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ABSTRACT

Observations are reported of H, IR emission in the S(1) v = 1-0 line at 2.121 um in the Orion Molecular Cloud, OMC1, using the
GriF instrument on the Canada-France-Hawaii Telescope. GriF uses a combination of adaptive optics and Fabry-Perot interferometry,
yielding a spatial resolution of 0.15” to 0.18” and velocity discrimination as high as 1 kms™'. 193 bright H, emission regions can
be identified in OMC1. The general characteristics of these features are described in terms of radial velocities, brightness and spatial
displacement of maxima of velocity and brightness, the latter to yield the orientation of flows in the plane of the sky. Strong spatial
correlation between velocity and bright H, emission is found and serves to identify many features as shocks. Important results are:
(i) velocities of the excited gas illustrate the presence of a zone to the south of BN-IRc2 and Peak 1, and the west of Peak 2, where
there is a powerful blue-shifted outflow with an average velocity of —18 km s™!. This is shown to be the NIR counterpart of an outflow
previously identified in the radio, originating from either source I or source n. (ii) There is a band of weak radial velocity features
(<5 kms™!) in Peak 1. (iii) A small proportion of the flows may represent sites of low mass star formation and one region shows
evidence of multiple flows which may indicate multiple low mass star formation within OMC1.

Key words. ISM: jets and outflows — ISM: structure — stars: formation — stars: circumstellar matter — ISM: kinematics and dynamics

— ISM: molecules

1. Introduction

The Orion Molecular Cloud 1 (OMC1) (D = 460 pc') is the clos-
est highly active massive star-forming region. It has accordingly
been studied over a large range of wavelengths from the radio
to the X-ray (e.g. Genzel & Stutzki 1989; Wright et al. 1996;
O’Dell 2001; Chrysostomou et al. 2000; Garmire et al. 2000;
Ferland 2001; Feigelson et al. 2002; Doi et al. 2002; O’Dell
& Doi 2003; Tan 2004) and has become the archetypal site for
studies of star formation. Many features are accordingly very
well-described, such as the detailed morphology of the HII re-
gion associated with 'Ori C, the dominant source of ionizing
radiation in the Trapezium (O’Dell 2001). Perhaps the principal
significance of OMCI1 and its vicinity is that it has been shown
to harbour upward of 1000 young low mass stars in the presence
of a number of high mass stars (Hillenbrand 1997). For a general
review of the Orion Nebula Cluster see O’Dell (2001).

The BN/IRc2 complex has an IR luminosity of ~10° L
indicating the presence of embedded massive protostars in the

* Based on observations obtained at the Canada-France-Hawaii
Telescope (CFHT) which is operated by the National Research Council
of Canada, the Institut National des Sciences de 1’Univers of the Centre
National de la Recherche Scientifique of France, and the University of
Hawaii.

** Tables A.1-A.3 are only available in electronic form at
http://www.aanda.org
*** Visiting astronomer at the Canada-France-Hawaii Telescope,
Mauna Kea, Hawaii.

! We follow the example of Bally et al. (2000) and adopt a distance
of 460 pc based on the maser observations by Genzel et al. (1981).

http://www.aanda.org

central parts of OMCI1. Further evidence of embedded mas-
sive protostars is provided by the powerful outflows originating
from the BN/IRc2 complex. The first, the “CO outflow” is a fast
(30-100 km s™!) bipolar outflow oriented NW-SE and was ini-
tially detected in CO by Kwan & Scoville (1976) and Zuckerman
et al. (1976). The energy of this flow is around 10*7 erg and it
contains about 10 M, of gas (Kwan & Scoville 1976). The sec-
ond outflow was first described by Genzel et al. (1981) based
on proper motion studies of H,O masers. This outflow is ori-
ented NE-SW, that is, perpendicular to the first outflow and is
much slower at ~18 kms~!. Properties of these outflows are re-
viewed in Genzel & Stutzki (1989). Further outflow motion from
the BN/IRc2 complex is present in the form of the Orion “bul-
lets” (Axon & Taylor 1984) and the associated “fingers” (Allen
& Burton 1993). The fingers lie principally to the NW of OMC1
but some are also visible to the SE (Kaifu et al. 2000). They
are the wake of the fast-moving, diffuse clumps of gas, known
as bullets, moving radially out from OMCI at speeds of sev-
eral hundreds km s™! (Axon & Taylor 1984; Burton 1997; Lee &
Burton 2000; Doi et al. 2002).

Two classes of models have been proposed to explain the
overall structure of OMC1. These models involve either a wind,
with shock instabilities (Stone et al. 1995; McCaughrean & Mac
Low 1997) or an explosive event (e.g. Allen & Burton 1993;
Doi et al. 2002), both of which create bright knots of fast flow-
ing shocked gas. The physical origin of winds and/or explo-
sions is not established. The outflows mentioned above appear
to share a common area of origin in the central part of OMCl1
near radio sources I and n (Menten & Reid 1995). Source I is a

http://dx.doi.org/10.1051/0004-6361:20054304
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deeply buried, massive star observed only in the radio. Source n
is a somewhat less massive star detected both in radio and IR
(Greenhill et al. 2004a,b; Beuther et al. 2004). Evidence has
been presented to suggest both source I and source n as the
driving force behind the slow outflow (Greenhill et al. 2004a,b;
Shuping et al. 2004). Source I is also suggested as the source of
the fast CO outflow based on a different interpretation of the data
(Shuping et al. 2004; Bally & Zinnecker 2005) and the role of
source I remains unresolved.

The age of the two outflows is different; the slow outflow of
18 kms™! has been active for at least 3000 years (Genzel et al.
1981) while the fast outflows are only about a thousand years old
(Lee & Burton 2000; Doi et al. 2002), assuming the same age for
the CO outflow and the finger system. Recent studies of the mo-
tions of BN, source I and source n (Tan 2004; Rodriguez et al.
2005; Gomez et al. 2005) have shown that these massive stars
passed within about an arcsecond of each other about 500 years
ago. This has led to the suggestion that a cataclysmic event took
place due to dynamic instabilities in this close passage, result-
ing in the ejection of one or more of the massive stars from the
core of OMC1 and the launching of the finger-system (Bally &
Zinnecker 2005). The apparent time discrepancy here, 500 years
for the close passage versus 1000 years for the age of the fin-
ger system, may be explained by uncertainties in the ages or by
a deceleration of the finger system as it passed through Peak 1
(Bally & Zinnecker 2005).

OMCI contains a great deal of dense gas evidenced by the
presence of H,O, OH, methanol and SiO masers, the latter near
source I (Menten & Reid 1995; Greenhill et al. 2004b) where
densities of the order of 10° cm™ must locally prevail in order
to sustain H,O masers (Yates et al. 1997). Shock models have
shown that pre-shock densities of 10°® cm™ are necessary to ex-
plain the observed H, brightness (Vannier et al. 2001; Kristensen
et al. 2003, 2006).

High densities coupled with the presence of outflows from
massive stars make OMC1 a prime candidate for shock-induced
star formation as the origin for the cluster of low mass stars in
OMCI1 (Hillenbrand 1997). However very little is known of the
low mass protostellar population of the inner 1’ X 1 OMCI.
The best evidence of the presence of such a population is pro-
vided by the L-band data of Lada et al. (2004) and by the COUP
X-ray data (Grosso et al. 2005) both of which show a significant
number of embedded point sources.

We are concerned here exclusively with observation of vi-
brationally excited H, emission in the K-band (2-2.5 um).
High spatial resolution K-band images of IR emission from
H; in OMCI1 using the HST (Stolovy et al. 1998; Chen et al.
1998; Schultz et al. 1999; Doi et al. 2002), the Canada-France-
Hawaii Telescope (CFHT) (Gustafsson et al. 2003, here-
after G2003), the ESO 3.6 m (Vannier et al. 2001; Kristensen
et al. 2003), the VLT (Lacombe et al. 2004) and other tele-
scopes (e.g. McCaughrean & Mac Low 1997; Schild et al.
1997; Kaifu et al. 2000) have provided the most recent ev-
idence for the presence of fast flows and shocks at small
scales in OMCI1. The present work, covering the area shown
in Figs. 1 and 2, concentrates in particular upon data display-
ing the dynamics of OMCI1. H; v = 1-0 S(1) emission shows
the gas in OMCI1 as highly structured with many bright knots
and there is ample evidence of much violent motion within
OMC1 over a range of scales from 70 AU to 3 x 10* AU
(Gustafsson et al. 2006a). Earlier work concerning gas dynam-
ics (Chrysostomou et al. 1997; Salas et al. 1999, G2003)
showed the presence of numerous gas flows with flow veloci-
ties varying from a few kms~! in relatively dense gas to several
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Fig. 1. The observed area relative to the Trapezium stars (large black
dots). The grey scale image show emission brightness in the H,
v = 1-0 S(1) line. Axes are labelled in arcseconds. The star TCC0016,
at coordinates 0" E, 0” N and marked with a small black dot, is used as
a reference for coordinates throughout this work.
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Fig.2. The regions analysed in this work outlined as small overlap-
ping black boxes. The gray-scale shows emission in the H, v = 1-0 S(1)
emission line. Also shown as large black boxes is the naming conven-
tion for Peak 1, Peak 2 (Beckwith et al. 1978), and region B, the latter
bounded by —2”"——40" E, —18”-17" N, relative to TCC0016. Axes are
labelled in arcseconds.

hundred kms™! (Lee & Burton 2000; Doi et al. 2002). The latter
motions are associated with the finger-system.

The region studied in the present work (Fig. 1) covers the
inner 1’ x 1’ of OMCI, excluding most of the well-studied
outer part of the finger system. Thus the material in the present
study encompasses the region that tends to be subject to denser,
slower outflows, associated with massive outflows from the core
of OMCI and also to a smaller degree with possible local, low
mass star formation.

We work here within the framework of the second class
of the models described above, where an explosive event has
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ejected “shrapnel” to form the bullets shooting through Peak 1
(see Fig. 2 for nomenclature). The bright H, emission in Peak 1
is then due mainly to the large scale energy input from the ex-
plosion which is expressed in part by shocks formed by bullets
ploughing through the gas. There is also an important contribu-
tion due to a turbulent cascade of energy in OMCI1, as described
in detail in Gustafsson et al. (2006b), in which supersonic turbu-
lence may give rise to shocked H, emission. We also note that
Gustafsson et al. (2006b) shows the presence of structure at a
preferred scale of around 1000 AU consistent with a protostellar
population in OMCI1.

G2003 provided an initial report of H, emission data for
OMCI1 obtained with the GriF instrument on the CFHT. These
data, containing information on both morphology and veloc-
ity, showed striking evidence for the presence of shocks within
OMCI. This was provided through the clear association of gas
motions of tens of kms~! with bright IR emission of H,. The
novelty of these data is contained in the association of a very
high spatial resolution of effectively 0.18” (80 AU) with an ef-
fective velocity discrimination as good as 1 kms™! (3¢) in re-
gions of high emission brightness (see Sect. 2).

In the present work the GriF data are reported in detail.
Whereas in G2003 19 regions were identified for study, 193 re-
gions are included here. This affords a much broader perspective
of the nature of flows within OMCI1 and represents a detailed
attempt at extracting the wealth of information contained within
the GriF observations. New features are revealed through this
extended study of the GriF results.

In Sect. 2 the observations and data reduction, described in
detail in G2003, are briefly reviewed. Section 3 describes the
criteria and methods used in selecting and analysing the 193 re-
gions. The mechanism of H, excitation is also briefly discussed.
In Sect. 4 the data are presented in order to give a global view of
the spatial distribution of radial flow velocities and the charac-
teristics of various zones. Section 5 describes the use of data to
establish the orientations of shocks within the plane of the sky.
Then follows a consideration of possible current low mass star
formation in OMCI. In Sect. 6 the origin of the outflow in re-
gion B and its spatial association with continuum sources in the
IR and radio is discussed in detail.

2. Observations and data reduction

Observations made in the H, v = 1-0 S(1) emission line, which
has a rest wavelength of 2.1212544 um (Bragg et al. 1982), are
reported here. The data are used to determine a full radial ve-
locity map of the gas in the central zone of OMCI1. The total
observed field is a ~1” X 1’ area amalgamated from four fields,
each 36” x 36”. The total field is centered approximately on the
BN-object NW of the Trapezium stars (see Figs. 1 and 2). The
data used in this work are the same as those used in G2003, and a
detailed description of the data reduction process is given there.
Here we give only a brief resumé.

The observations were performed on the night of
December 5th 2000 at the 3.6 m CFHT, using the then new in-
strument GriF (Clénet et al. 2002). The GriF instrument com-
bines the high spatial resolution of the PUEO adaptive op-
tics (Rigaut et al. 1998) with spectral resolution provided by a
Queensgate ETSOWF Fabry-Perot interferometer (FP). The fi-
nesse of the Fabry-Perot is 104 and the resolution is A/Ad ~
2000, that is, 150 kms~!. For each of the four fields the FP was
used to scan through the Hj line in steps of ~4.5x107* ym from
a point in the far blue wing to a point in the far red wing, using
8 to 12 settings. The step size was chosen to provide adequate

951

sampling of the instrumental profile. This procedure yields a
data cube showing brightness in each position (pixel) for a series
of wavelengths. A H; v = 1-0 S(1) interference filter of central
wavelength 2.122 ym and bandwidth of 0.02 ym was inserted
between the FP and the detector to prevent the superposition
of different FP orders. For each field a single 400 s exposure
was made. Reference stars for the AO system were TCCO0016,
Parenago 1819 and Parenago 1838. Data reduction included dark
and bias subtraction, flat-fielding, bad pixel rejection, 2D wave-
length correction and subtraction of the sky background. The
latter was obtained from images made from data in the far wings
of the line.

The spatial resolution of the data was 0.15”, estimated from
the FWHM of the point spread functions of stars in the field. The
pixel scale was 0.035”. The data were smoothed with a moving
boxcar average over 3 X 3 pixels to increase the signal-to-noise
with only a minor loss of spatial resolution. yielding a resolu-
tion of 0.18"”. To determine radial velocities in a specific posi-
tion a cut was made through a data cube giving the count rate
for each observed wavelength, that is, a line profile. This profile
was then fitted with a Lorentzian since this represents the line
profile of the FP (Clénet et al. 2002). In addition a line profile
is also extracted from a data cube recorded with a spectral cal-
ibration lamp. This provides an absolute wavelength reference.
Shifts between peaks for the fitted profiles for observational data
and calibration data yield radial velocities, where velocities are
obtained from peaks in fitted profiles. As described in G2003,
fits could be performed with very high precision for high S/N
data and the instrument showed a very accurately symmetrical
and Lorentzian characteristic form.

Due to the high signal-to-noise ratio in the data we obtain a
velocity resolution as good as +1 kms™' (307) in one region in
Peak 2, flow 2-10, see Table A.2. 25% of regions are sufficiently
bright that the velocity uncertainty is better than 1.5 kms™! (307)
and for 80% of regions the figure is +2 kms~! (307). Velocities
of the gas surrounding regions of flow typically have uncertain-
ties of 3—4 kms™!. A detailed account of the errors associated
with velocity determination may be found in Gustafsson et al.
(2006b). An empirically determined expression for the stan-
dard deviation in the velocity in kms™', a little modified from
Gustafsson et al. (2006b), is given by

o =-9.37+3.05exp(~I - 6.93) + 10.11 exp (=1 - 0.026) (1)

where I is the brightness in counts pixel™' s! for the peak emis-
sion associated with the Lorentzian fit. For example a typical
count rate of 300 in a 400 s exposure, corresponding to I = 0.75,
yields a 30 value of ~1.7 kms~!.

Resulting velocity data show velocity profiles of a clear regu-
lar structure, shown for example in Fig. 3, characterised by well-
defined localised peaks in the velocity. A specific example in the
SE region was given in G2003, Fig. 2, and illustrates the high ac-
curacy with which relative velocities in close lying regions may
be obtained.

Because of the 150 kms~! resolution of the FP, the
Lorentzian fit at a given point cannot show details in the line
profile significantly smaller than this resolution. The velocity
determined from the fits is therefore a brightness weighted
average velocity of the gas in this direction rather than a
resolved line profile. Such a profile could only be achieved by
high intrinsic spectral resolution observations such as those
of Chrysostomou et al. (1997). The uncertainties in velocities
cited above are statistical uncertainties resulting only from
noise and cannot take into account any effects of different
objects lying in the same line-of-sight but with different median
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velocities. In this connection less than 2% of the profiles
are double peaked. Where this was found the velocity of the
brighter of the two peaks was chosen. As discussed in detail
in G2003, our procedures thus reject weaker objects and are
ill-suited to the detection of relatively faint bullets in the field.
We are aware of two cases of such faint objects superposed
on brigher, slower moving features: HH208 (Axon & Taylor
1984; O’Dell et al. 1997), and that mentioned in G2003. In fact
we detect a low velocity component of HH208, object B-42,
Table A.3. Very high velocity objects (>150 kms™!) are also
rejected through the limited range of the velocity channels.

The above figures for velocity and spatial resolution may be
compared with the high inherent spectral resolution of 14 kms~!
in Chrysostomou et al. (1997) and 24 km s7! in Salas et al.
(1999), where data were recorded with a spatial resolution be-
tween 1.5 and 2.0".

We have calculated the mean velocity of all our data and
then shifted all our values such that this mean becomes 12 +
6 kms~!. Thus figures of velocity quoted, save those for flow
velocities, are effectively in the local standard of rest (vj;), since
the value of 12 +6 km s~ is consistent with the vy, given by data
in Chrysostomou et al. (1997), Salas et al. (1999) and O’Dell
(2001). This adjustment of the velocities is however not material
to this work, as we are concerned with relative velocities over
small distances of typically a few arcseconds. For further details
on observations and data reduction see G2003 and references
therein.

Throughout this paper (save in Fig. 12) all positions are given
in arcseconds east and north relative to the star TCC0016, which
itself is situated at 05"35™14391, —05°22/3931 (J2000).

3. Data analysis
3.1. Identification and characterization of emitting zones

Data for the 193 regions analysed here, are collated in
Tables A.1-A.3 (available in the online version). All flows are
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Fig. 3. a) Flow No. 1-61: see Table A.1. The
vertical axis shows vy, in kms™'. Brightness,
in counts per 400 s, is shown on the bar above
the picture. The plane of the sky is shown in
arcsec, relative to TCC0016. b) Flows No. B-
44, B-45 and B-46: see Table A.3. Otherwise
as in a). ¢) Flow No. 1-74: see Table A.1. This
is an example of a feature which shows no clear
velocity peak exceeding 5 kms™.

designated by number in these tables. The tables each refer to
one of the three regions into which the full region has been sub-
divided, namely Peak 1, Peak 2 and region B (see Fig. 2 for
nomenclature).

Features were identified on the basis of their brightness
and our concomitant ability to locate boundaries for any fea-
ture. Thus all features show a well-defined localized increase in
brightness compared to the surrounding gas. Each of these fea-
tures has been examined for evidence of a local gas flow. This
was done by making 3D-images of each region, where these im-
ages show radial velocity and emission brightness as a function
of the position in the plane of the sky. Two illustrative exam-
ples of features exhibiting flows are shown in Figs. 3a and b,
where the axes labelled in arcseconds give the position in the
plane of the sky and the z-axis shows the radial velocity of the
gas. A colour code associated with every image shows the ob-
served brightness as the number of counts per exposure of 400 s.
This can be converted to brightness through the use of the value
of 3.0 £ 0.15 x 107 Wm™2sr~! found in Vannier et al. (2001)
for the brightest region observed here’. Using this value it is
found that a count of 100 over the 400 s exposure corresponds to
~3.5 % 107® Wm=2sr~!. This conversion may be applied to all
regions (and all figures in this work) with the proviso that sys-
tematic errors may arise through differing conditions of airmass
and of the atmosphere prevailing at the times of observation.

Figure 3a clearly shows a very localized increase in the radial
velocity® and the brightness. The typical extent of the areas that
show this phenomenon of strong localised brightness is 0.5”—1"
in all the 193 regions identified in the data. All regions are there-
fore well resolved, given a spatial resolution of 0.18”.

2 The brightest region is in Peak 2 at coordinates 15.82” E, —1.61” N,
see Table A.2, flow No. 2-10.

3 In the remainder of this article, velocity should be taken to mean
the radial velocity unless otherwise specified.
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Data for each region have been characterised in terms of the
following properties:

(i) the maximum velocity relative to the surrounding gas;

(ii) the maximum brightness;

(iii) the displacement in the plane of the sky between the max-
ima in velocity and brightness.

(i) The maximum velocity of the flow relative to the sur-
rounding gas is found by taking the maximum velocity recorded
in the region of interest and subtracting the average velocity of
the surrounding gas. The latter may be estimated with a typi-
cal uncertainty of 34 kms~! (see Sect. 2). The resulting flow
velocity contains this uncertainty. Thus these velocities are less
accurately determined than relative velocities between adjacent
bright regions. Using Fig. 3a as an example, the velocity of the
surrounding gas is 8 + 3 kms~!. The tip of the velocity peak
is at —24 + 1 kms™! and thus the flow velocity relatively to the
surroundings is 32 + 4 kms~! (30).

In 64 out of the 193 regions there is an increase in bright-
ness similar to that found, for example, in Figs. 3a and b, but
with no corresponding velocity structure. An example is shown
in Fig. 3c. These features will be referred to as features with
weak radial velocity components (WRVs). Figure 3¢, which is a
typical such object, demonstrates that velocity variations are of
the order of less than 5 kms™!, with no clear velocity structure.
This is therefore used as a definition of WRVs, which are de-
fined as those objects with a localized maximum in brightness
but which show no velocity excursions from the surrounding
gas greater than 5 kms™'. WRVs according to their brightness
and extent may arise from flows close to the plane of the sky.
However, some of these features could also be bright photodis-
sociation regions (see Sect. 3.2).

(ii) The maximum brightness is the highest recorded bright-
ness within the confines of any region after the 3 X 3 boxcar
smoothing mentioned in Sect. 2.

(iii) Spatial displacements of brightness and velocity features
are listed in Tables A.1-A.3. There exists a strong spatial corre-
lation between the local peaks in brightness and velocity: the
distance in the plane of the sky between the two peaks is typ-
ically less than the extent of either peak. That is, they overlie
each other in the great majority of cases, with the maximum in
velocity lying within the area where the emission associated with
the flow is more than twice the background emission. Figures 3a
and b illustrate this general property that features of velocity and
brightness are closely associated in the plane of the sky.

3.2. The origin of the H, emission

The mechanism by which the H, emission is formed is briefly
discussed here. This has already been considered in Vannier
et al. (2001), Kristensen et al. (2003) and G2003. Vannier et al.
(2001) described in detail, using the shock models of Wilgenbus
et al. (2000), how the brightest regions in the Peak 2 could
arise from magnetic (C-type) shock compression of dense gas
at pre-shock densities around 10® cm™ by shocks travelling
at 30 kms~'. Le Bourlot et al. (2002); Flower et al. (2003);
Kristensen et al. (2003, 2006) expanded on these results and
showed that C-type shocks of typically 25 kms~! impinging on
dense gas (>10° cm™3) readily produce the brightest emission
(>107 Wm™2sr~!, >300 counts per 400 s) while photodisso-
ciation regions (PDRs) and J-type shocks make smaller contri-
butions (see below). Using shock models and limiting their in-
vestigations to Peak 2, Vannier et al. (2001) sought to find if
quantitative evidence could be established that shocks have col-
lected enough gas and compressed it sufficiently to overcome
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the Jeans criteria. This work was therefore directed towards dis-
covering if shock-induced star formation is an active mecha-
nism. They found that in the brightest region in Peak 2 (15.8” E
—1.6"” N) the density was high enough to overcome the Jeans
criteria over a region containing about 0.15 M,

Shock-induced star formation is envisaged to take place on a
timescale of 10*™ years assuming free-fall collapse. Therefore
any presently existing protostars cannot be associated with the
current outflows, since these are too young. Shocks which may
have induced protostar formation must have passed through the
medium at a period 104~ years ago and are now no longer in
evidence.

Both Kristensen et al. (2003) and G2003 addressed the ques-
tion of the relative importance of shocks and PDRs in yielding
the observed H, emission brightness. 6'0ri C generates a UV
field, at around 100 nm, more than 10° times greater than the
standard interstellar field. Detailed models for H, emission have
been devised, for example in Storzer & Hollenbach (1999), for
UV fields of this intensity falling upon dense gas, including ad-
vection and photoevaporation (Henney & O’Dell 1999). These
models show that the maximum contribution to emission bright-
ness in the H, v = 1-0 S(1) line from PDRs does not exceed a
few times 107 Wm™2sr™!, given a line-of-sight normal to the
PDR. For this geometry, the PDR contribution to the bright-
ness is therefore no more than 10% to 15% of the maximum
observed here. Note that with a few exceptions all of the areas
examined in this work have a maximum brightness which is 25%
or more of the observed maximum brightness. Thus all regions
show clear evidence of flows with a brightness above the 15%
limit for PDR contributions. The issue of a PDR contribution
is re-examined briefly in the discussion of weak radial velocity
components (WRVs) in Sect. 5.3. The conclusion presently is
that the brightness due to photoexcitation is a generally minor
though non-negligible contributor to the H, emission observed
here (Kristensen et al. 2003).

4. Results

To illustrate the nature of the data collated in Tables A.1-A.3, all
features have been plotted in Fig. 4, where each circle marks an
individual feature. The radius of the circle is proportional to the
maximum brightness, and the colour shows whether features are
red-shifted (red circles), blue-shifted (blue circles) or if WRVs
were found to be present (yellow circles).

4.1. Flow velocities

Figure 5 shows the number of flows for a given velocity for
Peaks 1 and 2 and region B. Several properties of the flows are
apparent:

(i) The fraction of red-shifted flows compared to blue-shifted
is similar in Peaks 1 and 2, with 33% in Peak 1 and 45% in
Peak 2. There are thus overall fewer red-shifted than blue-
shifted flows. The detection of bright H, emission is influ-
enced by the local dust optical depth. The near-IR may be
strongly obscured in OMCI (Rosenthal et al. 2000). Since
the densities may exceed 107 cm™, one hundred to a few
hundred AU depth of material is sufficient to obscure H;
emission. Thus material is preferentially observed emerg-
ing from the obscuring dust, rather than retreating into it,
that is, blue shifted flows are expected to be detected more
readily than red shifted, as found.



H. D. Nissen et al.: Shocks in Orion

954

*K}TIO0TOA WINWITXEW PUB SSOWYSLIq WNWITXEW UaaM)aq Juawade[dsIp oy 0} spuodsairod weiSerp Iejs yoea Ul saul|
Y Jo yISud[ Ay, ‘uoI3ar uaAlS e ur s9[3ue uonisod [[e moys Jou1od puey o[ 1oddn oy ur sweISeIp Iejs Ay, "9[OIId Y} U SUI] Yor[q B AQ UMOYS ST ‘[°G 109§ 935 ‘PAUTWLIP JI ‘MO [ord Jo J[3ue
uontsod oy, "(€°G PUe ¢’ "S109S 99S) T Y SSOIOE SAYA JO SUI[ 97} JO SUOTJBIUALIO I} UYSP SAXe ISy aY) U0 ) pPue J SIUTOJ "(SI[OIIO MOT[RK) IXa) 935 — SAYAL “@INIea] AJIO0[oA TBI[O OU YIIm
10 (S9[OI15 aN[q) PAYIYS-AN[q “(S[OIIO PAI) PIAJIYS-PAI ST MOY B JOYIAYM SMOYS J[OIIO B JO INOJ0D Y, "SSAWIYSLIq wnwrxew ay) 0) [euoniodoid s1 9[o11d Y Jo snipel ay) pue ‘QInjed) € Jo ssauysLq
wnwIrxew Jo uonrsod ay) SYTEW [OII0 YOS JO 9IUID AU, "OUT] UOTSSTWIA STY) UT JIoM Juasaid oy} UT paynuapl saInjedj ¢4 [[& MOUs SI[OIT)) *(91eds-Aeid) wirf [ g e uorssmuia (1)S 0—1 = @ °H p*S1q

29Ssdl1e
0¢
L1l i I B Y | i I Y Y i I B I | i
02 . -
— Tead —0b-
- o -
— —0
— 0l
n O [
N - 3
| L (0]
] — o
—] —0z
] guoibey Zead -
— % MW —0g
= Pead -
] S 29s0Je G0 o




H. D. Nissen et al.:

Peak 1, Peak 2

Shocks in Orion 955

Region B

Divided by 5

Fig.5. Histograms showing the number of
flows with a given radial velocity relative to
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the velocity of the immediate surroundings in

each of the three main regions. Velocities are
binned over 4 km s~!. Weak radial velocity fea-
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(ii) Compared to Peak 2, Peak 1 has a large over-representation
of WRVs, as evidenced by Fig. 5a and as is clear from
Fig. 4. WRVs in Peak 1 may have a different origin from
other features in Peaks 1 and 2, possibly arising from an
outflow associated with the BN-IRc2 region and/or with a
possible PDR contribution. This is discussed in Sects. 4.3
and 5.3.

The total number of flows in Peak 1 and Peak 2 is 40 in
each case, excluding WRVs. Since Peak 2 is less than half
the size of Peak 1, the density of flows is correspondingly
larger in Peak 2.

In region B all flows are blue-shifted and the velocities are
distributed around an average value of ~—18 kms™! with a
spread of 8 kms™!.

For both Peak 1 and Peak 2 the red- and blue-shifted flows
appear clumped around +10 kms~! and —10 kms~! respec-
tively. Alternatively there may be a single distribution of
flows around zero velocity. Note that the WRVs in Fig. 5
are binned over 10 kms~!, whereas velocities are binned
over4 kms™!.

Flow velocities lie between a few kms™! and an upper limit
of ~35-40 km ™! for the radial velocity. With regard to the
hypothesis that some of the flows may be associated with
protostellar outflows, these figures agree with results from
Davis et al. (2001) where flow velocities of 540 kms™!
are recorded for a sample of 9 protostellar zones. The upper
limit is consistent with results in Le Bourlot et al. (2002)
for the critical velocity at which a C-type shock collapses
to J-type, in gas of pre-shock density 10°—~10% cm™.

(iii)

(v)

(v)

(vi)

Our general conclusion at this stage is that H, emission in
Peaks 1 and 2 represents a combination of outflows from massive
stars within OMC1, which dominate on account of their massive
energy injection, combined with local flows, perhaps due to pro-
tostars or local supersonic turbulence.

4.2. Displacement of velocity and Hy emission brightness

Figure 6 shows the distribution of displacements between asso-
ciated maxima in brightness and in velocity for each region. We
find that for 2/3 of the flows the displacement between maxi-
mum velocity and maximum brightness is <0.6”, and less than
10% show a displacement of >1.0”. This should be compared

[l

04 06 08 1.0 1.2 1.4
arcsec

ment between the maxima in brightness and ve-
locity for each of the three main regions.

to the typical extent of a peak in velocity or brightness which
is of the order of 0.5—1". Data in Fig. 6 quantify the earlier
statement that a strong correlation exists between the positions
of maxima in brightness and velocity (Sect. 3.1), implying that
these are phenomena which are directly connected.

4.3. Spatial distribution of flows with weak radial velocity
components (WRVs)

Several features are apparent in the spatial distribution of WRVs.

(i) WRVs comprise only a small proportion of the total number
of flows in Peak 2 while in Peak 1 they outnumber all of the
flows identified.
As explained in Sect. 3.1 the appearance of WRVs in shape,
extent and maximum brightness is very similar to that of
non-WRVs. If on this basis we assume that the WRVs are
shocks moving in or near the plane of the sky, we find
that this implies an inhomogeneous distribution of motion
within Peak 1. This may be shown as follows.
If the general flow pattern in Peak 1 were homogeneous
in three dimensions, then an estimate may be made of the
number of flows that are expected to fit into the category of
WRVs.
Given that typical shock speeds in OMCI are ~30 kms™!
(as suggested by results in Vannier et al. 2001; Kristensen
et al. 2003, 2006), the limit imposed on the radial velocity
to define a flow as a WRV, vygia < |5 kms™|, corresponds
to flows moving within approximately +10° of the plane of
the sky. This is illustrated in Fig. 7. For a homogeneous dis-
tribution of flow direction, the number of flows designated
as WRVs relative to the total number of flows should equal
the relative area of a band on a sphere around the equator
from —10° to +10° (=n/18 rad.):
No. of flows in the /18
plane of the sky f_ﬂ//lg 27 cos 6d6 ~0.17
total No. of flows 4x T
Correspondingly the non-WRVs should comprise 83% of
the flows. As noted in Sect. 4.1 there are more blue- than
red-shifted flows. If we assume that the small excess of blue
over red-shifted flows is due to extinction, then a good esti-
mate of the true total number of flows is given by twice the
number of blue-shifted flows, rather than simply of sum of

(it)

@)
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Fig. 7. Illustrating the ratio of the number of flows showing less than
5 kms™! radial velocity (WRVSs) to the total number of flows: see
Sect. 4.3 and Eq. (2).

red and blue-shifted objects. Thus we estimate that the total
number of non-WRVs to be 44 in Peak 2. The correspond-
ing number of WRVs in a model of homogeneously directed
flows should then be 9. This agrees well with the 10 exam-
ples observed. The same model applied to Peak 1 suggests
that ~11 WRVs should be seen. However 47 WRVs are ob-
served in Peak 1. The above results do not change signifi-
cantly if a typical shock speed of 25 or 20 km s~! is assumed
instead of 30 kms~!. Thus the flows do not form a spatially
homogeneous sample in Peak 1 but lie preferentially in the
plane of the sky and appear disproportionately as WRVs.
The data in Fig. 4 show not only that there is a considerable
excess of WRVs in Peak 1 but also that there is the appear-
ance of a concentration of WRVs along a direction on the
eastern side of Peak 1 from —8” E, 47” Nto -31"” E, 21” N
along the line connecting points P and Q in Fig. 4. This line
(or slit) is ~30” long but only a few arcseconds wide. To as-
sess whether this is a genuine feature of the data or merely a
trick of the eye, a slit of length 30" and width 2.5” has been
placed at all positions and for each position at all angles
over the data for Peak 1 in Fig. 4. In each case the number
of WRVs has been counted within the slit. Figure 8 shows
the number of WRVs in the slit at the optimum angle in the
sky to pick up the maximum number of WRVs, that is, at
a position angle of 220°, as a function of the perpendicu-
lar distance of the slit from TCCO0016. This corresponds to
the slit being placed along lines parallel to the line connect-
ing points P and Q in Fig. 4. The presence of a very clear
maximum maximorum indicates that there is a genuine con-
centration of WRVs at the position designated.

A further property distinguishes the WRVs in the front iden-
tified in Fig. 8 from all other features. An investigation of
the morphology of the H, emission in the WRVs in the
front reveals that ~2/3 of these objects show a very much
more broken up morphology than that typically seen in fea-
tures elsewhere in Peak 1 and Peak 2, for which emission
is clearly associated with radial motion. Moreover, even in
other WRVs, outside of this concentration, such a broken
up morphology is only seen in 10-15% of the cases. The

(iii)

(v)

H. D. Nissen et al.:

Shocks in Orion

15

No. of WRVs
L
T

S T

20 30 40 50 60
arcsec

Fig. 8. The number of WRVs in a slit placed across Peak 1 at a position
angle of 220° as a function of perpendicular distance between the slit
and TCCO0016. The position of the peak at 37" corresponds to a slit
placed along the line connecting points P and Q in Fig. 4.

broken-up morphology associated with the concentration of
WRVs is illustrated in Fig. 9b. This may be compared to
the relatively uniform increase towards a single maximum
seen in most other WRV objects such as the WRV shown in
Fig. 9a. A possible origin of broken-up structure is briefly
considered in Sect. 5.3.

4.4. Grouping of flows

In the present section we exclude WRVs and consider how
the remaining objects for which radial velocities can be mea-
sured are spatially distributed. Figure 10 shows how many blue-
and red-shifted flows lie within a distance of 1200 AU (2.6”)
from any given point, where each flow is represented by a cir-
cle of radius 1200 AU. A radius of 1200 AU was chosen be-
cause this covers the typical distances between individual ob-
jects in binary or multiple star formation, e.g. Bate et al. (2003);
Delgado-Donate et al. (2004). This is also the scale where
Gustafsson et al. (2006b) find very clear deviations in their struc-
ture functions, indicative of a preferred scale. Figure 10 illus-
trates whether the flows have a tendency to be grouped together
or are spaced equally across the entire area. Peak 1 and Peak 2
show different character. In Peak 1 the flows are distributed
rather evenly across the entire area, with only one position show-
ing a large number of flows in a small area, around the position
—22" E, 36” N. In Peak 2, flows are more grouped with some ar-
eas showing 68 flows within an area of ~2500 AU in diameter
around positions 1” E, 5 N and 9” E, 1" N. Taken together with
the observation, reported in Sect. 4.1, that the spatial density of
flows is approximately twice as high in Peak 2 as in Peak 1, these
results imply that Peak 2 is a more active region than Peak 1.

4.5. Further characteristics of the outflow in region B

As noted, all flows are blue-shifted in region B and the mean
of the velocities is significantly greater than in Peaks 1 and 2.
Moreover region B contains, among the 49 objects in total, five
clear examples of bow shocks, based on the morphology of the
H, emission. An example is displayed in Fig. 11, the left-hand
panel of which shows a NAOS-CONICA adaptive optics image
obtained with the VLT (Lacombe et al. 2004), lacking velocity
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Fig. 9. a) Flow No. 1-57: see Table A.1. A smoothly structured WRV
situated in Peak 1 but not in the flow front described in the text:
Sect. 4.3. b) Flow No. 1-7: see Table A.1. A highly structured WRV
feature lying in the flow front. The bar above shows brightness in counts
per 400 s.

-10.5 -11.0

data but showing the morphology in graphic detail, and the right
hand side showing the GriF results, including velocity data as
contours.

The structure in region B appears at first to consist of dis-
connected fragments of emission, which may reflect inherent
clumpiness in the gas. However, on close examination it is found
that there is weak emission connecting some of the prominent
bright features shown in Fig. 4. An example is shown in Fig. 12.
A ridge of very weak emission, at the level of 30-60 counts
per 400 s, corresponding to velocity uncertainties of 5-8 kms™!
(30), can be identified connecting three bow-shocks. Velocities
in this ridge vary between —10 and 30 kms~'. Thus the out-
flow region represents a concerted bulk motion, though diffuse
in places.

5. Discussion

Discussion here centres on whether all the emission observed
is due to action of outflows originating in massive stars buried
in OMCI1 or whether some emission is generated due to local
events. Local activity could arise either indirectly due to the en-
ergy input from massive stellar outflows, causing a cascade of
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supersonic turbulence (Gustafsson et al. 2006a,b), or could arise
from outflows from protostars actively forming within OMCI1.
Turbulent motion or local outflows from low mass star for-
mation would be expected to show no overall preferential direc-
tion of motion within the plane of the sky, with each site or group
of sites acting independently of any other. This is in contrast to
shocks associated with the large scale outflows which would be
expected to inherit, at least in part, the direction of motion of the
parent outflow. This point is examined in Sect. 5.1 below.

5.1. The orientation of shocks in the plane of the sky

This section considers how data for the displacement of the max-
ima in velocity and brightness in any chosen feature, recorded in
the final column of Tables A.1-A.3, may be used for the deter-
mination of the orientation of shocks in the plane of the sky.

In brief a shock consists of two shock fronts: an outer bow
shock which heats and accelerates the surrounding medium and
an inner shock, the Mach disk, where the inflowing material driv-
ing the shock impinges on the material decelerated behind the
outer shock. Relative to the surrounding gas we expect to see
the highest velocity at the Mach disk, whereas the brightness is
expected to peak at the apex of the outer shock.

On this basis the brightest emission and the highest ve-
locity are expected to be closely spatially associated and the
shock travels in a direction from maximum velocity to maxi-
mum brightness. This model will be referred to as the veloc-
ity to brightness model. In some cases observations clearly sup-
port this model. An example is shown in Fig. 11, object B-43,
Table A.3. Here the maximum velocity is spatially displaced
from the maximum brightness by 0.3” and the object gives every
appearance of a bow shock travelling in the direction of maxi-
mum velocity to maximum brightness. A counter-example to the
above is however furnished by object 2-20 in Table A.2. Here the
bow shape of the emission suggests motion in a NW direction,
whereas application of the velocity to brightness model for the
shock motion indicates motion in the SE direction. Furthermore,
in areas with a high spatial density of flows, perhaps indicative
of a multiple star forming region (see Sect. 5.2), closely situated
pairs of outflows where one is red-shifted and the other blue-
shifted are seen. However, for all pairs of red- and blue-shifted
shocks where position angles are determined by the maximum
velocity to maximum brightness flow direction model (see be-
low), the flows appear to be converging in the plane of the sky. If
any pair of flows formed a bipolar outflow, they would clearly be
expected to be found diverging, that is, moving apart from one
another. An example of this discrepant behaviour may be found
in Fig. 17a showing flows 1-76 and 1-81 (see Table A.1).

Failure of the velocity to brightness model will arise if ef-
fects of optical depth are paramount in determining the location
of maximum brightness. The brightness of emission is a func-
tion not only of the local efficiency of excitation associated with
local loss of kinetic energy, but also of the column density of
gas which is observed. Thus a shock travelling at some arbitrary
angle may appear brighter behind the position of maximum ve-
locity by virtue of its bow form, although locally the emission
is weaker than at the tip of the shock, where the latter is of low
column density. This model is illustrated in Fig. 13, and was de-
scribed in G2003. This model will be referred to as the column
density model.

The common feature of both models is that the maximum in
emission and the maximum in velocity lie on a vector defining
the orientation of the shock in the plane of the sky. However,
in the absence of a full 2D or 3D C-type shock code for
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Fig. 10. Spatial density of emission features as-
sociated with flows, showing the number of
flows within ~1200 AU of any given point.
The colour scale illustrates the number of over-
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Fig. 11. Left hand panel: a H, v = 1-0 S(1) VLT image of flow No. B-
43, Table A.3, taken with the NAOS-CONICA adaptive optics sys-
tem, with a spatial resolution of ~35 AU: see Lacombe et al. (2004).
Right hand panel: the same object obtained with the GriF instrument on
CFHT, with a spatial resolution of 70 AU. Contours show velocity and
colours show brightness in counts per 400 s. The maximum in velocity
is =36 kms™! at 20.2” E, —-6.5” N. The interval between contour lines
is4kms™'.

H; excitation including chemistry, it is not possible to determine
which processes and thus which model may be relevant in any
particular case, save where the morphology clearly indicates a
bow shock (as in Fig. 11). Tables A.1-A.3 quote position an-
gles measured east of north (i.e. counter-clockwise) based on
the velocity to brightness model where shocks are travelling in
the direction from the position of maximum velocity to the po-
sition of maximum brightness in the plane of the sky. However,

I
—40

lapping features at any point. See Sects. 4.4
and 5.2. Axes are labelled in arcseconds.

with a few exceptions where the morphology of the flow would
appear to dictate the absolute position angle, e.g. Fig. 11, these
position angles are uncertain by 180° with respect to absolute
direction as discussed above. The exceptions are marked with a
star and are found only in Table A.3 for the outflow region B.
The uncertainty in the position angle is estimated to be ~+25°,
decreasing with increasing displacement. The uncertainty stems
from the determination of the positions of the maxima. A dis-
placement of <0.25” of maximum brightness and maximum ve-
locity is close to the resolution limit, and small variations in
displacement would have a large influence on derived position
angles. Position angles are therefore only determined where the
displacement is >0.25".

It should be noted here that clumpiness in the medium into
which the shock is propagating could result in significant de-
viation between the vector joining the maximum in velocity
and brightness for a given shock and the true velocity vec-
tor of the shock. In separate work in progress, we have com-
pared the orientation angles found here with proper motion data
(N. Cunningham, private communications). With the limited
data presently available, we find that there appears to be good
agreement (e.g. +30°) between the velocity vectors determined
from proper motion studies and those derived on the basis de-
scribed here.

An important consideration is whether the position angles
are dominated by a general outflow motion from the BN-IRc2
area or are approximately isotropic in distribution in each main
region (Peak 1, Peak 2 and region B). Figure 14 show the dis-
tribution of position angles binned over 30° intervals, with the
reservation that individual position angles may be incorrect by
180° (see above discussion). In this connection, the assumption
has been made that one or the other model for position angles
(velocity to brightness model or column density model) will
dominate in a given zone. On this assumption, any preferred
directions can be found by looking for anisotropies in the dis-
tribution of position angles. Rebinning the histograms in Fig. 14
to just two bins of width 180° and then shifting the absolute po-
sitions of the bins to cover all possible combinations will show
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Fig. 12. GriF data for three bow shocks within the outflow region B.
Left-hand image: H, emission brightness in v = 1-0 S(1). The bar
above shows brightness in counts per 400 s. Right hand image: velocity
data for the same field. The colour scale show velocity in kms™'. The
orientation of the images is such that north points at an angle of 24°
measured clockwise as indicated on the figure. The objects involved,
lying 15” to 20” SW of source I (see Fig. 4) are B-43 to the south (see
also Fig. 11) and B-35-37 in the north, see Table A.3. Axes are relative
to the bottom left hand corner of the figure, not to TCC0016.
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Fig.13. An illustration of the proposed geometry by which position
angles are estimated in the column density model (see Sect. 5.1). V’s
marks the position of the observed maximum in velocity and B’s in
brightness in the plane of the sky. a) A flow moving in the line of sight:
the maxima in brightness and velocity coincide. b) A flow moving at
an angle to the line of sight: the maximum in brightness will appear at
some point behind the tip of the shock. A vector through the two max-
ima then gives the direction of the flow projected onto the plane of the
sky, the position angle.
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Table 1. Good protostellar candidates, “candidates”, (upper half of ta-
ble) and weaker candidates, “possible candidates”, (lower half) in the
area of OMCI1 covered in the present work, based on data taken from
Muench et al. (2002). For purposes of cross-reference, we have adopted
the numbering of Muench et al. (2002).

Protostellar candidates in OMC1
Candidates
K-L>15;J—-H>1.0orJ— H undetermined.

Muench et al. Coordinates Colour indices
numeration rel. to TCC0016 K -L J-H
00506 -183 -17.1 5.77 —
00543 9.5 -7.2 3.29 —

00557 -0.9 -5.0 2.32 >1.82
00560 -38.4 -2.3 3.03 >0.82¢

00569 -24.0 -0.1 3.57 —
00572A -3.6 0.6 1.52 >2.67¢
00576 19.2 1.6 1.77 1.07
00578 -14.6 1.6 4.42 —
00580 4.4 2.4 2.76 3.77
00583 -8.3 3.0 1.50 1.86
00596 14.6 5.9 1.53 1.11
00598 -84 6.3 2.99 3.30
00603 -0.6 7.5 2.22 1.02
00614A -2.9 9.4 2.81 >4.65¢
00645 -17.6 17.1 1.82 1.32
00709A -9.2 34.7 1.99 1.25
00726 -16.7 394 2.55 2.94

Possible candidates
No Lband ; H— K > 2.0 or K band photometry only.

Muench et al. Coordinates
numeration rel. to TCC0016 H-K My
00552 -20.9 -6.1 2.81 13.03
00554 4.7 -5.8 >2.79 15.01
00561 15.8 2.1 343 13.22
00570 -5.7 0.0 >3.00° 14.80
00585 -10.7 34 3.19 10.96
00591 -11.1 4.9 3.49 10.97
00594 1.5 5.2 >3.85° 13.95
00609 —40.8 8.3 >1.63° 16.17
00610 -9.2 8.5 6.09 12.44
00634 -8.6 14.2 3.35 10.78
00665 -17.1 21.7 2.04 11.01
00691 -25.1 29.3 3.05 13.39
00695 -37.4 30.4 3.13 15.59
00698 -44.0 31.1 >2.91° 14.89
00713 -47.7 36.1 >2.99% 14.81

@ Muench et al. quote a detection limit of 18.15 in J band. * Muench
et al. quote a detection limit of 17.8 in H band.

anisotropies as large differences in the number of flows in each
bin. This corresponds to placing a line across the star diagrams
in the inset in Fig. 4 and counting the number of flows on each
side of the line. If the line is rotated (corresponding to the bins
in Fig. 14 being shifted) any preferred direction will appear as
a maximum in the ratio between the number of flows on each
side of the line when it is at an angle perpendicular to the out-
flow direction, decreasing to roughly unity as the line is rotated
to be parallel with the direction of overall motion. If there is no
preferred direction of motion the ratio should be approximately
unity independent of the angle of rotation. Figure 15 shows this
ratio as a function of angle measured counter-clockwise from
north for each main region. The ratio is calculated so that it is
always >1.

Region B (Fig. 15¢) shows a high degree of anisotropy
around 140°-160° and a minimum around 50°-70°. As
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described above, this property, with a maximum and a minimum
perpendicular to the maximum, indicates that the motions are
dominated by an overall outflow motion. In this case the motion
is along a line oriented at position angle ~50°-70°, that is, ap-
proximately NE-SW. The nature of this outflow in region B will
be discussed further in Sect. 6.

Figure 15a (for Peak 1) shows a minimum around 130°-160°
and a maximum at 20°-50°. This is similar to the structure ob-
served for region B although the maximum is less pronounced.
This suggests that the observed flows in Peak 1 are also partly de-
scribed by an outflow motion (towards the NW in this case), but
not to the same degree as in region B. Finally Peak 2 (Fig. 15b)
shows only very weak maximum-minimum structure, with a dis-
tribution of position angles which is close to isotropic. This in
turn suggests that the flows observed in Peak 2 are only weakly
affected by general outflow motion and tend rather to be indi-
vidual flows, such as might arise from local star formation or
turbulence.

5.2. Protostars and star forming regions in OMC1

Patterns of gas motion and spatial distribution of flows are exam-
ined here for Peaks 1 and 2. Our discussion provides arguments
in favour of on-going low mass star formation in OMCI1. The
major source of energy injection into OMCI is at 0.1 pc scales
(20000 AU) through outflows from massive stars and as part
of a large scale cascade of turbulent energy (Gustafsson et al.
2006b). Thus the major proportion of the flows, both large and
small scale, identified in the present work are an expression of
the turbulence inherent in the gas through massive stellar out-
flows from the BN-IRc2 complex (Shuping et al. 2004; Greenhill
et al. 2004a,b) and of shocks generated by the passage of ejecta
such as the bullets. However the gas dynamics may also be influ-
enced by low mass star formation. Outflows from low mass stars
would provide an additional source of energy and generate flows
at smaller scales of a few arcseconds, 10002000 AU, through
bipolar outflows from isolated protostars or multipolar outflows
from multiple star formation (see Figs. 17a—c). Such events cor-
respond to the additional energy input on these scales that was
detected in Gustafsson et al. (2006a,b). To examine this possi-
bility we have made a search of the available literature to look

for evidence for protostellar sources in OMC1. We have then
looked for any spatial correlations between the shocks observed
here and the positions of protostellar objects.

We first consider the IR observational evidence for the pres-
ence of early protostars in OMC1. To this end we have compiled
a table of protostellar candidates in OMC1 (Table 1). We use
the criterion, reported in Kenyon & Hartmann (1995) for YSOs
in Taurus, that an object with K — L > 1.5 is almost always of
a protostellar nature (specifically class I) and assume that this
also holds for Orion. We apply this criterion to the photometry
data of Muench et al. (2002) and Lada et al. (2004) for Orion.
We furthermore use the criterion that J — H must be >1.0 to ex-
clude, for example, unresolved binaries (Lada et al. 2000). The
resulting protostellar candidates are shown in Table 1. For ease
of reference we have adopted the numbering system of Muench
et al. (2002). Where a “>" symbol is encountered, this implies
that J band data are absent, in the upper section of the table, or
H-band are absent in the lower.

We have divided objects into those which are very likely
protostars, labelled “candidates” (upper part of Table 1) and
those where the identification is more tentative, labelled “pos-
sible candidates” (lower part of Table 1). In addition there are
objects for which the colours do not suggest that they are pro-
tostellar in nature. These are not shown in Table 1. This last
category forms the majority of point-like objects within our
complete field. Within Peaks 1 and 2, these objects occur in
roughly equal numbers to the sum of “candidates” and “pos-
sible candidates”. Figure 16 shows the positions of all objects
in all three categories. Candidates and possible candidates have
been marked with circles and triangles respectively with their ac-
companying number for reference to Muench et al. (2002) and
Table 1. Non-candidates have been marked with a square. From
a comparison with Fig. 1 in Shuping et al. (2004) we find that
among the objects in Table 1 are source n (00598), IRc4 (00585),
IRc7 (00610), IRc11 (00614) IRc12 (00603) and IRc15 (00634).
Furthermore IRc9 is found to be identical with 00726. Source n
is discussed in more detail in Sect. 6. IRc9 will be mentioned in
the following section, Sect. 5.3.

The term “candidates” covers objects which have K—L > 1.5
and which have either / — H > 1.0 or where J — H is unde-
termined. The term “possible candidates” covers objects with
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Fig. 16. The positions of point-like sources from Muench et al. (2002) in the observed field of OMCI. Objects have been divided into three
categories based whether they are candidates (circles), possible candidates (triangles) or non-candidates (squares). Numbers refer to Muench
et al. (2002) numeration (see Table 1). Note that a few objects to the far NE, SE and SW are outside our field of view but are included here for

completeness.

H — K > 2.0. As far as the authors are aware, the latter is a
new criterion for the identification of protostars, motivated by a
lack of L-band photometry. The new criterion has been estab-
lished as follows. An extensive analysis of the H — K colour
index of the stars in Muench et al. (2002) has been carried out.
It has been found that for objects with K — L > 1.5, 39% have
H - K > 1.5 and 14% have H — K > 2. By contrast, for objects
with K — L < 1.5 — which are not protostellar candidates — less
than 2% have H — K > 1.5 and only one object out of 300 has
H—K > 2. On this basis a H— K colour index of >2 is adopted as
a tentative identification of “possible protostars” in Table 1 and
in Fig. 16. We note that the value of H — K cannot however be
used to exclude protostellar candidates. In this sense the objects
listed in Table 1 form a minimum set. Under “possible candi-
dates” in Table 1 we also list object from Muench et al. (2002)
which have only been detected in K band. These are shown with
lower limits for H — K. The K-band detection, without J and
H, suggests that these objects are deeply buried in the dusty gas.
We conclude that there are 17 good protostellar candidates in our
field with a further 15 possible candidates.

A brief comparison has also been made with the Chandra
Orion Ultradeep Project (COUP) X-ray data (Getman et al.
2005; Grosso et al. 2005). COUP contains numerous point
sources in the direction of the region studied here. About half

of these are found to be obscured by column densities of
>10?? cm™2 (Grosso et al. 2005). A comparison of the sources in
Table 1 with the COUP data in Grosso et al. (2005) shows a re-
markable correspondence between candidates in Table 1 (upper
part of table) and COUP sources with 14 out of 17 spatial over-
laps. Most of these are rated as obscured, that is, Ny > 10?2 cm™
in Grosso et al. (2005). The so-called possible candidates in ta-
ble 1 (lower part of table) are anti-correlated, with only 3 out
of 15 spatial overlaps with COUP data, where all 3 overlaps
are with obscured COUP sources. Since early protostellar ob-
jects (e.g. class I) may commonly be X-ray emitters (Koyama
et al. 1996; Feigelson et al. 2003), this comparison with COUP
data provides additional evidence that some of the point sources
buried in OMC1 may be protostellar in nature.

We now turn to the positional correlation of protostellar
candidates with possible outflows and H, emission in general.
In some regions two closely spaced shocks, where one is red-
shifted and the other blue-shifted, are seen moving in opposite
directions. This could indicate that a protostar is situated in be-
tween, causing the shocks through a bipolar outflow. An exam-
ple of this is shown in Fig. 17a, where such a pair of flows are
found. Data in Table A.1 show that position angles of these two
flows are roughly 180° apart, noting the indeterminacy with re-
gard to their relative direction. If the positions of protostellar
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candidates in Table 1 are compared with the positions of candi-
date bipolar outflows, there is no clear correlation between the
two. In only 2 positions, 15.75"” E -2.1” N (object 00561, see
Table 1) and 1.50” E 5.2” N (00594) a candidate protostar ap-
pears directly over such a pair of flows (these are marked with
“1” in Table A.2), whereas in many cases a “bipolar pair” is
found where there is no evidence of a protostar. Thus a “bipo-
lar pair” in itself does not appear to be evidence of the presence
of a protostar. However caution should be exercised since we are
considering the earliest stages of protostellar development (class
0/D). This phase is characterized by a very high degree of ob-
scuration, and new, deeper observations than those of Muench
et al. (2002) used here to detect protostars may yield a different
conclusion.

As described in Sect. 4.4, there is a marked difference in
how flows are distributed in Peak 1 and Peak 2. In Peak 1 the
flows are mostly uniformly distributed across the area, whilst in
Peak 2 shocks often appear in small groups of 68 shocks within
an area of ~5” in diameter (see Figs. 10 and 17b, c), which
corresponds to ~2400 AU at the distance of Orion. Since most
stars are expected to form as part of a binary or multiple system
(Pudritz 2002; Larson 2003), it seems plausible that these groups
of shocks may indicate places where multiple star formation is
ongoing: the presence of 2—3 protostars may account for several
shocks from outflows. The flows in these regions are not however
generally found as pairs of shocks moving in opposite directions,
as may be seen in Figs. 17b and ¢ with reference to the position
angles in Table A.2. This would support a picture in which mul-
tiple star formation is a complex process involving interactions
between the protostars and disks causing jets which are episodic
or pulsed (Larson 2003, and references therein). These multiple
shock features may alternatively reflect a region of especially ac-
tive turbulence or may also be explained by, say, a bullet passing
through an area containing small clumps of dense gas, resulting
in several smaller shocks propagating into the local medium.

H. D. Nissen et al.: Shocks in Orion

Fig. 17. Various areas with multiple flows in a
small area: a) a possible bipolar outflow. Flows
No. 1-76 and 1-81: see Table A.1. b) A com-
plex flow pattern. Flows Nos. 2-42, 45, 46, 47,
48, 49: see Table A.2. ¢) Another example of a
complex flow pattern. Flows Nos. 2-16, 18, 19,
20, 24, 25: see Table A.2. The bar above shows
brightness in counts per 400 s.

In the following we examine whether we can associate re-
gions with large densities of flows, as just mentioned, with proto-
stars listed in Table 1. Moving from east to west (left to right) in
Fig. 10 the first region of high flow density is around 7" E 0” N
Only one stellar-like object is observed along the line-of-sight to
this region: the proplyd 154-240 (7.4” E, -0.9” N) (O’Dell et al.
1997; Schultz et al. 1999). Since this object has been observed
in the visible by HST it cannot be a protostar buried in the dense,
dusty gas.

Moving away from a line-of-sight positional correlation of
possible protostars and H, emission, there is a protostellar can-
didate ~4” NW or 1600-2000 AU in the plane of the sky. This
is the object 00580 (Table 1) which has K — L, J — H > 2 ful-
filling our criteria for a buried protostar. This is therefore a good
candidate to power at least some of the emission that is observed
in this highly active zone.

The second region of high flow activity in Fig. 10 is around
coordinates 0" E, 6" N. Within a radius of a few arcseconds there
is one object which satisfies the protostellar criteria, namely
00603 with K — L = 2.22 and J — H = 1.02. There are two other
objects for which we do not have L band data available and there-
fore we are unsure of their nature. One of these is 00594 which
is listed in Table 1 under “possible candidates”. This object lies
just outside the Lada et al. (2004) frame. Muench et al. (2002)
do not detect this object in J and H and record mg = 13.95.
A further object is 00606. This object has no L-band data, and
with H — K = 0.57 this is not an obvious protostellar candidate.
However, one should recall from the above discussion that the
H — K colour index is useful only for including, not excluding,
protostellar candidates. In this connection, 00606 is listed as be-
ing obscured by a column density of 8 x 10*> cm™2 in COUP
data and therefore this object is an embedded source and thus a
reasonable protostellar candidate.

‘We turn now to the third flow concentration, which is centred
on 22" E 37" N. Surveying the region within a radius of ~4”,
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we find the star IRc9 (00726) (Smith & Bally 2005), with J — H
and K — L both >2, fulfilling the protostellar criteria, see Table 1.

Looking at Peak 1 in general, rather than at concentrations of
flows, there are a further two protostellar candidates, 00645 and
00709A, both situated along the edge of the H, emission seen in
Peak 1. There are also another 5 possible protostellar candidates
(00665, 00691, 00695, 00698, 00713) which are spread across
Peak 1. In Peak 2, there are a further 3 protostellar candidates
(00543, 00576, 00596), and one possible candidate, 00561, as-
sociated with the very bright H, emission at 16” E —2” N. We
note that with the exception of 00561 (in Peak 2) no stars or pro-
tostars in Peak 1 or 2 are directly associated with the brightest
areas of H, emission.

In region B there are 8 protostellar candidates and a further 8
possible candidates. Half of these are situated in the dense core
of OMC1 around Source I and may contribute to H, emission in
this region. The other half are widely distributed over region B,
with some coincidences with H, emission, for example 00569, a
candidate in Table 1, or 00552, a possible candidate in Table 1.

The above considerations ignored the presence of WRVs in
Peaks 1 and 2. In Peak 2 WRVs form only 20% of the observed
flows but in Peak 1, they form more than 50% of the flows.
However analysis presented in Sect. 4.3, showing the organised
nature of WRYV flows in Peak 1, suggests that many WRVs might
be part of a subset of flows which are not appropriate for inclu-
sion in the present analysis. The WRVs are discussed further in
the following section, Sect. 5.3.

At the beginning of this section the question was posed of
whether H, emission might in part be caused by the presence of
protostars with associated outflows. In brief the answer is that
some small proportion of the emission is very likely caused by
outflows from low mass stars. We have seen above that a num-
ber of protostellar candidates of class I are found in this area. As
class I objects still have significant outflow activity this suggests
that protostellar outflows may power some of the observed emis-
sion as suggested in Gustafsson et al. (2006b). There is not how-
ever a strong correlation between the location of shocks in our
data and protostellar candidates. This suggests that most of the
bright emission observed is due to large scale outflows and asso-
ciated turbulent motion, as we also concluded earlier in Sect. 4.1.
In particular in Peak 1, present data suggest that emission is
dominated by massive outflow from the vicinity of Source I and
the BN/IRc2 region. Because of the crowded nature of the H,
emission, it is difficult to ascribe specific flows to protostars,
a difficulty compounded by obscuration. One exception to this
is the area around a position 0” E, 6” N where we observe a
small area with a high concentration of shocks and a number of
protostellar candidates in and around the same area, suggesting
that this may be a place of ongoing, multiple star formation.

5.3. The origin of weak radial velocity structure
in Peak 1

We have seen in Sect. 4.3 that the spatial distribution of weak
radial velocity components (WRVs) in Peak 1 revealed a band,
~2-3" in width and more than 30” long, passing diagonally
across emission in Peak 1. It was also noted that 2/3 of these
WRVs showed a much more broken-up structure than other fea-
tures, including other WRVs. This section briefly explores pos-
sible scenarios for the origin of this band of WRVs.

The first scenario is that the band of WRV's may represent a
less energetic part of the outburst which created the “bullets” or
“fingers” (Allen & Burton 1993). These are clumps of gas mov-
ing outwards in the plane of the sky at velocities of up to several
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hundred kms~! (Doi et al. 2002) and appear to have an origin
in the area around BN-IRc2 (Salas et al. 1999; O’Dell 2001;
Doi et al. 2002; Bally & Zinnecker 2005). This scenario is based
both on the position of the band of WRVs across Peak 1 between
the finger system and the BN-IRc2 complex and on the fact that
the band is oriented orthogonally to the general direction of the
outflow. This suggests a slower moving, denser part of the explo-
sive outflow, which caused the finger system, ploughing through
Peak 1. With a distance of ~26” from the area around sources I
and n, this implies a speed of 60 kms~! in the plane of the sky
assuming the age to be 10% yr (Doi et al. 2002). A shock ve-
locity of 60 kms~! limits the pre-shock density to a few times
10* cm= for the propagation of C-type shocks (Le Bourlot et al.
2002). Shock models (Wilgenbus et al. 2000) show that the post
shock density is about one order of magnitude greater and the
brightness in the v = 1-0 S(1) line will approximately match
that observed which is the order of 10> Wm™2sr™!. The typ-
ical mass of each WRV can be estimated to be ~5x10~° Mo,
given a post shock density of 3 x 10° cm™ and an average di-
ameter of 500 AU. This yields a total bulk energy for outflowing
hot H, in the WRVSs of the order of 10% ergs, for the 47 WRVs
in Peak 1. This is about 0.2% of the energy associated with the
bullets (Burton 1997).

A second scenario is that the band of WRVs is the result of
bright photodissociation zones powered by 6'Ori C, but with en-
hanced brightness due to geometrical effects (see below). The
morphology of the ionization front, described in Wen & O’Dell
(1995) and refined in O’Dell (2001), shows that the bright H,
clumps observed in the present work arise from dense gas within
the HII region created by 6'Ori C (Kristensen et al. 2003).
Tonizing radiation has cleared away the diffuse gas and is now
slowly eating its way through the denser clumps of gas remain-
ing. Thus the line of WRVs along the eastern edge of Peak 1 may
be the relic of a denser region that existed in the original molec-
ular cloud. Whilst the brightness of the H, emission cannot be
reconciled with a face-on PDR (see Sect. 3.2), a variety of 3D ge-
ometries may result in some PDRs being observed edge-on lead-
ing to an increase in observed brightness. PDR emission may
also be enhanced locally through a geometry originally proposed
in Field et al. (1994) in the case of NGC 2023. In this model, a
choppy surface of H, yields chance lines-of-sight with high col-
umn density. This is consistent with the broken up appearance of
2/3 of the features in this zone, mentioned in Sect. 4.3.

A third possibility is that the band of WRVs may be associ-
ated with IRc9 (00726 in Table 1 and Fig. 16). IRc9 is located
~2" from the centre of this band. Smith & Bally (2005) show
that IRc9 is a YSO possessing a clearly defined disk. The ma-
jor axis of the disk is oriented at right-angles to the WRV band
which suggests that WRVs in the band could represent a highly
collimated outflow in the plane of the sky from IRc9.

Apart from the 15 WRVs in the band, there are a fur-
ther 32 spread largely NW of the band structure. These remain-
ing WRVs themselves represent an over-representation for ob-
jects moving in the plane of the sky based on the analysis in
Sect. 4.3. Present data do not provide any clear origin for these
objects.

6. The outflow zone, region B

6.1. The geometry of the region: radio observations and the
present data

An outflow in region B has previously been identified in radio-
observations involving both proper motions and radial velocity
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Fig. 18. The positions of BN, radio source I, radio source n and IRc2 a-
d, superimposed on velocity integrated emission in the H, v = 1-0 S(1)
line.

measurements of H,O, OH and SiO masers and thermal emis-
sion in SiO (v = 0) and NHj3, where data are reviewed in Genzel
& Stutzki (1989). Evidence of shocked gas within the flow is
provided through observations of emission from high rotational
states of SO, SO, and HCN. The outflow has also been identi-
fied in subsequent observations reported in Wright et al. (1992,
1996) in data involving 16 molecular species, in particular SO
and SO, (Wright et al. 1996). The outflow originates from the
vicinity of sources I and n whose locations are given in Fig. 18.

The expansion velocity associated with the above-mentioned
outflow in region B on the basis of radio observations was found
tobe 18+2kms™! (Genzel et al. 1981). The data of Genzel et al.
(1981) showed a flow extending ~20” SW of the BN-IRc2 re-
gion, which is very similar to the SW extent of the H, emission
recorded here. Genzel et al. (1981) also note, through their ob-
servations of numerous objects at closely similar velocity, that
the flow appears to have been stable for >3000 years.

Our present observations measure gas motions relative to the
ambient surrounding gas and therefore may also be interpreted
as a radial component of an expansion velocity. The expansion
velocity of 18+2 kms~! derived from the observations of Genzel
etal. (1981) matches accurately the mean velocity of —18 kms™!
observed here for the hot H; in region B: see Fig. 5. The ve-
locities measured in this work are also consistent with data in
Menten & Reid (1995) and Wright et al. (1996).

On this basis we conclude that our observations show the IR
counterpart of the so-called slow (18 kms™") outflow in OMC1,
hitherto only observed in the radio.

The mass outflow rate in region B may be estimated as fol-
lows. Typical gas densities in the H, clumps in region B have
been investigated in detail in Kristensen et al. (2006) and pre-
shock values range between 10° to 10® cm™3, equivalent to an
average density of ~107!® gcm™. Assuming a continuous out-
flow and a measured velocity of 18 km s™', this represents a mass
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flux of 2 x 10712 gcm™2 s~!. The total area in the plane of the sky
covered by the excited H, may be estimated by using a total area
for each clump given by the area around each flow where the
emission is >50% of the maximum brightness of the flow. The
total area is found to be ~5 x 10** cm?, giving a mass flow of
~1.5 x 10™* Mg yr~!. Including the red-shifted part of a bipo-
lar outflow, this gives a total outflow rate of ~3 x 107* My yr~!.
Since only shock excited gas has been included this is a lower
limit. This figure for the outflow rate is comparable to estimates
given in Shepherd (2005) for stars of the luminosity associated
with source I (510 Lg). This estimate also agrees with the es-
timated mass loss of 1072-10~* My yr~! given in Genzel et al.
(1981).

The corresponding outflow momentum rate is
~0.005 My yr™' kms™' and mechanical luminosity is ~8 L.
These values are typical of an early-type B-star (Shepherd
2005). The much debated issue of the origin of large scale
outflows in OMCI, see for example Shuping et al. (2004),
has recently achieved a new perspective with high spatial
resolution (0.3-0.5") IR measurements in Shuping et al. (2004)
and Greenhill et al. (2004a). These observations show that
there are a number of potential YSO candidates buried within
a zone in the north-east of region B. IRc2 was long believed
to be the main power source in OMCI1 and the source of the
outflow activity in the region. However these and other high
resolution observations (Dougados et al. 1993) have resolved
IRc2 into several individual sources. These may or may not be
self-luminous (Shuping et al. 2004). At all events the current
most likely candidates for outflow sources are sources I and n.

In the following we discuss the evidence presented in the
literature for both source I and source n as the origin of the
massive outflow in region B. Source I (-5.95" E, 8.56” N),
is a deeply buried O/B-star (Menten & Reid 1995; Greenhill
et al. 2004b). It is the most luminous source in the hot core
of OMCI with a luminosity of 5 x 10 to 10* Ly (Menten &
Reid 1995; Beuther et al. 2004, 2006), compared for example to
~2500 L for the BN-object (Gezari et al. 1998) or ~2000 L
estimated for source n (Greenhill et al. 2004a). Source I is ob-
scured in the infrared and cannot be detected at wavelengths as
long as 22 um (Greenhill et al. 2004a). Source n (object 00598 in
Table 1, Greenhill et al. 2004a) is located at —8.35” E, 6.40” N
(Fig. 18).

6.2. Source | as the origin of the region B outflow

Based on their data for SiO and H,O emission around source I,
Greenbhill et al. (2004b) proposed a model with an accretion disk
and a wide angle outflow pointing NE-SW with an opening angle
of ~90°. This model replaces that of Greenhill et al. (1998) in
which the axis of the outflow is rotated 90° in the plane of the
sky. The morphology of the outflow from source I proposed in
Greenhill et al. (2004b), is shown in Fig. 19, lower left panel.
The axis of the outflow from source I passes through a re-
gion where we find a striking H, emission feature. Velocity data
for this zone are shown in the upper right hand frame of Fig. 19.
Three fast shocks marked with arrows (flows No. B-7, B-9, B-10:
see Table A.3) are seen impinging on the surrounding medium.
A VLT image of the same area (Lacombe et al. 2004) is shown
in the lower right-hand frame of Fig. 19. The model of the out-
flow from source I is superimposed upon it, to show the spa-
tial relationship, where the accuracy of the relative positions is
~0.2”. The position of the maximum brightness of this outflow
region, measured in Hy, is 1.8 W and 1.0” S of source 1. The
appearance of the H, emission in this region suggests that this
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Fig. 19. Source 1. Top left: region B recorded in the v = 1-0 S(1) line of H,. The yellow star shows the position of BN and the red star shows
the position of source I. The red circle is source n, and the yellow circle is IRc2 d (compare to Fig. 18). The black outline shows the position of
the H, emission feature shown in the right hand panels. Botfom left: the geometry of the wide-angle outflow from source I taken from Greenhill
et al. (2004b). Bottom right: VLT NACO image (3.2” by 2.9”) from Lacombe et al. (2004) showing the outflow region (the “fireball”) just SW
of source I, outlined in black in the top left panel. The inset shows that the outflow from source I (not to scale) points directly at this region. Top
right: velocity structure of the brightest part of the fireball, as seen from the SW, showing three fast jets (arrows) impinging on the medium (flows

No. B-7, B-9, B-10: see Table A.3).

is a zone where part of the outflow bursts through the dense gas
surrounding source I. The morphology of this emission resem-
bles the structure of shocks modelled in Blondin et al. (1989)
and Lim et al. (2001) with the shocks seen face on.

The model of Greenhill et al. (2004b) of the outflow from
source I is of a wide-angle bipolar outflow in the plane of the sky.
This begs the question of why no H;, emission is observed as part
of the outflow to the NE of source I. We would suggest that the
outflow axis may in fact tip out of the plane of the sky with an in-
clination angle (to the line-of-sight) of <45°. This would explain
the lack of H, emission to the NE since emission would be ren-
dered invisible through dust obscuration in this very dense zone
(see below for an estimate of the IR extinction towards source I).

Our estimate of the inclination angle is based on three obser-
vations where our discussion is based on an opening angle of the

outflow of ~90° (as suggested in Greenhill et al. (2004b), and
typical of outflows from massive protostars, Shepherd 2005):

(i) In region B we see no red-shifted flows. This cannot be
ascribed to obscuration, in contrast to the red-shifted lobe
discussed above. A natural explanation for the lack of red-
shifted outflows in region B is that the flow has an inclination
angle of <45°.

(ii) region B extends to the NE of source I. This can only arise
if the inclination of the outflow cone is less than 45°. Note
that we effectively observe the projection of this cone onto
the plane of the sky. However region B only extends a few
arcseconds north-east of source I, indicating that the inclina-
tion angle is close to 45°.

Greenhill et al. (2004b) observe a substantial overlap of H,O
and SiO (v = 0) masers along the line-of-sight. However
these two molecular masers trace very different gas densities

(iii)
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Fig. 20. The outflow from source I, showing the appearance of the outflow and its relationship to other objects in region B, seen at right-angles to

the line-of-sight from a vantage point in Peak 2 looking towards the west.

and temperatures, and, as Greenhill et al. (2004b) note,
should not be found within the same mass of gas. H,O
masers may have associated kinetic temperature of 200 to
2000 K, with a preference for temperatures around 600 K,
and densities of no more than a few x 10° cm~3 (Yates et al.
1997). SiO v = 0 masers on the other hand trace gas densi-
ties of 10°-® cm™ (Greenhill et al. 2004b) and temperatures
of 800-1600 K. If, as suggested here, the outflow cone has
a significant component in the line-of-sight and we are look-
ing into the outflow cone (see Fig. 20), this apparent incon-
sistency may arise from the presence of regions appearing
along the same line-of-sight, but which are physically dis-
placed.

In summary, we follow Greenhill et al. (2004b) in that the posi-
tion angle of the axis of the cone of the outflow in region B is

~240° £+ 10°. We suggest however that the flow, rather than lying
in the plane of the sky, lies at an angle of ~45° to this plane.

A schematic diagram of the region, not to scale, may be
found in Fig. 20. This shows the region as if observed from right-
angles to the line-of-sight, from a position in Peak 2, looking
west. Starting from source I at the base of the diagram, first H,O
and then SiO masing regions, overlapping in the line-of-sight,
are found in the dense gas close to source I. Moving further from
the star, the outflow breaks through the dense gas and dust sur-
rounding source I, generating H, emission features such as that
shown in Fig. 19 and, moving still further, other blue-shifted fea-
tures shown in Fig. 4 and listed in Table A.3.

We now consider some of the governing parameters of the
massive star associated with source I. Greenhill et al. (2004a)
found that source I could not be detected at 22 um. They con-
cluded that the optical depth at 22 ym must be >300. Using
the relationship between extinction and wavelength given in
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Rosenthal et al. (2000), the NIR optical depth will then be >570.
This implies that the column density of H, is >1.5x10% cm™2.
This is comparable with the figure of <8.5 x 10** cm~2 estimated
in Beuther et al. (2004). Depending on the average gas den-
sity around the obscured star, this object must be deeply buried
within OMCI1. For example if the average density is 10° cm™3,
the star is buried to a depth of ~1000 AU and the mass of gas sur-
rounding the star is 9 M. This is comparable with the estimate
of the mass of the star itself of <10 M in Beuther et al. (2004)
or the figure of 10-20 M, given in Shuping et al. (2004). These
masses are consistent with a luminosity of a few thousand to
~10* Ly, consistent also with Menten & Reid (1995). The most
recent estimate places the luminosity of source I at ~5x10° Lg
(Beuther et al. 2006, 2004). The above mass is also consistent
with the calculations of the mass-flow rate for the outflow in
Sect. 6.1 which suggested that the driving force was a massive
star with a luminosity of ~10* L.

6.3. Source n as the origin of the region B outflow

Source n (Menten & Reid 1995) is another major power source
in the region, in addition to source I and BN. Located a few
arcseconds SW of source I (see Fig. 18), source n is clearly
another candidate for the origin of the region B outflow. Since
source I and n lie so close (Menten & Reid 1995), geometri-
cal arguments for source I and n are equally valid. Menten &
Reid (1995) find that the radio emission from source n is elon-
gated in a NE-SW direction, that is, along the region B outflow
axis. A disk has recently been observed in the IR around source
n (Greenhill et al. 2004a; Shuping et al. 2004) and this is ori-
ented at right angles to the elongation of source n in the radio.
According to Shuping et al. (2004) the disk around source n is
inclined <40° with respect to the plane of the sky, consistent with
the inclination of the outflow axis described in the discussion for
source I. Furthermore, in the H,O maser observations of the out-
flow in region B (Genzel et al. 1981), the centre of expansion of
the masers is found to be close to both source n and source I,
with the positional data favouring source n (see Fig. 6 of Genzel
et al. 1981) with source n lying within the 10- uncertainties, and
source I within 20.

One aspect militating against source n as the source of the
region B outflow is that the mass flow rate calculated in Sect. 6.1
is somewhat large for a star with the luminosity of source n
(~2000 Lg, Greenhill et al. 2004a) and source I is the more pow-
erful source.

In conclusion the region B outflow may be powered by ei-
ther source I or n, perhaps favouring source I on the basis of its
greater power output. Source I may however also be the origin
of the major NW-SE outflow generating the fingers or this may
be powered by a close encounter between source I, source n and
BN as suggested by Bally & Zinnecker (2005). These issues still
remain to be resolved.

7. Conclusions

The major conclusions of this study using GriF data for the cen-
tral region of Orion OMC1 may be summarised as follows.

(i) 193 distinct bright H, emission features in the v = 1-0 S(1)
line have been identified. 67% of these show clear ra-
dial velocity structure with well defined features of greater
than 5 kms~!, indicating that the emission is generated by
shocks in the medium.
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(ii) Weak radial velocity features (WRVs) with radial velocities
<5 kms™! are strongly concentrated in Peak 1, and a band
of such structures has been identified in a NE-SW direction
across Peak 1. In this band, 2/3 of the structures show a
broken-up morphology, not seen elsewhere. Possible expla-
nations for this band are discussed.

(iii) Excluding the WRVs, heavily over-represented in Peak 1,
but making only a small contribution in Peak 2, there are
equal numbers of flows in Peaks 1 and 2. This suggests
a greater concentration of activity in Peak 2 which is less
than half the size of Peak 1. Flows are found to be grouped
much more tightly in Peak 2 than in Peak 1. Blue shifted
flows are somewhat favoured over red-shifted, presumably
due to dust obscuration. No velocities exceed 35-40 km s~!,
consistent with the upper limit for the propagation of C-type
shocks in dense media.

(iv) In a distinct zone, region B, lying south of Peak 1 and west

of Peak 2, all flows are blue-shifted, with an average ve-

locity of —18 + 8 kms~!. This is shown to be the infrared
counterpart to an outflow previously only identified in ra-

dio data. The two possible origins are source I or source n,

identified on the basis of the striking positional association,

flow speeds and the geometrical relationship between the
radio and IR outflows.

(v) Spatial correlation between maximum brightness of H;
emission and maximum velocity reveals deviations typi-
cally of <0.6”. These deviations are be used to estimate
the orientation of flows, or shocks, in the plane of the sky
— but not their absolute direction, that is, whether they are
travelling north or south, say. Orientations are found to be
random in Peak 2 and with some clear preference for a SE-
NW direction in Peak 1, but show a strong preference for a
NE-SW orientation in region B.

(vi) A comparison has been made between the positions of the
observed shocks and protostellar candidates in the area us-
ing J, H, K, L and X-ray data. We find only a few cases
where we can clearly associate shocked gas and protostellar
candidates. We conclude that most of the observed bright
H, emission is due to the energy input from the massive
stars in the core of OMCl1, either directly from the outflow
or from supersonic turbulence stirred up by outflows, with
a minor contribution from in situ low mass star formation.

(vii) In one position, around a position 0” E, 6” N of TCC0016,
we identify a region with a high concentration of shock fea-
tures within an area only a few thousand AU in diameter
which also has several protostellar candidates in and around
it. This is a good candidate for a site where multiple low
mass star formation is ongoing.

(viii) There is a remarkable feature in the H, emission data with
strong velocity components in region B, shown in Fig. 19.
On the basis of a VLT image, this is suggestive of a region in
which a flow has burst through the material of OMC1 from
behind, sending shock waves through the medium. The axis
of the outflow observed in the present work and in extensive
radio data, passes through this shock feature.
(ix) There remain several extraordinary objects in the field
whose nature we do not comprehend. For example there
is a structure, 3" x 3”, Table A.2, object 2-32 and 2-34
in Peak 2, which is the only clump of emission in the en-
tire field with vy, consistently around >40 km g1 (shown
in Fig. 4 of Gustafsson et al. 2006b). The origin of such an
energetic object is unknown.
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In conclusion, the GriF data with its associated high spatial
and velocity resolution provide information which opens a new
window on OMC1 and presents a new perspective on the star-
forming activity for both massive and low mass stars. Data have
very recently been obtained for OMCI1 using the VLT with adap-
tive optics and Fabry-Perot interferometry in the v = 1-0 S(1),
S(0) and the v = 2—1 S(1) lines. Shock structures seen in these
3 lines will constrain the physical conditions strongly in star
forming zones in OMC1. The chief lack at present is of shock
models which contain both detailed chemistry, essential for C-
type shocks, and also the geometry, for example of bow shocks.
Models are under development and these will be necessary to
settle such basic questions as the relative physical disposition of
the location of the maximum brightness and maximum velocity
in H, emission features.
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Appendix A: Tables

Table A.1. Features identified in OMC1 in Peak 1. Data are sorted by the east-coordinate of the maximum in brightness. Column 1 labels each
feature. A “{”-symbol marks the “bipolar pairs” mentioned in Sect. 5.2. Columns 2-5 show the position in the plane of the sky of the maxima
in brightness and velocity for each of the features. Positions are measured in arcseconds east and north of the star TCC0016 (05"35™14:91,
—05°22"39731 (J2000)). Where no coordinates are given for a maximum in velocity, no well-defined peak in the velocity was found nearby.
Column 6 shows the velocity of the gas surrounding each feature expressed as vj;,. Column 7 shows the maximum velocity of the flow relative to
this local background velocity (see Sect. 3.1). Column 8 contains the maximum brightness of each feature per 400 s exposure. Column 9 shows
the position angle for each flow, measured east of north (i.e. counter-clockwise), see Sect. 5.2. A dash indicates that the object is a weak radial
velocity region (WRV) and “no p.a.” indicates a displacement between maximum velocity and brightness of <0.25”. A star (*) marks flows where
the morphology of the emission clearly indicates the absolute direction of the flow (see Sect. 5.1): these are only found in Table A.3. Column 10
gives the displacement in the plane of the sky between the observed maxima in brightness and velocity for each feature. A summary of the data
can be seen in Fig. 4.

Flows in Peak 1

Coordinates of maxima Velocity of Flow Maximum Position  Displace-
No Brightness Velocity surroundings  velocity  brightness angle ment
E N E N kms™! kms™! counts degrees arcsec

1-1 -3.61  43.58 - - 17 - 204 - -
-2 -7.14 43,68 -7.11 43.12 16 -6 207 356 0.6
-3 =777 2261 -7.60 22.54 8 -14 421 no p.a. 0.2
1-4 851 46.87 -847 4739 20 9 398 184 0.5
1-5 948 4728 - - 20 - 368 - -
-6 952  27.09 - - 8 - 302 - -
1-7 -9.90 4494 - - 21 - 302 - -
1-8  -1022 4246 -10.05 41.90 21 7 264 343 0.6
1-9  -10.26 46.38 - - 20 - 366 - -
1-10  -12.18 29.89 -13.06 30.73 13 -16 227 134 1.2
1-11  -12.36  36.85 - - 16 - 224 - -
1-12 -12.39 2859 -11.94 28.77 13 19 196 249 0.5
1-13  -13.16 41.16 - - 17 - 290 - -
1-14  -13.61 29.05 - - 13 - 229 - -
1-15 -13.86 22.61 -13.48 2243 6 -28 187 294 0.4
1-16 -14.18 40.95 - - 18 - 328 - -
1-17  -1491 46.72 - - 22 - 259 - -
1-18  -15.19 4298 -15.54 42.84 14 -9 412 68 0.4
1-19 -15.30 38.53 - - 18 - 323 - -
120 -15.75 3280 -16.27 3272 6 -7 308 82 0.5
1-21  -15.86 30.80 -15.54 29.47 10 13 324 347 1.4
1-22  -1649 37.66 - - 14 - 271 - -
1-23  -17.50 43.82 - - 12 - 426 - -
1-24  -17.67 2125 -17.53 21.52 11 -10 236 207 0.3
1-25  -17.75  36.51 - - 11 - 410 - -
126 -18.48 3549 -18.41 3476 9 -9 543 355 0.7
1-27  -18.51 3272 - - - 445 - -
1-28  -18.59 2334 -17.64 23.76 10 -29 227 246 1.0
1-29  -18.69 42.70 - - 14 - 409 - -
1-30 -18.76  30.38 -18.83 29.75 4 -8 362 6 0.6
1-31  -19.25 21.21 - - 12 - 304 - -
1-32 -19.99 2593 - - 9 - 257 - -
1-33  -20.37 28.67 -20.12 2845 8 —40 316 311 0.3
1-34  -20.58 3598 -20.26 35.00 13 10 483 342 1.0
1-35  -20.61 4224 - - 16 - 286 - -
1-36 -20.68 30.14 -20.97 29.30 8 -17 536 18 0.9
1-37  -21.00 32.55 - - 12 - 439 - -
1-38  -21.21 3399 -21.14 3395 12 -8 439 no p.a. 0.1
1-39 2149 3728 -21.07 37.45 14 -9 480 247 0.5
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Table A.1. continued.

Flows in Peak 1

Coordinates of maxima Velocity of Flow Maximum Position  Displace-
No. Brightness Velocity surroundings  velocity  brightness angle ment
E N E N kms™! kms™! counts degrees arcsec

1-40 -21.84 38.64 -21.84 39.87 15 =7 401 180 1.2
1-41  -21.88 3451 - - 12 - 416 - -
1-42 2201 21.74 - - 7 - 223 - -
1-43 2223 2429 -21.88 24.01 11 -9 357 309 0.4
1-44 2243 3024 - - 10 - 389 - -
1-45 2250 18.48 - - 7 - 471 - -
1-46  -22.61 19.92 - - 6 - 295 - -
1-47  -23.80 3521 -2391 3514 12 15 332 no p.a. 0.1
1-48 -24.11 3756 -2394 36.65 13 -8 329 349 0.9
1-49 2433 19.67 -2398 19.57 10 -14 413 287 0.4
1-50 -24.57 21.03 -2433 20.79 12 13 271 315 0.3
1-51 2482 2821 - - 16 - 255 - -
1-52 2548 2992 -2555 29.19 14 9 282 5 0.7
1-53  -25.66 18.20 - - 8 - 278 - -
1-54  -26.04 3553 -25.76 35.35 10 =31 349 302 0.3
1-55 -26.53  24.40 - - 17 - 301 - -
1-56 -26.60 20.79 -26.28 20.86 8 -5 270 257 0.3
1-57  -26.67 32.13 - - 14 - 378 - -
1-58 -27.34 3332 -26.74 33.39 12 =20 394 263 0.6
1-59  -27.55 20.06 - - 12 - 334 - -
1-60 -28.17 3433 -2849 33.25 12 19 498 16 1.1
1-61 -29.01 2152 -2849 21.49 8 -32 293 274 0.5
1-62  -29.68 3892 -29.51 38381 19 -8 296 no p.a. 0.2
1-63  -29.68 23.66 - - 10 - 260 - -
1-64 -30.73 2531 -31.11 25.66 15 8 257 132 0.5
1-65 -30.84 22.50 - - 11 - 276 - -
1-66  -31.50 20.75 - - 13 - 335 - -
1-67 -31.89 37.62 - - 26 - 235 - -
1-68 -31.99 3157 -31.92 3l1.11 17 -13 266 351 0.5
1-69  -32.24 2590 - - 18 - 257 - -
1-70  -32.69 24.75 - - 18 - 251 - -
1-71  -33.39 3374 - - 28 - 241 - -
1-72  -33.78 2734 3479 27.23 20 15 268 84 1.0
1-73  -35.67 39.24 3535 38.88 18 -11 270 318 0.5
1-74 -35.84 35.07 - - 27 - 438 - -
1-75 -36.22 2870 -36.92 28.63 23 -16 178 84 0.7
176 -36.65 3297 -35.74 32.65 22 -16 228 289 1.0
1-77  -37.28 21.39 - - 18 - 235 - -
1-78 -37.38  24.29 - - 22 - 236 - -
1-79 3745 3297 - - 24 - 263 - -
1-80 -37.73 23.24 - - 19 - 237 - -
1-81 -38.88 3294 -39.94 3283 24 7 350 84 1.1
1-82  -39.17 2583 - - 22 - 296 - -
1-83  —40.60 22.19 - - 18 - 230 - -
1-84 —40.95 24.29 - - 16 - 178 - -
1-85 —44.80 28.94 - - 21 - 179 - -
1-86 —45.29 3546 4557 36.12 24 33 178 157 0.7
1-87 —49.17 26.67 - - 20 - 185 - -
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Table A.2. Flows in Peak 2. For an explanation of each column, see Table A.1.

Flows in Peak 2

Coordinates of maxima Velocity of Flow Maximum Position Displace-
No. Brightness Velocity surroundings  velocity  brightness angle ment
E N E N kms™! kms™! counts degrees arcsec
2-1 19.39  -6.51 1925 -6.62 20 14 261 no p.a. 0.2
2-2 19.00 945 1942 941 34 9 233 275 0.4
2-3 1859 543 1873 -5.36 20 9 508 no p.a. 0.2
2-4 1838 3.67 1775 371 34 -12 532 93 0.6
2-5 1764 -0.74 1740 -1.23 24 -7 391 27 0.5
2-6 16,76 872 1684 8.72 41 7 407 no p.a. 0.1
2-7 16.34  9.73 - - 41 - 391 - -
2-8 1620 -6.47 16.10 -6.51 29 10 357 no p.a. 0.1
2-9% 16.17 -0.49 16.66 -0.67 24 -9 331 290 0.5
2-10" 1582 -1.61 1547 -1.12 24 10 860 144 0.6
2-11 14.81  6.58 - - 34 - 287 - -
2-12 1418 9.80 1390 9.52 40 -8 210 45 0.4
2-13 1348 -1.75 - - 30 - 475 - -
2-14  13.37 -0.46 13.51 -042 30 7 506 no p.a. 0.1
2-15 1291  8.26 - - 35 - 209 - -
2-16 1236  0.67 - - 32 - 454 - -
2-17 1222 2,66 1236 -3.12 25 -6 244 343 0.5
2-18 12.15  2.28 - - 32 - 436 - -
2-19 1165 395 11.62 3.88 32 -8 404 no p.a. 0.1
2-20  10.81 1.23  10.57 1.64 32 11 456 150 0.5
2-21 1053 -094 1043 -0.31 32 8 361 171 0.6
2-22 1040 875 10.81 8.78 34 -7 188 265 0.4
2-23  10.11  -6.51 - - 23 - 273 - -
2-24 9.66 1.19 9.84 1.01 31 7 349 no p.a. 0.2
2-25 9.56  2.17 9.38 3.01 31 -10 341 168 0.9
2-26 8.86 1.78 8.78 1.78 31 -12 370 no p.a. 0.1
2-27 7.70  6.30 812 620 30 -7 220 284 0.4
2-28 753 -3.64 - - 27 - 308 - -
2-29 7.07 -1.05 7.03 -1.01 30 -6 335 no p.a. 0.0
2-30 6.82 —4.69 - - 26 - 308 - -
2-31 6.62 686  6.51 6.65 26 -11 182 no p.a. 0.2
2-32 6.62 262 672 273 30 32 283 no p.a. 0.1
2-33 6.51 -3.05 647 -3.01 28 -6 350 no p.a. 0.0
2-34 6.30 1.09  6.86 1.33 30 26 310 246 0.6
2-35 630 -0.56 630 -042 30 15 498 no p.a. 0.1
2-36 5.95 7.18 599 724 26 -13 194 no p.a. 0.1
2-37 525 333 514 -3.05 32 10 530 159 0.3
2-38 507 277 507 224 30 9 323 180 0.5
2-39 480 -823 424 -7098 20 -7 205 114 0.6
2-40 462 1085 441 1095 20 -18 531 no p.a. 0.2
2-41 382 238 364 -256 31 11 209 no p.a. 0.2
2-42 312 7.66 3.01 7.45 20 -8 305 no p.a. 0.2
2-43 262 094 266 1.09 20 -7 232 no p.a. 0.1
2-44 1.92 1.54 1.68 1.58 20 -14 227 no p.a. 0.2
2-45%  1.58  5.28 1.78  4.93 18 6 542 329 0.4
2-46 1.37 4.03 1.92 3.67 15 4 377 302 0.7
2-472 074  6.05 0.77 6.41 10 -13 372 186 0.4
2-48 0.14 4.03 -042 4.3 10 -8 316 101 0.6
2-49  -0.07 805 -0.14 830 12 -15 229 164 0.3

2-50  -1.05 9.80 - - 16 - 192 - -
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Table A.3. Flows in region B. For an explanation of each column, see Table A.1.

Flows in region B

Coordinates of maxima Velocity of Flow Maximum Position Displace-
No Brightness Velocity surroundings  velocity  brightness angle ment
E N E N kms™! kms™! counts degrees arcsec

B-1 -2.20 5.60 -2.13 5.46 4 -14 240 no p.a. 0.2
B-2 326 -1243 -361 -12.36 22 -9 174 101 0.4
B-3  -3.99 6.12 -3.61 6.72 5 22 348 213 0.7
B-4 441 -6.05 483 -5.70 22 -8 192 130 0.5
B-5 -4.66 5.70 -5.57 5.64 5 -34 432 86 0.9
B-6 493 889 504 -8.89 22 -7 145 no p.a. 0.1
B-7  -7.77 7.80 —-7.95 7.84 7 28 208 no p.a. 0.2
B-8  -8.05 1390  -7.98 13.69 14 24 255 no p.a. 0.2
B-9  -8.05 7.66 —7.24 7.32 7 -20 199 293 0.9
B-10 -8.19 7.32 -7.53 7.00 7 24 198 295 0.7
B-11  -8.36 1029  -8.26 10.36 12 -12 175 no p.a. 0.1
B-12  -8.68 1477  -8.78 14.56 14 21 365 no p.a. 0.2
B-13  -8.93 13.61 -9.17 13.12 14 -10 343 27 0.5
B-14 969 875 980 -8.72 27 -13 181 no p.a. 0.1
B-15 990 -8.19 998  -8.05 27 -14 182 no p.a. 0.2
B-16 -10.64 -049 -10.71 -0.07 13 -13 261 171 0.4
B-17 -10.99 -16.94 - - 26 - 231 - -
B-18 -11.80 213 -11.94 238 7 -13 362 150 0.3
B-19 -11.94 1.58 -11.94 1.54 7 -16 392 no p.a. 0.0
B-20 -12.32 1.50  -12.49 1.58 7 -18 368 no p.a. 0.2
B-21 -12.81 294 -12.64 297 7 -14 365 no p.a. 0.2
B-22 -13.12 192 -13.23 2.00 7 -17 307 no p.a. 0.1
B-23 -13.69 -052 -1330 0.07 8 -20 531 213* 0.7
B-24 -13.76 1144 -13.27 11.86 3 -16 226 229 0.6
B-25 -1435 1190 -13.82 1201 3 -23 212 259 0.5
B-26 -1473 -7.56 -1445 -6.89 20 -7 178 203* 0.7
B-27 -1536 -11.90 -15.36 -11.62 10 -12 200 180 0.3
B-28 -15.89 1295 -1477 13.06 3 -20 216 265 1.1
B-29 -1599 728 -15.82  7.00 7 -20 163 328 0.3
B-30 -16.62 1393 -16.66  13.90 3 -11 167 no p.a. 0.0
B-31 -16.73 5.99 - - 7 - 221 - -
B-32 -17.29 8.68  -17.15 8.36 8 -20 190 336 0.3
B-33 -17.57 10.05 -17.57 9.98 4 -17 400 no p.a. 0.1
B-34 -1760 7.80 -17.60  7.95 8 -20 206 no p.a. 0.1
B-35 -17.78 0.17 -17.40 -0.38 10 -26 358 325 0.7
B-36 -1795 -1.15 -17.82 -2.13 10 =37 404 352 1.0
B-37 -18.48 0.00 -17.85 0.38 10 -18 363 239* 0.7
B-38 -18.73 252 -18.51 3.05 15 -14 234 202 0.6
B-39 -18.76 5.46 - - 10 - 239 - -
B-40 -1890  7.95 - - 6 - 281 - -
B-41 -19.15 6.65 -19.08 6.72 8 -19 301 no p.a. 0.1
B-42 -19.67 1624 -19.84 1691 7 -19 401 165* 0.7
B-43 -2044 -6.76 -20.23 -6.51 7 -36 291 221* 0.3
B-44 2278 728 2278 732 10 -39 173 no p.a. 0.0
B-45 -23.10 6.05 2254  6.12 10 -15 208 263 0.6
B-46 2391 6.34 2391 6.34 10 -29 293 no p.a. 0.0
B-47 2475 0.88  -24.85 0.98 8 -20 256 no p.a. 0.1
B-48 2548 1634 -25.02 1645 5 -14 356 257 0.5
B-49 -25.83 0.35 -25.66  0.46 7 -7 188 no p.a. 0.2
B-50 2726 1649 2734 1645 5 -15 305 no p.a. 0.1
B-51 -27.55 11.65 2699 12.01 12 -19 273 238 0.7
B-52 -30.03 -8.40 - - 18 - 379 - -
B-53 -3091 -10.08 - - 18 - 368 - -
B-54 -31.26 595 -3094  6.02 17 -7 314 257 0.3
B-55 -33.28 7.18 - 18 - 249 - -

B-56 -3392 16.17 3335 16.10 12 -9 202 2717 0.6




