4.6 2.0 3.8 0.5 1.5 0.4
WL 17 5.0 34 0.6 3.2 0.2 0.5 0.1
UFO 1 (IRS 63)® 4.7 4.5 2.3 4.5 0.5 1.1 0.3
UFO 2 (IRS 37)® 5.2 7.7 9.9 7.0 14 35 0.9
UFO 3 (WL 12)° 4.6 13 10 13 0.8 1.7 0.4
UFO 4 (IRS 54)° 5.2 7.9 12.0 7.2 1.7 4.1 1.1
UFO 5 (IRS 44)° 6.0 2.7 0.9 2.1 0.4 1.3 0.4
UFO 6 (IRS 44)® - - - - - - -
UFO 7 (IRS 63)® 3.7 1.8 0.53 2.3 0.23 0.4 0.07

These values are not corrected for inclination.

a Scenario 1 implies that LFAM 26 has a red and blue lobe, the blue lobe of Elias 29 blends in with the blue lobe of LFAM 26. For
scenario 2 (Bussmann et al. 2007), the blue lobe of Elias 29 is very extended, LFAM 26 has two opposite red lobes and faint blue
lobes, possibly forming a quadrupolar outflow. All lobes are analyzed separately for this table.

b Newly discovered outflows (UFOs) not associated with an IR source. In round brackets, the IR source to which the UFO is closest

is given.
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Table 5: Outflow parameters from *>CO observations

Name i PA. 8P Mb F&o L, Li, M

) () @@0%r) (107"My  (107°Mey  (107°Le) (107'Lg) (107*Mo)
yr= 1) kmsTlyr 1)

Elias 29 (scen 1)° 50 150 4.1 2.3 16 6.3 25 6.2
Elias 29 (scen 2)°¢ 50 150 7.4 39 23 9.6 25 6.2
Elias 33 70 105 13 21 430 330 12 28
IRAS 16253-2429 70 30 9.1 0.2 4.1 1.7 0.6 10
IRS 37 50 507 43 0.4 14 0.4 3.8 1.2
IRS 43 10 135 24 0.9 7.4 2.7 10 17
IRS 44 30 20 4.5 0.9 29 17 11 8.0
IRS 46 50 0 34 1.0 17 5.5 1.9 3.3
IRS 54 50 40 44 2.7 19 9.7 7.8 3.1
IRS 63 30 70 33 1.3 6.8 3.1 13 16
LFAM 26 (scen 1)¢ 70 60 5.6 3.6 37 24 0.4 45
LFAM 26 (scen2)®9 70 80 14 0.2 90 90 0.4 4.5
RNO 91 50 135 11 9.7 45 21 37 1.0
WL 6 50 30/ 3.1 0.9 13 6.2 8.5 0.4
WL 12 30 140 5.5 0.2 2.2 0.6 34 4.6
WL 17 50 155 7.7 0.0 0.5 0.1 6.7 4.0
UFO 1 (IRS 63)“ - - 6.1 0.2 1.5 0.3 - -
UFO 2 (IRS 37)“ - 30 4.7 14 8.8 3.0 - -
UFO 3 (WL 12)* - 0 8.9 0.3 2.3 0.5 - -
UFO 4 (IRS 54) 70 20 8.7 0.5 5.2 1.3 - -
UFO 5 (IRS 44)* - 0 2.4 0.5 2.6 0.7 - -
UFO 6 (IRS 44)“ - - 29 0.4 1.0 0.3 - -
UFO 7 (IRS 63)“ - - 1.8 0.23 0.4 0.07 - -

a Not corrected for inclination.

b Average of blue and red lobe.

¢ Sum of blue and red lobe and inclination corrected.

d Values taken from literature (van Kempen et al. 2009¢; Chen et al. 1995; Arce & Sargent 2006).

e Scenario 1 implies that LFAM 26 has a red and blue lobe, the blue lobe of Elias 29 blends in with the blue lobe of LFAM 26. For
scenario 2 (Bussmann et al. 2007), the blue lobe of Elias 29 is very extended, LFAM 26 has two opposite red lobes and faint blue
lobes, possibly forming a quadrupolar outflow.

f Outflow lobes not in opposite direction: position angle confused.

g The eastern and western lobes of LFAM 26 were summed or averaged.

49



e The line wings were assumed to be optically
thin, for lack of isotope observations. If opti-
cally thick line wings were assumed, an esti-
mate of the opacity 7 is 5.4, based on the mean
7 of 3.5 as found by Cabrit & Bertout (1992) for
the 2CO 2-1 lines, multiplied by 1.6 in order to
compensate for the 3-2 instead of the 2-1 transi-
tion. An even higher mean value for 7ying 0f 7.1
was found (Hogerheijde et al. 1998) in an actual
12CO 3-2 outflow study of Class I objects in Tau-
rus, but to keep in line with other outflow stud-
ies who use the mean of 3.5 (or 5.4) this value is
taken as upper limit. The values for Fco in this
study are therefore underestimated by a factor
of 5.4, considering opacity.

The correction factors for inclination as derived
by Cabrit & Bertout (1992) have uncertainties as
well, as shown in Figure 21. The uncertainties
are large for i=30° and i=70°. However, since
the determination of the inclination was only
based on visual inspection of the contour maps,
the same error margin was applied to i=10, 30
and 50°, because these are difficult to distin-
guish. The error margins of the correction fac-
tors give both upper and lower limits based on
inclination. Following the absolute error values
given in Cabrit & Bertout (1992), this is a factor
of about 2 uncertainty for i=10, 30 and 50° and
values in between 0.15 and 2.4 times the calcu-
lated value for i=70°.

The momentum flux is independent of the spa-
tial coverage of the outflow in the spectral map,
since it depends both on the integrated spec-
tral line wings (mass) and the radius as spa-
tially covered. However, in the case that the
outflow lobes are not completely covered due
to the lack of data from the broken receivers,
the entire mass of the outflow lobe can not be
derived and will be underestimated. This is the
case for IRS 37 and Elias 29, in both cases about
25 percent of the spectra belonging to the out-
flow lobe is missing and the mass will be un-
derestimated by a factor 1.25.

e The integration limits are typically chosen so

that only the wings are integrated. However,
without actual subtraction of the central enve-
lope spectral profile, some envelope material
will be included in the mass derivation as well.
A comparison between integrated intensities of
line wings with and without subtraction of a
Gaussian fit for the envelope gives about a fac-
tor of 1.5. The derived masses of the outflow
lobes are therefore overestimated by a factor 1.5.

e The assumed temperature T¢x for the calcula-
tion of the column density is taken as 100 K,
while it may range from 20 to 150 K. As shown
in Figure 5 the error in this factor ranges from a
factor 0.8 to 1.4 and puts both upper and lower
limits on the momentum flux.

Clearly, the opacity and inclination factors con-
tribute the most to the errors in the values for Fro,
especially for a large inclination angle.

5.6 Relations with outflow force

In order to get a better understanding of the pro-
cesses involved in star formation and the out-
flow driving mechanism in particular, the outflow
strength is often plotted versus physical properties
of the source to find correlations. Correlations in-
dicate either a direct relation (cause and effect) or
a joint cause for both parameters. Correlations are
also an excellent way to see evolutionary effects.

In outflow studies, two main trends are usually
explored: the momentum flux versus the mass of the
envelope and the momentum flux versus the bolo-
metric luminosity. The bolometric luminosity for
Class 0/1 YSOs is dominated by accretion luminos-
ity. These plots for this study are given in Figure 18.
Error bars as discussed in the section above are over-
plotted on the data points. In these plots and the
remaining part of the report, the outflow parame-
ters of scenario 2 as discussed above are adopted for
Elias 29 and LFAM 26. The results from other stud-
ies are overplotted in different colors without error
bars. The dashed lines in the plots are the best lin-
ear fits to the log-log relations per data set, the dot-
ted lines are the linear fit for the combined data sets,
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Figure 18: Correlation plots for the momentum flux Fco, bolometric luminosity Ly and the mass of the envelope
M. Figures a and c have additional data points taken from Cabrit & Bertout (1992), Hogerheijde et al. (1998) and
van Kempen et al. (2009b), where Fco was calculated by a similar method as ours. On Figures b and d, data points
from Bontemps et al. (1996) and Hatchell et al. (2007) are added, but their derivations are so different from ours that
the data sets cannot be combined (see text). Data points from this study are black, data from the other studies are
plotted in different colors as indicated in the legend. The dashed lines indicate the best linear fit to the data set. The
dotted line indicates the best linear fit to the entire set of Class I objects.
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with the exclusion of Cabrit & Bertout (1992) since
these are Class 0 sources, which are known to have
significantly higher momentum flux (e.g. Bontemps
et al. (1996)). The plots on the left contain only data
from studies where the same method of momen-
tum flux derivation was used, i.e. Cabrit & Bertout
(1992) (selection of strong Class 0 sources), Hoger-
heijde et al. (1998) (Taurus, Class I) and van Kem-
pen et al. (2009b) (Chamaeleon and Corona Aus-
tralis, Class I), in terms of summing integrated wing
intensities and use of inclination correction factors
(Cabrit & Bertout 1992). Hogerheijde et al. (1998)
and Cabrit & Bertout (1992) derived the opacity of
the line wings and applied a correction, while our
study and van Kempen et al. (2009b) had no possi-
blities to derive the opacity and assumed optically
thin line wings. For the latter studies the values
for Fco are therefore a lower limit. The plots on
the right contain the data sets taken from Bontemps
et al. (1996) (selected sample of Ophiuchus, Taurus,
Perseus and other, Class 0 and I) and Hatchell et al.
(2007) (Perseus, Class 0 and I), whose methods are
significantly different. Bontemps et al. (1996) sub-
tracted an average envelope spectral profile from the
outflow spectra to get rid of the envelope emission
in the line wings, summed only the spectra within a
small radius and corrected all sources with the same
inclination correction and opacity correction (means
of earlier studies). Hatchell et al. (2007) did not ap-
ply any correction for inclination or opacity so their
values of Fo are strictly lower limits. Besides, they
used a different method than Bontemps et al. (1996)
called momentum flux beam calculation and did not
subtract an envelope spectral profile, but the main
difference with Bontemps et al. (1996) is the constant
correction factor. Since these methods are so differ-
ent, their data sets cannot be combined with the oth-
ers for a trend over a larger span of Ly, and Meyy.

The well-known relationship between momen-
tum flux and bolometric luminosity is not that ev-
ident from the results of our study. The best linear
fit through our datapoints is:

log(FCQ) =—-4.9+0.11 log(Lbol) (10)

The fits for the other datasets on the other hand indi-
cate a strong correlation, with log(Fco) o log(LE,)),

with % 1.4 for Hogerheijde et al. (1998), 1.8 for van
Kempen et al. (2009b), 0.7 for Cabrit & Bertout (1992)
and 0.9 for both Bontemps et al. (1996) and Hatchell
etal. (2007). The three data points with Ly, < 0.5Lg
from our dataset (IRAS 16253-2429, LFAM 26 and
IRS 46) are clearly outliers from the stronger correla-
tion, because exclusion of these three points results
in:

log(Fco) = —5.0 + 0.86 log(Lyol) (11)

This strong change of correlation indicates that the
relation is not constant over the entire luminosity
range, but ‘flattens’” at the lowest luminosities. The
uncertainty in this fit is comparable to the individ-
ual fits (x* < 6.0), indicating a good agreement be-
tween our results and the ones from literature for
Lyo > 0.5Lg. The best fit for the combined data set
of the three studies (dotted line) is:

log(Fco) = —4.8 + 0.92log(Lyol) (12)
The results from Cabrit & Bertout (1992) are ex-
cluded since these are Class 0 sources. Due to the
large sample, the effect of the three low-luminosity
outliers on the fit becomes very small, resulting in a
much tighter correlation than just our sample. How-
ever, the significance of the momentum flux for low
luminosity objects should be explored.

A second well-known relationship is the correla-
tion between envelope mass and momentum flux, as
given in Figure 18 c and d. Again, the results from
other studies are overplotted with different colors,
and linear fits are derived for each dataset. Enve-
lope masses were not studied by Cabrit & Bertout
(1992). The relationship is clearly tighter than for the
Fco — Lo relation and agrees reasonably well with
previous works. The best linear fit through our data
points is:

log(Feo) = —4.5 + 0.32 log(Meny) (13)

The parameter m in log(Fco) o log(MZ,) is differ-
ent from Hogerheijde et al. (1998) (1.8) and van Kem-
pen et al. (2009b) (1.19) but this may be due to the
small range of envelope masses or the way of cal-
culating the envelope mass and choice of outer ra-
dius: our envelope mass calculation was based on
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SCUBA 850 ym emission (van Kempen et al. 2009¢),
while Hogerheijde et al. (1998) and van Kempen
et al. (2009b) based their envelope mass on 1.3 mm
emission. The best fit for the entire sample is:

log(Fco) = —3.3 + 1.11log(Meny) (14)

Another correlation with the momentum flux
is the free-free radio continuum emission (6 cm)
(Cabrit & Bertout 1992). Unfortunately, 6 cm emis-
sion data are only available for the Oph-A region
(Leous et al. 1991; Gagné et al. 2004) where GSS 30 is
located, but no outflow was detected for this source,
and the Oph-EJF region, the southern ridge with
e.g. IRS 43, IRS 44, Elias 29 and LFAM 26 (Leous
et al. 1991). For these four sources, the Fo vs the
distance-corrected Sgem (Sgem - d2) is plotted in Fig-
ure 19, together with the values found by Cabrit &
Bertout (1992). The data points of our study are in
agreement with the correlation found by Cabrit &
Bertout (1992). Note that the axes are switched com-
pared to Figure 3 in Cabrit & Bertout (1992).

Finally, we checked for a correlation between the
dense gas in the inner regions of protostellar en-
velopes, as traced by HCO™, and the momentum
flux. The integrated HCO"4 — 3 intensity was used
as a new tool for classification in Stages (van Kem-
pen et al. 2009¢). It provides a better evolutionary
parameter than M., because the latter is easily af-
fected by cold outer envelopes, disks and cloud ma-
terial. The f Twmp dv is plotted versus Fco in Figure
20. No data were available from other studies.

There is a very good correlation between the mo-
mentum flux and the dense gas. The best linear fit
for this dataset is:

10g(Fco) =—-5.240.95 10g(Menv) (15)

6 Discussion

The results for this study in Ophiuchus provide the
tools for the discussion of several aspects of outflow
studies. We will first discuss the implication of the
trends from the last section. Then, the entire out-
flow sample is described in terms of classification
and triggering of star formation. Furthermore, the
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Figure 19: Distance-corrected free-free Seem flux plotted
versus the momentum flux. Seem values were taken from
Leous et al. (1991). The red data points, taken from Cabrit
& Bertout (1992), are added for comparison. The results
from our study confirm the correlation found by Cabrit &
Bertout (1992).
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Figure 20: The momentum flux versus the integrated in-
tensity of HCO"4 — 3, taken from van Kempen et al.
(2009c). The dashed line is the best linear fit through
the datapoints. HCO™ is an excellent dense gas tracer
and evolutionary parameter. IRS 46 and RNO 91 were
not included in this plot: the latter was not measured by
van Kempen et al. (2009¢c), the second was undetected in
HCO™.

outflow results will be compared to results from pre-
vious outflow studies, disk studies and other out-
flow tracers like Hy knots and Herbig Haro objects.
A candidate search for the UFOs will be presented
as well.

6.1 Trends and evolution

The results for the relation between Fco and Ly, do
not extend the correlation found in previous works
to lower values for Lyo. In the past, a correla-
tion over a large span of luminosities was found,
indicating that the driving mechanism for molecu-
lar outflows is directly related to the accretion pro-
cess, since the bolometric luminosity of a YSO is
thought to be dominated by accretion luminosity. It
also depends on the stellar mass and the viewing an-
gle, explaining its less tight relation with Foo com-
pared to the M., relation (Hogerheijde et al. 1998).
It is widely believed that outflows are momentum-
driven by a jet or wind originating from the inner
envelope or protostar. The most plausible energy
source for this jet or wind is the gravitational en-
ergy released by accretion onto the protostar. Ac-
cordingly, the momentum flux is directly related to
the accretion rate M, .. (Bontemps et al. 1996). How-
ever, with our new results for very low luminos-
ity objects for which the correlation with momen-
tum flux disappears, the theory may be incorrect for
these low luminosities. One possibility is so-called
episodic accretion, where the accretion rate is vari-
able with time (Evans et al. 2009), i.e., Fco remains
high while Ly, becomes low. This solution applies
if the swept-up material does not slow down too
quickly even when the driving force has (temporar-
ily) disappeared.

The three outliers from the k£ ~ 0.7 correlation
in the Fco-Lvor plot with Ly, < 0.5L should
also be considered as actual outliers in our data
set. The sources are IRAS 16253-2429, LFAM 26
and IRS 46, for which the outflow is actually de-
batable. The outflow assigned to the IRAS 16253-
2429 position may also belong to the potential Class
0 candidate MMS126 (Stanke et al. 2006), resulting
in lack of outflow activity of IRAS 16253-2429 it-
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self. The bolometric luminosity of MMS126 was
not derived by Stanke et al. (2006) but the correla-
tion between Fro and Ly, is known to lie an or-
der of magnitude above the correlation for Class I
sources (Bontemps et al. 1996) so if the outflow be-
longs to MMS 126 it should be excluded from our
Class I sample. The outflow from LFAM 26 was
only partly spatially covered, as discussed in Section
5.2. Bussmann et al. (2007) covered the entire out-
flow region for LFAM 26 and calculated a momen-
tum flux of only 15-10~°Mgkms™'yr~! compared to
90-10 %M kms~tyr~! in our calculation. This is fur-
ther discussed in Section 6.2, but this coverage may
decrease the observed mass and outflow strength
and make it consistent with the general correlation.
Finally, IRS 46 is not a Class I but a Class II source,
and may not belong to this relationship. This is fur-
ther discussed in Section 6.3.

The mass of the envelope is an evolutionary pa-
rameter, and therefore an excellent tracer of evolu-
tion of the outflow momentum flux. The correla-
tion found for the Foo — Meny relation confirms pre-
vious results stating that the momentum flux de-
creases with evolution. This is even further con-
firmed by the relation with the integrated HCO™
emission, tracing the dense gas.

The correlation between the momentum flux and
the free-free Sgem emission gives evidence that
molecular flows and radio continuum emission may
be related in YSOs, since the Sgcr, emission is pre-
sumed to arise at the region of interaction between
the wind and the molecular outflow. However, the
limited number of extra data points provides no
new information on this relation, it only gives fur-
ther confirmation of the wind models described by
Cabrit & Bertout (1992).

Summarizing, the evolutionary plots confirm pre-
vious results for the momentum flux, but the driving
mechanism is debatable due to the weaker correla-
tion between accretion and outflow strength.

6.2 Comparison with other outflow

studies

From our sample of 17 sources, 11 sources were
studied before in outflow studies. The results for the
outflow force are compared in Table 6. Since five of
these sources are found in the study by Bontemps
et al. (1996), a separate column is added. For the
other sources, the reference is given in the last col-
umn.

In order to compare the results, the methods and
observation properties of these studies have to be
compared as well, since several assumptions will
strongly underestimate or overestimate the outflow
properties. This comparison is given in Table 7,
where the resolution (velocity and spatial), the map
size, rms noise, assumed distance and correction fac-
tors for opacity and inclination are listed. All of
these properties are explicitly given for the sources
from our sample. For example, the sample used by
Bontemps et al. (1996) contains many more sources
mapped in several resolutions and map sizes, but
only the relevant values are listed here.

The better spatial resolution and noise levels of
our study in comparison to the other studies tend
to result in systematically higher values for the mo-
mentum flux. This is likely due to the determina-
tion of the maximum velocity, which is squared in
the momentum flux and therefore quite significant.
The maximum velocity is determined as the velocity
where wing emission is still visible. This is strongly
influenced by the noise and spectral resolution: the
velocity is underestimated for high noise and low
spectral resolution. Even when the spectral resolu-
tion is high, the low spatial resolution still decreases
the momentum flux, as seen in the study by Seki-
moto et al. (1997). Even with an exact opacity cor-
rection and applied inclination factors, the values
found are still a factor of 5-10 lower than our val-
ues. This effect is most likely due to a very rough
overestimate of the size R at this resolution (34”),
considering that all outflows in Ophiuchus, except
VLA 1623, are small.

The distance of 160 pc, as used in all studies before
2007, decreases the momentum flux value as well for
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Table 6: Comparison of the momentum flux between this study and other outflow studies.

Source Fao  F& F&o  References!

(107°Mg km st yr=1)

Elias 29 23 154+0.14 98,20 1,5
Elias 32/33 430 - 150 2
IRAS 16253-2429 4.1 - -

IRS 37 1.4 - -

IRS 43 74  15£1.2 - -
IRS 44 29 27+£3.1 30,34 3,5
IRS 46 17 - - -
IRS 54 19 - - -
IRS 63 6.8 6.3¢ - -
LFAM 26 90 - 16 1
RNO 91 45 - 3.0 4
WL 6 13 <15 2.5 5
WL 12 22  6.0+0.6 - -
WL 17 0.5 - - -

a Result of this study
b Result of the study of Bontemps et al. (1996)
¢ Result of other studies (see last column)

d References: 1.Bussmann et al. (2007), 2.Kamazaki et al. (2003), 3.Terebey et al. (1989), 4.Arce & Sargent (2006), 5.Sekimoto et al.
(1997)

e IRS 63 is named L1709B (name of the core) in Bontemps et al. (1996).
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Table 7: Comparison of the methods and observation properties between this study and other outflow studies.

This study Bontemps et al. (1996) Sekimoto et al. (1997)
2CO line 32 2-1 2-1,1-0
Sources® All EL 29, GSS 30, IRS 43, IRS 44, WL 6, WL 12
Velocity res. (km/s) 0.1 0.65(NRAO), 0.26(IRAM) 0.06
Spatial res. (") 15 30(NRAO), 10(IRAM) 34
Map size (”x”) 120x120 60x60(NRAO), 25x25(IRAM) 68x68
Orms (K) 0.15 0.25(NRAO), 0.15(IRAM) 0.2
Opacity corr. none mean of CB92": 3.5 derived from *3CO: ~3.0(2-1)
Inclination corr. factors CB92° average 1=57.3: factor 2.9 factors CB92
Distance to Oph (pc) 120 160 160
Other Average off source spectrum subtracted

before integration, integration
radius 45”(IRS 44), 15" (others)

Kamazaki et al. (2003) Bussmann et al. (2007)  Arce & Sargent (2006)

2CO line 3-2,1-0 3-2 1-0
Sources® Elias 32/33 EL 29, LFAM 26 RNO 91
Velocity res. (km/s) 0.33(3-2), 0.41(1-0) 0.4 0.3
Spatial res. (") 14 11 5
Map size ("x”) 120x240(OphB2) 300x300 100x100
orms (K) 0.79(OphB2) 0.4 0.08
Opacity corr. 5.4¢ none none
Inclination corr. average 1=57.3: factor 2.9 none none
Distance to Oph (pc) 160 120 160
Other

a Only the sources that were studied for our sample are listed in this table.
b CB92 = Cabrit & Bertout (1992)

¢ The factor 5.4 is based on the mean factor 3.5 as used in Bontemps et al. (1996), multiplied by 1.6 because the optical depth of the
3-2 transition is 1.6 times larger than the 2-1 transition of the latter (Kamazaki et al. 2003).
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Bontemps et al. (1996), Sekimoto et al. (1997), Ka-
mazaki et al. (2003) and Arce & Sargent (2006) by a
factor of 1.3, but this effect is not significant com-
pared to the effects of the inclination and opacity
corrections.

The sources studied by Bontemps et al. (1996)
have a systematic offset in Fco of one order of mag-
nitude due to their inclination and opacity correc-
tions. For Kamazaki et al. (2003), this is even a fac-
tor of 15. Without this offset, all values are a factor
of 10 lower than the results of this study. The sub-
traction of the envelope profile systematically de-
creases the mass and also the momentum flux in the
Bontemps values, but the values are most likely too
low due to spatial resolution. One really significant
difference between Bontemps et al. (1996) and our
study is the momentum flux for Elias 29. This is
mainly due to the coverage of the outflow map, since
Bussmann et al. (2007) showed that the outflow was
much more extended. The reason that our value for
Elias 29 is still a factor of 2.5 higher than Bussmann
et al. (2007), is probably the inclination correction.
The partial coverage of our maps of Elias 29 only
underestimates the momentum flux. The same ar-
guments apply for the LFAM 26 source in the Buss-
mann study.

Clearly, the choice for inclination correction fac-
tors influences the outcome of momentum flux cal-
culations. The method proposed by Bontemps et al.
(1996), with a factor f(i) = L. may significantly
overestimate the momentum flux. This formula is
based on the assumption that the actual velocity is
vco/ cosi and the actual size Rco/sini, a simple
projection effect. The choice of one single inclina-
tion value for the entire sample removes any accu-
racy for pole-on configurations. According to Cabrit
& Bertout (1992), the inclination correction cannot be
applied as a simple projection effect. First of all, the
Rco is not a narrow line, but a conical shape, so that
the projection effect becomes smaller than cosi. The
flow velocity is even more complex, since outflows
do not have a uniform velocity, neither directional
nor as function of distance from the source. Two ex-
tremes can be chosen as the flow velocity: the maxi-
mum velocity extent the vco, as used in this study or
the intensity-weighted velocity < V' >. Since the lat-

ter is not easy to derive, Cabrit & Bertout (1992) de-
rived correction factors with error estimates based
on outflow models for calculations where vco is
characterized as flow velocity. The correction fac-
tors with their errors and the f(i) function are plot-
ted in Figure 21. The correction factors by Cabrit

Correction factor Fgy

I
0 45 90
Inclination angle

Figure 21: The inclination correction factors for the mo-
mentum flux, taken from Cabrit & Bertout (1992) (dia-
monds) and Bontemps et al. (1996) (line), the latter being
a function f(i). For the latter, an average inclination an-
gle of 57° is used, resulting in a factor of 2.9. The cor-
rection factors from Cabrit & Bertout (1992) are clearly
smaller than the f(i) function for i >45°.

& Bertout (1992) provide a more accurate correction
than those by Bontemps et al. (1996), because they
take the shape, velocity profile and opening angle
into account.

In order to compare and combine outflow studies,
similar methods have to be applied, since results
from the studies discussed in this section can differ
more than one order of magnitude. Since opacity
and inclination cause the largest uncertainties in the
momentum flux, it is essential to derive these prop-
erties as accurate as possible.

6.3 Classification stages

All 16 sources classified as Stage 1 in van Kempen
et al. (2009¢) and the T Tauri star RNO 91 have been
studied for outflow detection, with four classified as
transitional towards Stage 2 (WL 17, WL 6, IRS 54
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Figure 22: Histograms of momentum flux for all detected
outflows.

and IRS 63). Out of this sample, all sources show
a bipolar outflow activity, except for those that are
so close to another YSO that their outflows are con-
fused (GSS 30-IRS 1 and GSS 30-IRS 3 by VLA 1623;
WL 3 and IRS 37; Elias 32 and 33). From the tran-
sitional sources, only the outflow WL 17 is clearly
weak compared to the rest of the sample. The mo-
mentum flux does not reflect this transitional phase.
Also the comparison with the two studied Stage
2 sources, IRS 46 and RNO 91, does not reflect a
significant decrease of momentum flux, since these
two sources have momentum fluxes higher than the
mean of the entire sample. A study of Class 0, I and
II objects (three of each) by Arce & Sargent (2006)
and the comparison of three Class I and one Class
II objects by Sekimoto et al. (1997) do not show a
significant decrease of momentum flux in the Class
IT phase. Although the momentum flux decreases
with evolution during the Class 0 and Class I phase,
this decline does not appear to continue. The open-
ing angle widens with evolution, causing the shape
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to become irregular for the Class II phase (Arce &
Sargent 2006), making it more difficult to define an
actual momentum flux, since the size is less clear. In
contrast, IRS 46 seems to have quite a regular bipo-
lar shape, although the opening angle could not be
determined.

The spread in the outflow momentum flux for
Stage 1 objects in Ophiuchus is broad (see the his-
togram in Figure 22) compared to a similar his-
togram for Perseus (Hatchell et al. 2007), ranging
over four orders of magnitude. However, with
exclusion of the strongest and the weakest source
(Elias 33 and WL 17, respectively) the width of the
distribution is only two orders of magnitude, just
like the Perseus Class I distribution with their ex-
clusion of high momentum flux sources. Hatchell
et al. (2007) noted that the three high Class I sources
in their sample lie in confused regions and therefore
their flows may be overestimated. The exclusion of
Elias 33 in our sample is not unreasonable, as dis-
cussed in the next paragraph. The outlier WL 17
cannot be explained. The spread of the momentum
flux for sources with the same evolutionary state can
be explained by physical reasons. The momentum
flux is likely influenced by the amount of available
material (e.g. the clump in which the protostar is
formed) during the time that the driving wind or
jet is active, the efficiency of the transfer of momen-
tum from the wind to the ambient material, and the
presence of other nearby outflows. The episodic jet
ejection (Hatchell et al. 2007) may also be able to ex-
plain the spread. The swept-up molecular outflow
smooths out any variability on timescales of ~100
years according to the current models, but modifi-
cation of these theories with our new results on the
Fco — Lyo relation may extend these time scales,
so that the effects are not smoothed out over such a
short time scale and will actually be detectable. The
histogram peaks at 107°My, km s~!yr~!, while this
peak is only 1075°M km s~ 'yr~! for the Class I
sources in Hatchell et al. (2007). This can partly be
explained by the systematic underestimate by lack
of inclination correction. Besides, the observations
were of lower quality, with the large distance for
Perseus (320 pc). Also, only 73% of the total sam-
ple of 51 sources show outflow activity according to



this study.

The sources for which no outflow could be de-
tected due to confusion with another nearby source
should be explored a little further. Except for the
GSS sources, which are clearly completely over-
lapped with the strong collimated VLA 1623 out-
flow, it is not trivial to determine which of the two
sources is the driving force of the outflow. In this
study, the driving source is determined based on
morphology. The sources may even both have an
outflow, which are blended in with each other or
along the same line of sight. In that case, the to-
tal outflow mass (and the momentum flux) should
be split up in a certain ratio, since the line wings
form the sum of the line wings of two separate out-
flow. This suggestion applies to Elias 33, consider-
ing its very strong momentum flux compared to its
stellar properties (envelope mass, bolometric lumi-
nosity). A better look at the spectrum (see Figure
6) shows a double structure in the line wings, espe-
cially the blue wing, with a high intensity inner wing
and a lower intensity outer wing. Although this is
possible for one single outflow with episodic jets, it
may also indicate a sum of separate wings. There is
however no accurate way to actually split these line
wings into separate outflows since they are strongly
blended with each other and with the envelope pro-
file. For IRS 37 and WL 3, the momentum flux is not
exceptionally strong, but the envelope mass for both
is also >10 times smaller than Elias 33, suggesting a
much more evolved YSO. Taking the evolution into
account still does not suggest an exceptionally high
momentum flux. The outflow is however confused
due to the missing data in the south east corner. Ob-
servations without this lack of data will improve the
possibilities to assign this outflow to either one of
the sources.

Since all Stage 1 sources in Ophiuchus show out-
flow activity, the new classification provides a very
good tool for characterizing young stellar objects, al-
though the transitional phase (Stage 1 to Stage 2)
is not reflected in the outflow strength. For YSOs
grouped closely together, confusion of outflows re-
sults in a smaller amount of detections.
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6.4 Comparison with disk studies

In star formation models, the outflow direction is
perpendicular to the disk, since the jet which is
driving the outflow is assumed to originate from
the spinning up of the magnetic field by the rotat-
ing disk (Matsumoto & Tomisaka 2004). In the last
decade, very high spatial resolution observations re-
vealing the disk structure of early phase YSOs be-
came available. The outflow results of this study
were compared. IRS 46 has an outflow with a high
inclination, consistent with an edge-on disk, as was
determined by SED fitting to a disk model (Lahuis
et al. 2006). Jorgensen et al. (2009) studied HCO™
3-2 and HCN 3-2 emission as a tracer of dense gas
in the inner envelope for a sample of Class 0 and
Class I sources in Taurus and Ophiuchus, includ-
ing Elias 29, GSS30-IRS1, IRS 43, IRS 54, IRS 63 and
WL 12 of our sample. Elias 29, IRS 43 and IRS 63
show red- and blue shifted material in opposite di-
rections. The contour maps of these three sources
as given in Figure 5 of Jorgensen et al. (2009) are
presented in Figure 23. Elias 29 and IRS 63 were
also observed at high spatial resolution by Lommen
et al. (2008) and the velocity gradients were inter-
preted as Keplerian rotation in the inner envelope
or circumstellar disk. Jergensen et al. (2009) made
the same interpretation for IRS 43. The velocity pro-
files observed by Jergensen et al. (2009) for IRS 54
and WL 12 are too weak to conclude anything about
the direction or orientation of the disk. GSS30-IRS1
displays emission extended from one side relative
to the source position. Besides, our outflow observa-
tions of GSS30 are too confused by the Class 0 source
VLA 1623, so this source is not further discussed.

The velocity gradient for IRS 63 is interpreted as a
disk with 30° inclination with the edge in the north-
south direction. This is the same angle as used
for the outflow inclination: an edge-on disk (i=90°)
means an outflow in the plane of the sky, a face-on
disk (i=0°) means a pole-on outflow. The interpre-
tation for IRS 63 fits quite well with our outflow re-
sult: the same inclination angle was assumed based
on the contour map and a position angle of 70° for
the outflow indicates a north-south oriented disk for
this inclination.
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Figure 23: Contour maps of HCO" 3-2 emission from Elias 29, IRS 63 and IRS 43, taken from Jorgensen et al.
(2009). The axes are RA and Dec offset positions in arcseconds. The contours (shown in 3o intervals) indicate
emission integrated over intervals from -4 to -2 km s~ (blue), -2 to 0 km s~ (green), 0 to 2 km s~ (orange) and +2
to +4 km s~ (red) relative to the systemic velocities.
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Figure 24: The nearby region of IRS 43 and IRS 44 and the Herbig Haro objects and direction as suggested by Grosso
et al. (2001). The outflow directions are marked with blue and red arrows for the blue and red lobes, respectively. The
HH objects are marked with green diamonds and green arrows point into the outflow direction, based on the structure

of the combined HH objects (see Figure 2 in Grosso et al. (2001)). The left arrow points towards IRS 54, the right
arrow towards IRS 43 and IRS 44.

62



The HCO™ observations of Elias 29 were inter-
preted as a disk with 30° inclination (Lommen et al.
2008) with the edge in the north-north-west,south-
south-east direction (direction based on Figure 5 in
Jorgensen et al. (2009), not explicitly given). This
is not entirely consistent with the outflow results:
our rough assumption of 50° inclination is still ac-
ceptable, but the position angle of the outflow could
be determined quite well as 150°, which is north-
west,south-east, so nearly parallel with this disk
direction. The HCO™ observations of this source
were confused by the presence of a dense ridge,
which influences the interpretation. The most ex-
treme red/blue-shifted velocities, indicated by red
and blue contours, were interpreted as the tracer of
Keplerian rotation by Jergensen et al. (2009). How-
ever, since the direction and orientation of blue and
red is equal to the outflow picture, these extreme ve-
locities may actually be swept-up outflow material
itself, indicating a small jet very close to the source.

IRS 43 was interpreted (Jorgensen et al. 2009) as
a nearly edge-on disk (i ~90°) with a position angle
of -70° or west-north-west, east-south-east direction,
further supported by the elongated structure of both
continuum, HCO™ and HCN emission, and the di-
rection of nearby Herbig Haro objects (Grosso et al.
2001) and proposed radio thermal jet (Girart et al.
2000). However, this does not fit at all with the out-
flow result of an outflow nearly pole-on (i ~10°) and
a position angle of 135° or north-west, south-east di-
rection. The position angle is a rough guess based on
the contour map, since the outflow is nearly pole-on.
Several results have to be reconsidered:

e The Herbig Haro objects may not be associated
with IRS 43, as claimed by Grosso et al. (2001),
but with IRS 44, which is also close by and
whose outflow actually points in the right di-
rection. This is shown in Figure 24 and also dis-
cussed in Section 6.7.

It is possible that the CO lines trace the inner,
rotating part of envelope just as well as the
HCO™. The CO spectra in the central region
are decreasing radially, which is indicative of
Keplerian rotation. However, the limited spa-
tial resolution has an important role here. Also
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the PV diagrams in CO (Figure 4) and HCO*
(Jorgensen et al. 2009) show similarity.

If the swept-up material as observed in the con-
tour map in Figure 7 does not trace the outflow
and the outflow is in the north-east south-west
direction, this real outflow is not observed in
CO. However, this may simply be a projection
effect: if the disk is nearly edge-on, the outflow
will be nearly in the plane of the sky and the
wing emission will coincide with the envelope
emission because the projected velocity is too
small. It may be possible to trace the wing emis-
sion as an excessive emission in the envelope
spectral profile in lines that are optically thin in
the envelope.

Girart et al. (2000) were not entirely conclusive
about the thermal jet VLA1 and suggested some
other scenarios, although all of them less likely.

Brinch et al. (2007) proposed a model for L1489
IRS with a disk inclination of 40° and a sur-
rounding envelope inclination of 74°. They sug-
gested a binary system to explain this misalign-
ment. IRS 43 is observed as a binary radio
source with a separation of only 0.6” (Girart
et al. 2000). If a similar model as for 1.1489 IRS
applies for IRS 43, the HCO™ emission would
trace the inner envelope, but not the actual disk.

Summarizing the discussion above, interpreting
observations from the inner envelope and disk re-
mains difficult since many aspects have to be taken
into account. Especially IRS 43 turns out to be a very
special source, with a complex envelope structure.
Higher resolution mapping of the inner part of en-
velope will be necessary to properly interpret the ob-
served velocity structures.

6.5 Outflow direction

For the L1688 part of Ophiuchus, we compare the
outflow directions for the different sources. Since
these sources are clustered together, they may have
experienced the same trigger from the same direc-
tion for the core formation and the following star



formation. For L1688, the orientation can be divided
in three groups: IRAS 16253-2429, IRS 54, IRS 37,
WL 6, IRS 44 and IRS 46 are all oriented in a north-
east, south-west direction. We may add IRS 43 to
this sample, since the orientation of the disk and
the radio continuum observations (see Section 6.4)
also suggest a north-east, south-west orientation, al-
though we did not observe this in the outflow study.
We may even add UFO 2 (near IRS 37), UFO 4 (near
IRS 54) and UFO 5 (near IRS 44) to this sample,
which are well enough covered to derive their orien-
tation. The second group contains the sources with a
north-west, south-east direction: Elias 33, VLA 1623,
WL 12 and possibly Elias 29. Finally, the third group
contains LFAM 26, with an east-west orientation, al-
though this outflow is so close to Elias 29 that both
of their outflow directions are confused, and WL 17,
which is very weak and possibly confused as well
by the Elias 29/LFAM 26 system. The direction of
the first group confirms the results of Anathpindika
& Whitworth (2008), who concluded that the out-
flow direction is in 72% of the cases perpendicular
to the filament direction. The implication is the an-
gular momentum delivered to a core forming in a
filament, since the angular momentum will eventu-
ally drive the outflow. The Ophiuchus ridge in the
south is indeed perpendicular to the outflow direc-
tion of the first group.

The fact that there are two groups with on average
an equal direction, suggests that there have been two
separate triggering events causing the star forma-
tion. Considering the large values for Ly, and Meny
for the second group compared to the first group
(mean of 1.84 L and 0.38M versus 0.56L¢ and
0.044M) these two groups may have started star
formation at different times, due to different events.
This is consistent with the observation of Zhang &
Wang (2009) that the star formation in Ophiuchus
first took place in the denser northwestern L1689 re-
gion. Itis further consistent with the suggestion that
star formation in Ophiuchus was triggered by ion-
ization fronts and winds from the Upper Scorpius
OB association, which is located to the west of the
Ophiuchus cloud (Nutter et al. 2006).

6.6 UFOs

The UFOs are newly detected outflows which could
not be assigned to a known young stellar object. The
partial coverage of these outflows extends the field
in which to look for a suitable candidate. First we
look at the L1709 field near IRS 63, with UFO 1 and
UFO7.

e In the south west direction, about 2 arcminutes
from IRS 63 a submillimeter core (850 um) is
located (SMM ] 163133-24032, Jergensen et al.
(2008)) at 16:31:32.8,-24:03:16.91. A likely corre-
sponding YSO candidate observed by Spitzer is
SSTc2d J163134.2-240325 (Padgett et al. 2008) or
EDJ2009-988 (Evans et al. 2009) at 16:31:34.29, -
24:03:25.2, so 24" offset from the core position.
The composition of the different objects is given
in Figure 25. This source may be the powering
source of UFO 1. Ly, is 0.88, T}, is 870 K and
arr is -0.12 (Evans et al. 2009) (flat spectrum, be-
tween Class I and II) and with a momentum flux
0f 1.5:107%Mg km s~ yr~—! this may indeed be a
Class I source with an outflow. This protostellar
system also follows the derived Fco-Lyo rela-
tion. All observed fluxes and derived bolomet-
ric luminosities are given in Table 8 and 9.

e For UFO 7, selecting a candidate is somewhat
more difficult, since only a small piece of the
red lobe is covered and therefore the direction
of the originating source is unknown. Fig-
ure 25 shows two possibilities: in the north
east direction a submillimeter core is located
at 16:31:43.7, -24:00:27.1 (J163143.5-240026, Di
Francesco et al. (2008)), at a distance of 134"
from IRS 63. However, no IR source has been
found at this location. Since the outflow can
also be directed towards the south east, an-
other possible candidate is the YSO candidate
SSTc2d 163144.5-240212 (Padgett et al. 2008) or
EDJ2009-992 (Evans et al. 2009) at 16:31:44.57,-
24:02:13.0. Ly is 0.72, Tho1 is 3100 K and ayg is
-0.94 (Evans et al. 2009) (Class II). SEDs of UFO 1
and UFO 7 are provided in Evans et al. (2009).

e UFO 2 is located to the west of IRS 37. The
elongated structure and direction of the outtlow
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Figure 25: The region around IRS 63, showing the
SCUBA 850 pm emission in the background, the
contour map of the integrated line wings, and the lo-
cation of the possible powering sources of UFO 1 and
UFQO 7 marked by crosses (submm cores) and circles
(IR sources). The covered parts of UFO 1 and UFO 7
itself are encircled with a green rectangle. Note that
both of these outflows are only partly covered.
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suggest that the powering source is located in
the south west. A large submillimeter core is lo-
cated at 16:27:12.7, -24:29:50 (J162712.4-242950,
Di Francesco et al. (2008)), see also Figure 26.
The shape of this submillimeter ridge is consis-
tent with the outflow direction, which is often
found to be perpendicular to the ridge (Anath-
pindika & Whitworth 2008). The fluxes for 850
um and 450 um, taken from Di Francesco et al.
(2008) are given in Table 8. No IR source was
found near this location. A small-aperture pho-
tometry study of IRAC and MIPS data shows
that there is indeed no significant detection
above 1 m]y for any wavelength at this posi-
tion. Therefore, an approximate SED was made
based on the submillimeter fluxes (Figure 27) as
described in the next paragraph.

UFO 2

prre—

J162712.4-242950

60 "

Figure 26: The region around IRS 37, showing the
SCUBA 850 pm emission in the background, the
contour map of the integrated line wings, and the
location of the possible powering source of UFO 2
marked by a cross (submm core). The covered parts
of UFO 2 itself is encircled with a green rectangle.
No IR source was found at this location.

e The outflow UFO 3 is very clearly visible in the

WL 12 contour map. The center of origin is
about 16:26:40, -24:35:27. Unfortunately, there



Uro 2
107°
SED fits
————————— 5 K
& 108 = 10K T - B
'c : e 30 K i
o B
Tm 1oL Ao -
o t
o : &
E / |
PERL : , ]
: )
Y
10 e i
1 10 l lwoo 1000
A (um)
UFO 5
107°
SED fits| ..
————————— 5K
& 1078 e 10 K ! B
'c . 30 K
© T e
"0 1oL ';‘Q,
o h 1
K2 L /‘/ ?,
- Lo ‘3
< 10 r : i ! im
/ ! i
5 i
0™ s T i
1 10 l lwoo 1000
A m)

Figure 27: The spectral enerqy distributions of
UFO 2 and UFO 5, based on their submillimeter
fluxes and upper limits for the IR fluxes.

are no submillimeter cores, IR sources or YSO
candidates nearby. Estimates of a SED or Ly,
are impossible to achieve.

e UFO 4 has its lobes at opposite sides of IRS 54,
so its powering source is most likely in the line
of sight or even confused with IRS 54 and there-
fore impossible to detect.

e UFO 5 is located to the west of IRS 44. To-
wards the south-west, an elongated structure
of submillimeter emission can be seen (Figure
28). This structure can be split up by looking for
the two peaking profiles. The core in the north
west, centered at 16:27:22.3,-24:40:02 is the most
likely candidate source for UFO 5 (J162721.7-
244002, Di Francesco et al. (2008)). However,
just like UFO 2, there is no IR detection at this
position. Again, an estimate of the SED was
made based on the submillimeter fluxes, further
described below.

e Only a small part of UFO 6 is covered, just like
UFO 7 it is impossible to the determine the di-
rection of a potential origin source. The IRS 44
region is actually very crowded with YSO can-
didates and of course the YSOs IRS 43 and
IRS 46 nearby, as can be seen in Figure 28, where
candidate YSOs are marked with white crosses.
Two candidates for UFO 6 are EDJ-2009 918 and
921, both YSO candidates with ajg ~-0.6 (Evans
et al. 2009), or Class II sources. It is however
impossible to be entirely conclusive about the
powering source.

SED estimates for UFO 2 and UFO 5 were made
based on the submillimeter fluxes for 3 tempera-
tures: 5, 10 and 30 K, as shown in Figure 27. The
SED function to be fitted is:

2hc? 1

My =A+B—F—F7— 16
A + e e;}LfT—l (16)

This is the well known Planck formula expressed in
wavelength. A and B are the constants to be fitted.
Considering the low upper limits for the IR fluxes,
the flux for UFO 2 is best fitted for a SED at 5 K,
while UFO 5 can be fitted for both 5 and 10 K. The
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Figure 28: The region around IRS 44, showing the
SCUBA 850 pm emission in the background, the
contour map of the integrated line wings, and the
location of the possible powering source of UFO 5
and UFO 6 marked by crosses (submm cores) and
circles (IR sources). The covered parts of UFO 5
and UFO 6 itself are encircled with a green rectan-
gle. Since no definite powering source was chosen,
all detected sources that are close by are marked.

total fluxes were calculated using F' = [ 224\, It
follows that F' = 2.8 - 10%? erg s~! for UFO 2 for 5 K,
and F =1.2-10%% and 2.1- 1033 erg s—! for UFO 5 at
5 and 10 K, respectively. With Ly, = 47D? - F and
a distance of 120 pc, the luminosities are 0.074, 0.31
and 0.54 L. The luminosities are not particularly
low compared to the Class I sources in our sample,
but the very low temperatures and lack of IR detec-
tion indicate that these sources are likely Class 0 ob-
jects.

The UFOs are clearly very peculiar objects. Only
one UFO (UFO 1) could be assigned to a YSO with-
out many uncertainties. UFO 6 and UFO 7 may be
assigned to a YSO with actual IR detection, but a
larger spatial coverage of these outflows is necessary
in order to decide on their shape and center of origin.
Most interesting are the UFOs for which no IR pow-
ering source could be found, UFO 2, 3 and 5. This
lack of detection suggests either a very low luminos-
ity or a totally new kind of object, producing an out-
flow or some other mechanism producing swept-up
gas. The derived luminosities based on the submil-
limeter fluxes for these sources are not particularly
small, but considering the very low temperature of
the SED these are not ordinary YSOs. Again for
these sources, a better spatial coverage of CO low-.J
lines with higher resolution may provide an answer.
Also HCO™ or another high-density tracer may help
to determine the structure of the envelope.

6.7 H, knots and Herbig Haro objects

Besides CO line observations, there are other meth-
ods to detect outflows. One example is the detection
of Herbig-Haro (HH) objects. Outflowing material
from YSOs may interact with the surrounding mate-
rial and result in the development of shocks. After
the shock, the gas cools down by line radiation, e.g.
Ho or [S II] (optical). Extended regions radiating
in these lines but lacking continuum emission, are
called Herbig-Haro objects (Phelps & Barsony 2004).
Ophiuchus has been mapped in [S II] surveys sev-
eral times, the most recent study was performed by
Phelps & Barsony (2004).
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Table 8: Fluxes from possible source candidates (submm cores) for the UFQOs, taken from literature.

Outflow Region Submm core Coordinates core Fluxes (m]y)
(J2000) 450pum 850pm

UFO 1 IRS 63 SSMJ163133-24032 16:31:32.8,-24:03:16.91 - 1600

UFO 2 IRS37  J162712.4-242950 16:27:12.7,-24:29:50 30000° 43000

UFO 3 WL 12 - - - -

UFO 4 IRS 54 Origin of outflow confused by IRS 54

UFO 5 IRS 44  J162721.7-244002 16:27:22.3,-24:40:30  130000° 6800°

UFO 6 IRS44 Unable to determine direction of potential source due to small coverage

UFO7 IRS63  J163143.5-240026 16:31:43.7,-24:00:27.1  87000° 3900°

a Jorgensen et al. (2008)
b Di Francesco et al. (2008)

Table 9: Fluxes from possible source candidates (IR sources) for the UFQOs, taken from literature.

Outflow Region IR source Coordinates Fluxes (m]y)

candidate (J2000) 3.6pum 45pum 58um 8.0um 24pm 70um
UFO 1 IRS 63 EDJ2009-988 16:31:34.29,-24:03:25.2  270* 340  510®  600*  720° -
UFO 2 IRS 37 - - <1 <1 <1 <1 <1 <1
UFO 3 WL 12 - 16:26:40, -24:35:27° <1 <1 <1 <1 <1 <1
UFO 4 IRS 54 Origin of outflow confused by IRS 54
UFO 5 IRS 44 - - <1 <1 <1 <1 <1 <1
UFO 6 IRS 44 Unable to determine direction of potential source due to small coverage
UFO7 IRS 63 EDJ2009-992 16:31:44.57,-24:02:13.0° 87 98 120¢ 270  640° -

a Evans et al. (2009)
b The coordinates are an estimate of the origin of the outflow UFO 3, there is no IR source candidate.

¢ The IR source is a different candidate than the submillimeter core, see text.
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Another method is the observation of Hy knots
in the near-infrared, tracing shock-excited knots and
jets. An interesting property of Hy knots is that they
are often shaped in the shock direction, e.g. a bow
shape following a bow shock, although optical HH
objects can also have a bow shock shape. Hy maps of
small regions of Ophiuchus have been taken before,
but the most recent study covered the entire L1688
area (Khanzadyan et al. 2004). In this study, the H»
knots were not only compared to known outflows
and potential candidate YSOs, but also to the HH
objects as studied by Phelps & Barsony (2004).

Combining the results for Herbig-Haro objects,
H; knots and our CO outflow results provides more
insight in the outflow activity in Ophiuchus. The re-
sults are plotted in Figure 29. In this map, suggested
outflow directions by Khanzadyan et al. (2004) (pur-
ple) and Phelps & Barsony (2004) (light blue) are
drawn as well. From this map it becomes clear
that many of the HH and Hj objects can be as-
sociated with the newly detected outflows. Only
sources from our sample are drawn: several of the
HH and Hs knots are already associated with a driv-
ing source, although not all of these sources are in
the map.

e The newly discovered outflow of IRAS 16253-
2429 follows the Hs knots and its elongated di-
rection perfectly, so these can definitely be asso-
ciated with the YSO. Khanzadyan et al. (2004)
suggest that the discovered Class 0 source
MMS126 (Stanke et al. 2006) is located at this
position as well and responsible for the out-
flow and Hs knots, but it was decided in this
study to associate the outflow to the Class I
source IRAS 16253-2429, due to its outflow
strength. The HH object HH 417 located to-
wards the north is also along the line of sight
of the IRAS 16253 outflow, but considering the
distance of 9” they may not be related.

The outflow of IRS 54 is also perfectly coincid-
ing with the Hy knots, confirming the sugges-
tion by Khanzadyan et al. (2004). The double
HH object towards the north (HH 677) may be
related to UFO 4, being in a north-south orien-
tation.
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e The WL 6 outflow direction is NE-SW, confirm-
ing the suggestion (Khanzadyan et al. 2004) that
two of the Hoknots in the “clump’ south west of
WL 6 are connected to this source, also includ-
ing the Hy knot in the north east of WL 6. The
clump may be related to UFO 2, although the
outflow would be very extended in that case
(over 4”). The other Hy knot in the north east
is probably not related to WL 6, considering its
NW directed bow shape.

To the east of LFAM 26, two H> knots with a
bow shock shape towards the south west di-
rection lie along the line of the western lobe of
LFAM 26. The two HH objects in this region
were suggested to be linked to a flow in the NE-
SW direction (Phelps & Barsony 2004), but lack-
ing an outflow in this direction and the orienta-
tion of the bow shape it is more likely that the
HH objects are related to the LFAM 26 lobe in
the NE-SW direction. This confirms the connec-
tion as proposed by Khanzadyan et al. (2004).

In the region with IRS 43 and IRS 44, two paral-
lel flows are suggested in the NE-SW direction
originating from these two YSOs. Although
they do not exactly line up with IRS 44, the di-
rection of this outflow is not completely certain,
since the map was confused by the nearby out-
flow of IRS 46 and two UFOs from which the di-
rection can not be derived without larger spatial
coverage. The outflow direction of IRS 43 was
discussed extensively in Section 6.4: the CO ar-
rows may not be tracing the outflow. The third
arrow (to the west of IRS 43 and 44) connects
two Hsy knots and may follow the direction of
UFO 5 although this cannot be confirmed with-
out a larger spatial coverage. The presence of
the nearby UFOs confuses the area, so we sug-
gest to map this region first over a larger area
before concluding anything.

Several suggestions by Khanzadyan et al. (2004)
for linking HH objects and Hy knots to protostars
could be confirmed with the new outflow observa-
tions. However, in order to connect all objects to
driving outflows, the entire L1688 region should be
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Figure 29: Overview of the outflow activity in L1688. The CO outflows as found in this study are marked with blue
and red arrows, the same as Figure 1 and names of the sources are added. The UFOs are included as well. HH objects
taken from Phelps & Barsony (2004) are labeled with green circles, Ho knots taken from Khanzadyan et al. (2004) are
labeled with orange diamonds. Purple arrows indicate the outflow directions as proposed by Khanzadyan et al. (2004),
based on the shape of the Hy knots and the alignment of sources, HH objects and Ho knots. Light blue arrows indicate
suggested directions as proposed by Phelps & Barsony (2004), based on the HH objects.

mapped by a direct outflow tracer such as low-J CO
lines, as recently performed for Perseus (Curtis et al.
2010). Since Class II sources also show outflow ac-
tivity, and possibly even very cold cores (the UFOs),
a lot of outflow activity is to be expected, also con-
sidering the amount of unlinked HH objects and Ha
knots.

7 Conclusions

We have searched for molecular outflows towards
all 16 Stage 1 sources in Ophiuchus as classified by
van Kempen et al. (2009¢) and in addition studied
the T Tauri star RNO 91. The main results of this
study are the following;:

1. All sources show a bipolar outflow activity, ex-
cept for those that are so close to another source
that their outflows are confused. Therefore, the
classification in Stages based on physical prop-
erties provides a very good tool for character-
izing young stellar objects, although the transi-
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tional phase (Stage 1 to Stage 2) is not reflected
in the outflow strength. Five outflows assigned
to a Stage 1 source were new detections.

. The well-known correlation of momentum flux

with bolometric luminosity could not be ex-
tended to the three lowest luminosity sources
(Lol < 0.5L) in this study. Instead, the mo-
mentum flux becomes constant for these lumi-
nosities. Although the reliability of the calcu-
lated values for these three sources is somewhat
debatable, the break suggests that the accre-
tion rate may not be directly related to the out-
flow strength, as previously thought. Episodic
accretion is a likely possibility to explain this
phenomenon. The correlations of momentum
flux with envelope mass and with dense gas as
traced by HCO™ are present, confirming a de-
cline of outflow strength with evolution.

. Comparing the outflow observations for three

sources with recently obtained disk studies
(Jorgensen et al. 2009) leads to revision of these



disk structures. IRS 63 shows an excellent
agreement for the disk orientation (perpendic-
ular to the outflow direction), but for Elias 29
the assumed disk emission is most likely orig-
inating from the outflow material itself, close
to the source, consistent with non detection in
millimetre continuum at long baselines. IRS 43
is even more complex: the assumed outflow
direction is inconsistent with the disk orienta-
tion, suggesting that the 12CO emission actually
traces large scale rotation in the envelope.

. The outflows in the L1688 region can be divided
into two groups, based on preferred outflow di-
rection and significantly different evolutionary
properties. This suggests a scenario with star
formation in two separately triggered events,
starting in the north west, supporting conclu-
sions from previous work, i.e. Zhang & Wang
(2009).

. Seven new outflows (UFOs) were detected
which could not be assigned to a nearby con-
firmed YSO. Due to the small spatial cover-
age of these outflows, assigning candidate IR
sources was only possible for three outflows.
For two others, the only suitable candidates
were submillimeter cores without IR detection,
suggesting very young and deeply embedded
sources. For the final two outflows, no candi-
date was found.

. Mapping Hy knots and HH objects in L1688 to-
gether with the outflow directions, confirm sev-
eral suggestions from Khanzadyan et al. (2004)
to link these objects to outflows.

For further outflow studies, it is recommended
to focus on low luminosity objects (Lo < 0.5L)
to confirm the Fro — Lo relation as found in this
study. For Ophiuchus studies we suggest to map the
entire L1688 region by low-J CO lines, as recently
performed for Perseus (Curtis et al. 2010). This pro-
vides a more complete view of outflow activity, both
for known as for new sources (such as the UFOs)
and a more complete view of outflows from Stage
2 sources. Furthermore, the envelope surrounding

71

IRS 43 should be explored in very high spatial res-
olution in order to understand the complex velocity
structure.
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