Astron. Astrophys. 359, 1147-1161 (2000) ASTRONOMY
AND
ASTROPHYSICS
Spectroscopy of molecular hydrogen in outflows from young stars

J. Eisloffel*, M.D. Smith?, and C.J. Davis*

! Thiringer Landessternwarte Tautenburg, Sternwarte 5, 07778 Tautenburg, Germany

2 Armagh Observatory, College Hill, Armagh BT61 9DG, Ireland

3 School of Cosmic Physics, Dublin Institute of Advanced Studies, 5 Merrion Square, Dublin 2, Ireland
4 Joint Astronomy Centre, 660 N. Aohoku Place, University Park, Hilo, HI 96720, USA

Received 20 March 2000 / Accepted 23 May 2000

Abstract. We present new medium-resolution longslit spectiiag jets or at their zones of impact with their environments. The
in the near-infrared and examine the excitation of moleculshocks produce prominent signatures atinfrared wavelengths. In
hydrogen across several outflows from young stars. In contrpatticular, strong line emission is produced from the hydrogen
to previous studies, in which the brightest patches in the flomwlecule through vibrational and rotational transitions. Here,
were selected, we find evidence for variations in excitation witke employ these transitions to determine the excitation state of
position within several sources. the gas in several outflows emanating from various young stars.

We present and comment on a number of ékcitation Our objectives are as follows. First, the outflows are labora-
mechanisms of outflows from the literature, and compare thearies for exploring supersonic molecular dynamics and molec-
with our observations. Hposition-velocity diagrams and lineular shock physics. Our results will help us understand the dy-
ratios support a picture in which the excitation variations aremics of molecular clouds and the dissipation of supersonic
caused by the large-scale shock geometry. The variations tmbulence in star forming regions. Second, we can directly ex-
best interpreted by magnetohydrodynamic C-shocks, althoyglbre the physical conditions within outflows, their means of
some locations which demonstrate hydrodynamic J-type excipgopagation and the means of momentum transfer into the am-
tion are found. In particular, VLA 1623 is accurately modelledient medium. We may eventually employ the shock emission
by a C-type bow, whereas a planar J-type model is favoured && a measure of the recent energy output of an outflow and thus
HH57. HH 1/2 consists of a collection of molecular bow antlave a new parameter to track protostellar evolution.
planar shocks. The Hemission from the leading edge of the This study is intended to extend upon previous low spatial
HH 1 bow structure is actually from a low-excitation obliqueesolution studies of large outflow regions, as well as a few
wing from one of many mini bow shocks rather than from fluaigh resolution studies of individual bow shocks. Our intent
orescence or a magnetic precursor. was to observe several K-band lines of &t several positions

In two of our objects, the jets themselves are also tracedthin each outflow, which then places constraints on the un-
in molecular hydrogen emission. Radial velocities in the imerlying shock physics and outflow dynamics. Low resolution
frared jet in HH47C demonstrate acceleration consistent witudies have revealed a surprisingly narrow range of excitations
the proper motions, and hint at ballistic motions originating ifBurton et al["”T989, Gred&l"1994). High resolution studies of
an eruptive event about 280 years ago. In this jet, as well lagght H, outflows have also uncovered quite uniform excita-
in the HH 1 infrared jet, we find the excitation to decline wittion (Davis & Smith 1995, Eisliffel et al.. 1996). Is there some
distance from the source. self-regulating excitation mechanism, or were the results sub-

ject to selection criteria? With these deeper spectra in which

Key words: shock waves — molecular processes — stars: matgnt and bright emission features are examined, we can answer
loss — ISM: jets and outflows — ISM: kinematics and dynamidhis question. Hence, we have chosen regions within which we
—ISM: molecules can detect fragments of bow shocks plus shells and outflows of
considerably different protostellar and dynamical ages.

1. Introduction 2. Observations and data reduction

Protostellar outflows are collimated supersonic flows of g¥e have taken medium-resolution/QA = 2000) longslit
which accompany the birth of stars. They can be studied Bjectra in HH1/2, HH46/47, HH57, VLA1623, and

analysing the radiative shock waves generated within their drJ©C 63341 with IRSPEC at the ESO/NTT on La Silla (Chile)
in December 1994 and in May 1995. A summary of all our

Send offprint requests 1d. Eisbffel spectroscopic observations is given in Tdble 1. The instrument
* Based on observations collected at the European Southern Obg&€s a SBRC InSb array of 582 pixels, with a pixel scale of
vatory, La Silla, Chile. 2'2 per pixel. In December 1994 we used a slit width 55
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Table 1.Observing log derive the intrinsic (beam-average) column of gas in the upper
level of the transitionV;:

Object + Slit Date F:.A. Note N — 100445 4T\ F) )
HH1/2 | 20.12.1994 —41°3 i heE;02
HH1/2 1l 18.12.1994 338
HH 1/2 11l 19.12.1994 -533 whereé? is the aperture or beam size in radians. We denote the
HH1/2 IV 19.12.1994 +1281 relative column as
HH 46/47 | 19.12.1994 +46°2
HH46/47 I 20.12.1994 +6%1  * Cj = Nj/Nis (2)

10.05.1995 +691 where j=(1,3) is the upper level of the 1-0 S(1) transition which
HH46/47 1l 20.12.1994 -1265  * produces the strong K-band line.

9.05.1995 —126'5 The CDR method compares the relative columns with those

HH 57 10.05.1995  +187 produced from a gas in local thermodynamic equilibrium (LTE)

NGC 63341 10.05.1995 4502

tT, =2 K with¢, = 3, i.e. with the normalised column
VLA 1623 10.05.1995 —97°8 atT, = 2000 o =3, 1.8 e normalised co s

C¢ = N7 /N7 5 where
* These slit positions were observed under less favourable weather
b (2J; + Vexp(~T;/T,)

conditions and are not shown here. N¢ = N(H 3
j 1/10 ( 2) Z(TO> ( )

with the partition function (Smith et al. 1997a)
Z(T) = 61351072 T [1 — exp(—5850/T)] " (4)

while a slit width of 4'4 (2 pixels) was employed in May 1995.andvy = ¢/(1 + ¢) for an ortho transition angh = 1/(1 + ¢)
The array covers a wavelength range of about 0/086n the for a para transition.
K-band, varying with wavelength. Therefore, spectra in several The quantity we will actually plot againgt; is defined as
grating positions had to be taken to cover the observed lines. o
They were taken with an interleaving strategy in order to allo(\?/\?g (CDR;) =1log (C;/C7). (5)
for checking the stability of the line ratio measurements. SeVhe advantages of this method arelge) CDR; would be zero
eral object-sky-sky-object groups with 60 sec integration tinfee. C;/C¢ = 1) if we were observing a slab of temperature
per position were observed, for a typical total integration tinig,, so the diagrams display sensitively the variations from this
of 10 min per slit position. temperature and (2) log(CDIRis a linear function of ; for any

The spectral images were sky-subtracted, flatfieldegnstant temperature gas (the slope of the line being dependent
straightened, wavelength- and flux-calibrated using the IRSPBEC the temperature).
context in MIDAS. In December 1994 Ori, v Ori, andg Car An excitation temperature can be defined between any two
were used as flux-calibrators, whikeCar and) Oph were used transitions given their columns and the ortho-para ratio:
in May 1995. Velocities of the FHgas were measured relative to ¥;(2J; + 1) N
the OH (9,7) R(1) line at 2.1244@m (Oliva & Origlia[1992) Tjx = (T — Tj)In M@JQWV} (6)

J

and converted to systemic velocities.
Extinctionis estimated here fromthe 1-0 Q(3)/1-0 S(1) ratio.
Since these two transitions share the same upper energy level,
their intrinsic ratio is a physical constant. Hence only extinction
3. Diagnostic background and observational uncertainties (telluric absorption, instrument
I . . sensitivity, line blending) can influence this ratio. It should be
3.1. Excitation of H and the Column Density Ratios (CDR) noted thatin no position do we find an extinction which alters the
The information available from our observations are: (1) sevef@DRs sufficiently to influence derived excitation temperatures
H, emission line fluxed’;, (2) the radial velocity,. of the 1-0 more than~10%. Although in many positions the extinction
S(1) line and (3) the spatial structure of the 1-0 S(1) emissiarannot be accurately measured, we still assume the extinction
The excitation test discussed here uses just the fluxes. To extgaetn by the quoted mean fluxes (provided it is positive).
the H, excitation properties, we convert the fluxes into Column Two remarks should be made here. First, the comparisonto a
Density Ratios (CDRs) (Brand et al. 1988). A CDR diagramas in LTE provides information on the density and temperature.
is then a convenient and accurate means of displaying a wideE is expected at very high densities, the critical value depend-
range of excitations. It is derived as follows. ing on the ro-vibrational state being considered and the fraction
For the analysis, we require several well-known constants: atomic hydrogen available (which, according to calculated
the transition wavelengths,;, the temperatures of the uppecollision rates, can dominate the léxcitation). Secondly, the
level of the transitiond’;, the rotational statistical weights ofortho:para ratio can usually be taken as 3 within Herbig-Haro
the upper levels 2;+1, and the radiation coefficienfs;. We objects (Smith et al. 1997a). Deviations would be recognisable
also require the average extinction at each location and limeterms of distinct CDR-T curves for each vibrational level
wavelength,4; and the H ortho:para ratiop. Then we can and H modification.
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as well as identifying non-thermal physics (ortho-para varia-
tions, fluorescence, reformation). The plausibility of this model
is low since there are no equilibrium temperatures or multi-
phase media expected in the temperature range in whide H
1 ] detected. Apparently successful two-temperature fits to the H
RSN peak in Orion (Everett et &l. 1995, not using the CDR method),
-05 " " ey " " " " are not viable on sensitive CDR plots (Burton & Haas 1997).
1ol | CBOW 1| JBow ] This will undoubtedly also apply to the two-temperature fits
made by Ayala et alZ{1998) to their recent observations of the
0.5} 1 1 IRAS 20126+4104 outflow.
Model CSHOCKA planar C-type shock, in which ion-
0.0f T 1 neutral friction heats the gas in a thick shock layer (Draine,
Roberge & Dalgarno_1983). The CDR has only slight curva-
ture. Note that the apparently good CSHOCK models, which
interpret limited OMC-1 data (Draine & Roberge 1982), have
been discounted by more extended data sets (Smith & Brand
19904). The excitation temperature of a C-shock is sensitive to
the density, ion fraction, magnetic field strength, magnetic field
direction, shock speed and oxygen chemistry (Smith & Brand
: ' : : 1990h). These parameters cannot be uniquely extracted through
\ FLO. FLY: ] modelling. Plausibility: high only if all the above parameters re-
/ Lm0 Lov=2 main uniform over the observed region.
1 e 1 Models CT.Time-dependent C-shocks. Planar C-shocks
! v=1 with moderate to high Alfén numbers* 5 for a transverse
1 ] field) are unstable (Model CTU) (Wardle 1990). Instability al-
V=2 n—LTE ! ters the resulting CDR behaviour by increasing the quantities of
-05 —= P : —= P hot and cold gas, steadily increasing the CDR curvature (Fig. 16
Upper Energy, T, (K) Upper Energy, T, (K) of Mac Low & Smith[1997). The time‘scale is about one third
of the flow time scale+ 20/(n;/1 cm~3), wheren; is the ion
Fig. 1. Schematic CDR diagrams to illustrate many of the possibifensity. Curvature is a common feature on CDR diagrams, but
excitation properties of molecular hydrogen from established and ngy time sequences are as yet available. Furthermore, variations
models. may be washed out since these are uncorrelated variations over
the shock surface on the scale of the shock width.

Model PRECMagnetic precursor to fast or slow planar J-
type shock. C-shocks require considerable times to form. The
A multitude of excitation mechanisms have been proposed ffne to reach the steady state CDR (Fig. 12 of Smith & Mac Low
H. in outflows and Photodissociation Regions by many autho#&97) beginning from a jump shock structure is about one flow
Simulated CDR diagrams have been calculated for many tshe. During this time, a precursor develops, producing quasi-
these excitation models. The properties of these models are Higar CDRs (Smith & Mac Low 1997). An equivalent bow
cussed here and summarised in Eig. 1. precursor could thus produce curved CDR. Parameters which

Model 1TEMPA reservoir of constant temperature gas. Adteld a steady-state precursor remain to be found and may not
suming LTE, this produces a Sing|e straight line onthe CDR d]e significant. In fast shocks it is clear that pre-shock ionisa-
agram, the gradient yielding the excitation temperature. We g Kills the magnetic precursor. Precursors may, however, be
this method when we have detected only a few 1-0 and 2-1 linB&gvalent as shocks are continually evolving.
which do not warrant detailed modelling (see also Garnavich et Model CBOWA curved C-type shock. Convex CDR curves
al.[1997). The model is physically implausible since no scena@ée produced. The CDR curve is independent of the bow speed
has been assembled in which molecular gas can be held at a fix&yided the speed exceeds the molecular breakdown speed (i.e.
temperature within the relevant range of 1000-4000 K (a plariBe bow apex corresponds to a hot dissociated cap andsthe H
C-shock gets the closest). It is, however, suitable as a diagn@ussion s distributed in fixed warm, cool and cold components
tic when insufficient data is available for detailed comparisdh the wings). Then, CDR curves depend only on the bow ge-
with dynamical models and can thus provide a constraint whefetry, departure from LTE, and the oxygen abundance (Smith
compared to molecular hydrogen excitation tables (e.g., Smithal (1991, 1991b). Low excitation temperatures are predicted
1995). for the rotational excitationr4300—1000 K, low 0-0 ratios) and

Model NTEMP.Several constant temperature componerfi@f 1-0 ratios ¢-1000 K), while moderate excitation from 2-1/1-
co-existing. By fitting N straight lines to N temperature rangdyratios (1500-2500 K) are generally predicted for paraboloidal
of a CDR plot, one obtains diagnostics for dynamical models,

1 usLow

osfh's

0.0

log (CDR)

log (CDR)

3.2. Excitation models for thedyas
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bows. More aerodynamic bows have been suggested by the o
all lower excitation in Cepheus E (Eisfel et al! 1996).
Model TURB.Supersonic turbulence is generated by a j
or wind in some initial impulse. The turbulence is then left t
form shocks which then dissipate, interact and disperse (
e.g. DR 21 for an observed example; Davis & Srith 1996). T
shock spectrum is an exponential function of velocity and ti
which suggests that weak shocks dominate the molecular «
citation properties. Both J-type, TURBJ, and C-type, TURBC
versions would thus predict low excitation (Smith et al. 2000a
Model STR.A presumed quasi-steady velocity cascadt
termed a ‘Supersonic Turbulent Reactor’ results when ur
formly driven turbulence (Smith et al. 2000b) dissipates enert
in the resulting spectrum of shocks (Smith et al. 2000c). Atwol
in the shear layers in radiative bow shocks and in their wake
Curved CDRs are generated, similar to Model TURB, depen
ing on the driving energy. Full details are in preparation (Smit
et al. 2000c).
Model JSLOWNon-dissociative planar radiative shocks
High excitation CDR curves (3000-3600 K) are predicted ut
der the most probable conditions. Lower excitations are on
possible with a high magnetic field or a carefully chosen shou
velocity (Smith[1994). Plausibility: requires reasonably hig
ion/neutral fractiony{ > 1075).
Model JFASTA dissociative front is followed by cooling
and molecule reformation at #500K. No detailed CDRs

are available. However, this model is characterised by high F?ig';. 2. Observed slit positions in HH 1/2 on an image in the 1-0 S(1)

15(1)/1-0 S(2) ratio, low intensities and cascade signatures (jyg, of 1, at 2.12um. Roman numerals indicate the orientation of the
strong fluoresence lines, Hollenbach & McKee 1989). Also ingjits (this end appears at the top in Fiby. 3.)

mediately distinguished by the strong atomic hydrogen emission
(including the infrared lines By, PG etc.). o o
Model JBOWA curved J-type shock in which molecularly @ emission arising from the strong shocks across the bow
emission is dominated by extended wings of Model JSLO@P (Ferandes & Brand 1995). _
type (Smith 1994). Plausibility: to reduce the excitation to levels 10 distinguish between some of these models requires H
often observed requires extremely long weak shock sectiondluxes with high signal-to-noise from transitions that span awide
Model FLO.X-ray and UV radiation heats and excites thgange of upper Ievgl temperat.ures. Although currently such data
molecules by UV pumping, via electron collisions and by diref§ N0t @lways available, we find below that when the data are
dissociation and consequent reformation. A fluorescent sp@Esufficient quality many of these models can be excluded in

trum is produced. Each vibrational level produces a distingp€Cific knots.

CDR curve, with higher levels generating larger columns (e.g.,

McCartney et al. 1999). This contrasts with shocks from withip, Results

low density gas (i.e. non-LTE) in which the CDRs for higher

vibrational levels are depressed (seeHig. 1). Further variatioffig- HH1/2

caused by a non-thermal ortho-para ratio. The result is a posste morphology of HH 1/2 in the 1-0 S(1) line of molecular hy-

ble low temperature CDR component in the low vibration levelfrogen has been studied by Davis et al. (1994) and by Noriega-

plus numerous strong transitions stemming from high vibrgrespo & Garnavich (1994). Noriega-Crespo efal. (1997) have

tional levels. The predicted spectrum (Black & van DiShOE(&qso measured proper motions for thregktots in HH 1, and

1987) has been confirmed in various Photon Dominated Regig#ignd motions comparable to those seen in the optical HH emis-

(e.g. Ramsay et &l. 1993). sion knots. Spectroscopy in the K-band, and a study of the ex-
Model FLY.UV radiation from nearby shocks excites th%itation of the B gas in HH 1 has been presented by Gredel

molecules by Lyman resonance excitations (possibly in ad¢i-996), and in HH 2 by Schwartz et &l. (1995).

tion to MODEL FLO; Black & van Dishoeck 1987). Descrip- The image presented in Fig. 2 gives an overview over the

tion: besides the Model FLO CDRs, the 2-1 S(3) and S(4) leMH 1/2 region in the 1-0 S(1) line of Hat 2.12um. The posi-

els could be selectively depopulated (Neufeld & McKee 198&ens of our four IRSPEC longslits are indicated and numbered.

This effect, however, has not as yet been observed. Model FE¥ntinuing the numbering scheme of Davis et al. (1994), we

may also occur in conjunction with bow shock models, with thgame two fainter knots 9 and 10, which can be clearly identified
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Fig. 3. Position-velocity diagrams towards HH 1/2 in the 1-0 S(1) line efat 2.12um, in the slit positions marked in Fig. 2. Velocities are
relative to a systemic velocity of HH 1/2 of % = 10.6km s (Choi & Zhou1997).

in our spectra. Knot 9 is situated ahead of the apex HH 1F of thé~'® W m~2, and individual measurement errors are given in
HH 1 bow shock. In this region Solf & &m (1991) observed brackets.

dust-scattered Herbig-Haro emission from the HH 1 jet in the For most knotsin HH 1 and 2, the radial velocities scatter by
optical atomic lines. Knot 10 is located in the heavily obscureabout 20 kms! around the systemic velocity. This is consistent
region between HH 2 and the VLAL1 source. with the radial velocities found in optical lines (e.golBn &
Solf[1985/1992), and suggests that the HH 1/2 outflow is very
close to the plane of the sky.

InHH 1, knots A and L possess quite high redshifted speeds,
Our longslit spectra of HH 1 and HH 2 are presented in[Big. 8uggesting they are generated in material accelerated away from
One slit was centred on the HH 1 jet and bow shock, and a séwe HH 1 bow and away from the line of sight, i.e. they are form-
ond one on the bright knots south-east of the Cohen & Schwairig the receeding wing in this rather asymmetric bow shock.
star. Another two slits cross the HH 2 bow, covering its brighGeveral components between HH 1 and HH 2 possess a range
est H, condensations. Slit positions are numbered with romai radial speeds, suggesting complex outflow dynamics (e.g.,
numerals as in Fi¢] 2. Designations of the brighter knots gueecession, pulsation, or cavity backflow). In HH 2, we find that
indicated to the left of the spectra. Their corresponding radidle line of knots K, E, and 8 is increasingly blueshifted with
velocities are given to the right. These radial velocites are relistance from the source (slit I1l), and knots A/H and L (slit V)
ative to the systemic velocity of the HH 1/2 system @f.v= are following the same pattern. A similar pattern of increasing
10.6kms! (Choi & Zhou[1997). They should be accurate tblueshift with distance across HH 2 has also been found in a
about=10kms. recent CO millimeter study by Moro-Martin et el.{1999) which

Measured line fluxes and upper limits for 11 ro-vibrationataces the relatively cold gas. These observations suggest that
H, transitions in the K-band for various knots in HH 1 and HH @ve are seeing a flow that impacts with a cloud positioned so as
are listed in Tablgl2. They are ordered as the knots appear inttheeflect debris predominantly towards the observer.
position-velocity diagrams |-V in Fi§] 3. Fluxes are in units of

4.1.1. Radial velocities and-Hine fluxes in HH 1/2
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Table 2. H; integrated line fluxes in HH 1/2.

line 3-2S(5) 2-1S(3) 1-0S(1) 8-60(5) 1-0S(0) 2-1S(1) 9-70(3) 3-2(S1) 1-0Q(1) 1-0Q(2) 1-0Q(3)
knot 2.065m 2.072um 2.12Jum 2.21Qum 2.223m 2.247m 2.253m 2.38G:m 2.40Gm  2.413m 2.423m
slitHH 1/2 |

HH 1 knot 9 <5 34) 17(4) 2(3) 2(3) 4(4) <6 6(6) 11(8) 7(8) <10
HH1F 2(1) 5(4) 55(6) 3(4) 27(6) 14(5) 6(6) 8(5) 24(10) 16(5) 18(11)
HH1A 3(1) 54(8)  371(9) 1(2) 75(8) 55(5) <9  12(10) 170(57) 89(21) 113(22)
HH 1 knot 4 5(4) 7(2) 224(11) 5(7)  40(13) 16(18) <8 8(7) 218(28)  69(31) 91(6)
slitHH1/2 11

HH1F <8 12(5) 99(5) - - 8(10) <11 9(14) 159(39) 56(42) 74(61)
HH1L 10(9) 32(9) 184(6) - - 13(9) <9 2(10) 10(14)  50(15) <25

HH 1 knot 7 2(2) 3(2) 43(6) - - <4 <5 2(7) 7(8) 30(20) <12
HH1G; <3 3(3) 5(1) - - <3 <3 3(7) 6(11) 27(9) 13(8)
HH1G; <4 4(2) 20(2) - - 1(6) <6 8(10)  48(21)  20(14) 15(21)
slitHH1/2 11

HH 2 knot 10 7(8) 4(9)  46(11) 7(6) <8 3(4) <9 7(6) 11(10) 10(15) 4(13)
HH2T 3(3) 7(6) 71(2) 2(3) 15(3) 4(2) <5 5(3) 17(6) 6(9) 24(19)
HH2K 2(3) 19(5) 159(4) 7(2) 38(4) 9(3) <5 3(4) 109(18) 31(4) 54(6)
HH2E 9(7) 57(2) 512(5) 4(6) 128(7) 39(4) <5 8(7) 369(17) 137(15) 200(21)
HH 2 knot 8 2(2) 4(2) 74(5) 5(6) 34(3) 3(2) <5 2(4) 67(9) 38(24) 22(26)
slitHH 1/2 IV

HH2L 58) 37(10) 244(12) 5(7) 42(5) 18(5) 17(3) 12(12) 108(24) 35(14)  39(13)
HH2A/H <8  47(11)  428(9) 7(6) 86(5) 19(3) 10(6) 9(13) 131(19) 36(11) 59(23)

2 Fluxes are in 10'® Wm~2. Errors are given in brackets.

4.1.2. Excitation of Hin HH 1/2 condensations HH 46 knots 1/2/3 and HH 47C counterjet knots

nd b).

A fluorescent signature is possibly found in knots HH 2A/H

d L. Especially in HH 2A/H, we find both the 8-6 O(5) and

|F17 O(3) vibrational transitions may be present at a marginal

vibrational excitation temperatures are given. Extinctions ev%l_. In comparison, the Black & van Dishc_)en:k (1987) model
: ' predicts that the 1-0 S(1) and 2-1 S(1) contributed fluxes should

at 2.1im are calculated from the 1-0 Q(3)/1-0 S(1) line ratid;ewlo and~5 times larger than the 9-7 O(3) flux. Instead, the
where possible, and otherwise are assumed to be zero. Q—bra%? : '

. erved 2-1 S(1) flux is a factor of 3 lower than this prediction.
lines are represented by open squares (these columns, at wayy

: . %rmallsatlon, within a high density molecular gas, in which
lengths eXL_:eeo_Ilng 2n, 1.e. towa_lrds the edge .Of _the K-ban he 2-1S(1) upper energy level becomes collisionally (rather
atmospheric window, are less reliable). Upper limits are shown o ;

. than radiatively) depopulated could reduce the required flux.
as crosses with arrows. D

i . nsities would then have to far excegtf cm~3, though. A
We find from these diagrams that HH 1 presents a very cool . . . i N .
H, knot F at the apex of the bow. This cool gas is explained geond problem is the high ratio of 1-0 S(1)/1-0 S(0) ofiS)04:

. : . . ; : her photon-dominated regions possess ortho-para ratios lower
anew H image which shows that ‘h'?‘ knotis ‘:" hlghly'Obl'(wethan 3. This is not clear evidence, since we do not know the ro-
almost planar shock segment (Davis et al. 2000). The win

HH 1A and L are relatively warm, 2500 K, an excitation often @Rional excitation from just the two 1-0 lines, but given that the

) 1-0 S(2) flux must be high to yield a low ortho-para ratio, the
ho- "

Igl:rr]lg 'Srgﬂlrjiog?rglg;g?;t];':;fg‘?l’ir%ﬁgi:é;gi;gﬁ?&gﬁégsuIting rotational temperature would exceed by far the vibra-
from the source is seen along the HH 1 jet (knots HH 264 7). I1onal temperature, and the model is thus inconsistent. Clearly,

This is consistent with the news-and [Fell] images of Davis better data, including the 1-0 S(2) line would aid the interpre-

. . . .tagion. Note also that knot HH 2A/H corresponds tohen &
etal. “‘200_0) and Relpur_th eF al. .(2000)’ since b.Oth groups fIg;c(})lf’s (1985) atomic high excitation knot, for which they found
a decreasing [Fell]/kratio with distance downwind.

The northern side of HH2 presents three weII—obserngange veI(_)C|ty dispersion propertles.
knots in which the excitation bgcomes progressively weaker Qur denv_ed K-ba|_1d extinction values are all close to or
with distance from the source (knots HH 2K, E, and knot on&stent with zero, n as far as one trgsts the 1.0 Q(g.) fI.ux.
. . . T ~This means that there is little extinction in front of and within
This may be consistent with a general trend for lower ex0|tﬁ1-e measured knots in HH 1/2
tion with distance from the outflow source in HH 1/2, as we )
as in the HH 46/47 outflow discussed below (see for example

The H, line fluxes listed in Tabl€]2 are presented as CDR dﬂi—a
agrams in Fid.}4 for the knots in HH 1/2 where the data are git]
sufficient quality. Straight line fits to log(CDR); Bre superim-
posed using the two most accurate lines, and the corresponi
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Fig. 5.Observed slit positions in HH 46/47 on an image in the 1-0 S(1)
line of Hy at 2.12um. Roman numerals indicate the end of the slits
that appear at the top in Fid. 6.

4.2. HH 46/47

HH 46/47 was imaged in the near-infrared 1-0 S(1) line ¢f H
and in the [Fell]1.64m by Eisbffel et al. (1994). They inter-
preted the H emission stretching backwards along the north-
ern side of the north-eastern HH 46/47 jet, and from the south-
western HH47C bow towards the source as the wings of ex-
tended bow shocks. Proper motions infdr some of the knots
in these wings, as well asinthe HH 47 counterjet were measured
by Micono et al.[(1998).

An image of the HH 46/47 outflow in the 1-0 S(1) line of
Hy at 2.12:um is presented in Figl5. The positions of our three
IRSPEC longslits are indicated. Three fainter knots in the wings
ofthe HH 47C bow, which we can clearly identify in our spectra,
are marked i, j, k in continuation of the numbering scheme of
Micono et al. (1998).

4.2.1. Radial velocities andHine fluxes in HH 46/47

Our IRSPEC longslit spectra of HH46/47 are presented in
Fig[8. Two slits were positioned on the emission features in
the wings of the HH 47C bow, while another slit was centred
on the flow axis, covering both the jet and the counterjet. Slit
positions are numbered with roman numerals as inFig. 5. Des-
ignations of the brighter knots are indicated to the left of the
spectra. Their corresponding radial velocities are given to the
right. These radial velocites are relative to the systemic veloc-
ity of the HH 46/47 system ofy,. = 5.5kms™! (Olberg et al.
1992). They should be accurate to abélfO kms.

Measured line fluxes and upper limits for 12 ro-vibrational
Hs transitions in the K-band for various knots in HH 46/47 are

Fig. 4. H, CDR diagrams for selected regions within HH 1/2. Stralgi“Sted in Table 3. They are ordered as the knots appear in the

line fits to log(CDR)-T; are superimposed using the two most accura

position-velocity diagrams -1l in Fig. 6.

lines. Correspondlng vibrational excitation temperatures and extinc- High redshifted radial velocities of about +50 km'sare
tions, A, at 2.12m are given. Q-branch lines are represented by opgteasured atand near the apex of the HH 47C bow (knot a). They
squares, and upper limits are shown as crosses with arrows.

are diminishing continuously along the flanks of the partial shell
(slits I and II), and even get negative in knots i and f. This is
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Fig. 6. Position-velocity diagrams towards HH 46/47 in the 1-0 S(1) line #81H2.12um, in the slit positions marked in Figl. 5. Velocities are

relative to a systemic velocity of HH 46/47 of.y = 5.5kms ! (Olberg et al_1992).

Table 3.H; integrated line fluxes in HH 46/47

line 3-2S(5) 2-1S(3) 1-0S(1) 3-2S(4) 8-60(5) 1-0S(0) 2-1S(1) 9-70(3) 3-2S(1) 1-0Q(1) 1-0Q(2) 1-0Q(3)
knot 2.06%m 2.07im 2.12%m 2.127%m 2.21Qum 2.223m 2.247:m 2.253m 2.386:m 2.406:m 2.413m 2.423im

slit HH 46/47 |

HH 47 C knot ¢ 6(9) 28(6) 144(6) <6 <6 34(7) 10(7)  2(7) 114(23) <18 119(12)
HH 47 C knot b 709)  47(7) 110(6) <7 5(5 30(7) <6 4(5) 78(13) 20(18) 82(13)
HH 47 C knot k 25)  6(6)  30(9) <5 2(5) <5 <6 1(7) 25(12) <15 32(10)

slit HH 46/47 11

HH 47 C knot f 3(3) 17(18) 83(46)  9(6)  8(9) 8(11)  5(7) <9 17(22) 91(60) 30(20) 33(26)
HH 47 C knot i 6(7)  8(®8) 23(13) 33 5(5) 6(6) 3(2) <4 8(10) 25(28)  5(5) 13(7)
HH47Cknote  10(10)  15(9) 133(27)  5(6) 11(12) 29(26) 15(7) <7  4(7) 88(15) 29(8) 72(36)
HH 47 C knot j 33) 3@) 15(7) 32  2(5) 2(2) 13) <4 3(6) 7(7)  7(6) 21(16)
HH 47 C knot a 55)  5(5)  29(9) 12) <5  3(@3) <4 <4 1(1) 22(14) 12(15) 28(20)
slit HH 46/47 111

HH 47 c-jetb 1) 96)  75(4) 6(7) 16(13) <4 <5  5(5) 35(18) 16(11) 59(15)
HH 47 c-jeta 2(4)  8(7) 59(13) 6(7) 16(8)  9(9) <5  2(3) 31(11) 20(11) 27(12)
HH 46 1/2/3 1(1)  11(6)  20(5) 56) 6(3) <5 <5 3(6) 20(10) 7(2) 13(7)
HH 46 B 34)  6(5) 25(4) 2(3) 10(3) 5(4) <5 <8 17(10)  3(6) 13(12)
HH 47 As 3(4)  4(8) 21(8) 12)  8(4)  5(4) 43 13)  7(11)  5(7)  14(5)
HH 47 Ao 6(7) 15(7) 59(10) 9(10) 13(4) 15(7)  3(3)  4(6) 30(8) 21(17) 37(13)

 Fluxes are in 10'® Wm~2. Errors are given in brackets.
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A’;OMSO P ’ ern edge of the shell is cooler with lower extinction, consistent

osh ‘ﬁ/ | with the blueshifted velocity, indicating motion towards the ob-

_ server. Given an angle to the line of sight o62nd the ap-
e - parently wide cavity, this material may be breaking through the
o0r - I . 1 nearside of the Bok globule. Knots b and c in the northern flank
- of the bow would appear to have an extreme ortho:para ratio
10’ 1a10"  2e10° 10 10 2a10° (with both para lines being undetected in knot ). These strange
Upper Energy, T; (K) Upper Energy, T; (K) results could be a measure of the ortho:para ratio within the
cold Bok globule. In a cold low density medium in which only
Fig. 7. HQ. CDR djagrams for selected regions within HH 46/47. Seﬁe]e ground states of ortho- and para-&te occupied, thermal
also caption to Fig4. equilibrium would eventually produce an ortho:para ratio of 9.
Consequent excitation, without time to reduce the modification
ratio, could then produce the observed result.
consistent with a partial bow model, rather than a wind-blown The counter jet is quite cool, just over 2000 K. We derive an
cavity in which the wind is focussed. Even higher redshiftesktinction towards c-jet knot b of 0.62 magnitudes, or about 6
velocities of up to +145km's, and a strong increase in themagnitudes in the optical. The bow HH 47A of the HH 46/47
radial velocity of the H gas with distance from the sourcejet has a high blueshift of 155 km s~!, and a high excitation
are observed in the counterjet (slit Ill). A similar increase, upf ~3000 K. This speed is consistent with the atomic emission
to a blueshifted radial velocity of 155 kms™!, is also seen line velocity images (Hartigan et al. 1993), favouring emission
in the northeastern HH 46/47 jet (HH 46B — 47A). Indeed, slitom the bow shock rather than the Mach disk.
Il illustrates the striking radial velocity gradient between the
jet and counterjet in HH 46/47. The radial velocity increasgls3 VLA 1623
with distance from the source may be due to variations in thé™”
jet speed. Numerical hydrodynamic simulations of pulsed jéffie outflow from VLA 1623 was imaged in the 1-0 S(1) line of
indeed show such a behaviour in theémission from the inner H, by Davis & Eisbffel (1995) and Dent et al. (1995). Both low-
jet (see Fig. 14 of lker et al! 1999). and high-resolution spectroscopy of VLA 1623A led Davis et
al. (1999) to conclude that this object is a C-type bow moving
towards the observer at an angle to the line of sight¢%° at
a speed of-80kms !,
The H, line fluxes listed in Tablg]3 are presented as CDR di- Animage of knots A and B in the VLA 1623 outflow in the
agrams in Fid.J7 for the knots in HH 46/47 for which the dats-0 S(1) line of H at 2.12:m is shown in Fig.B. To the left, the
warrant further analysis. We find that the individual knots b anatight reflection nebula of the class | source GSS30 is seen (see
c in the northern flank of the partialsHoow HH47C are of also Dent et al. 1995). Two solid lines mark the position of our
high excitation, consistent with J-type shock models JSLOWRSPEC longslit, which was centred on the two emission knots
and JBOW. The CSHOCK model cannot be excluded with théd the GSS30 source.
present data, but requires very specific and uniform conditions.
The extinction along the northern edge of the counter-flow shel , - . .
(knots b and c) appears to be quite high. This may be relatﬁe'g'l' Radial velocities andzHine fluxes in VLA 1623
to the redshifted motions, suggesting a high internal extinctioh position-velocity diagram towards VLA 1623 A and B in the
which also hides any optical emission from this lobe. The south-0 S(1) line of HB at 2.12:m from our IRSPEC longslit spec-

-0.5

4.2.2. Excitation of H in HH 46/47
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Fig. 9. Position-velocity diagram towards VLA 1623 in the 1-0 S(1
line of Hy at 2.12um, in the slit positions marked in Flgl 8. Velocities
are relative to a systemic velocity of VLA 1623 of.y = 3.8kms!

(André et all 1990).
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Table 4.H; integrated line fluxes in VLA 1623

line wavelength A B
3-25(5) 2.06%m 22(7) 5(5)
2-1S(3) 2.072um 152(9) 43(4)
1-05(1) 2.12pm  1292(10) 432(13)
3-25(4) 2.12°m 13(8) 11(9)
8-6 O(5) 2.21Qum <4 1(2)
1-05(0) 2.223m 325(7)  101(9)
2-15(1) 2.244m 137(36) 67(5)
9-70(3) 2.253m 7(12) 5(7)
3-25(1) 2.386:m 23(16) 18(9)
1-0Q(1) 2.406um  1409(88) 655(46)
1-0Q(2) 2.413m 540(26) 176(24)
1-0Q(3) 2.423m 1343(121) 486(24)

2 Fluxes are in 10'® Wm~2. Errors are given in brackets.

trum is shown in Fid.©. A small redshifted radial velocity of
+8km s, relative to the systemic velocity of . = 3.8 kms™*
(André et al. 1990), is measured here for knot A, although Davis
et al. (1999) find a small blueshifted radial velocity of about
—6.5kms~! for the part of knot A common to both measure-

ents. Given our measurement error of akeil® km s™!, how-

ver, and the fact that Davis et al. (1999) suggest part of knot
A (not covered by their slits) may actually belong to a different
outflow, the two measurements are not contradictory. Also knot
B, for which we find a radial velocity of +45knTs, may be
related to this second flow with a source perhaps in the nebula
GSS 30. Proper motions within knot A and between knots A
and B will eventually clarify the situation.

Measured H line fluxes and upper limits for knots

VLA1623 A and B in 12 ro-vibrational Kllines in the K-band
are listed in Tablgl4.

4.3.2. Excitation of Hin VLA 1623

The H, line fluxes listed in Tabl€l4 are presented as CDR di-
agrams in Fid._T0. We find that the infrared K-band extinction
in this flow is rather high at 2—3 magnitudes. This is consistent
with the result from the spectroscopy of Davis et al. (1999),
where the extinction across knot A was found to systematically
increase from 2 to 3 magnitudes.

We can dismiss the CSHOCK and 1TEMP models imme-
diately for the knots of the VLA 1623 flow for the following
reason. While the kexcitation temperatures as measured from
the 2-1 S(1)/1-0 S(1) line ratio are just over 2000 K, the detec-
tion of several 3-2 lines imply that a single temperature model
(CSHOCK or 1TEMP) is not relevant.

Bow shocks are clearly involved for both knots, as was con-

Fig. 10. Upper panel: H log(CDR) diagrams for regions within cluded for knot A by Davis et al. (1999). The two knots possess
VLA 1623, with straight line fits to log(CDR)-Tsuperimposed using very similar excitation properties, consistent with the predic-
the two most accurate lines. See also caption tqFig. 4. Lower partﬁgﬂs of bow shock models which combine bow zones of hot,
The C-type bow shock model successfully employed to interpret %rm and cool gas in amounts prescribed mainly by the bow

UKIRT CGS4 spectra Davis et al. {1999) for locations within knot
A is here used to compare with the, Hbg(CDR) diagrams for the

VLA 1623 knots. See the text for the model parameters.

shape. In fact, we find remarkably accurate fits for both knots
by employing exactly the model which was so successful in
the interpretation of the longslit spectroscopy of Davis et al.
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: - NGC63341

Fig. 11.0Observed slit position in NGC 6334I drawn on an image in the
1-0S(1) line of K at 2.12um. Knots A, B, C from Davis & Eigffel
(1995) have been marked.

(1999), confirming this result. Fig. 10 demonstrates that the C-
type paraboloidal bow shock of speed 80 kmh snoving at 75
to the line of sight, with a magnetic field at 4t the flow axis, Fig. 12. Position-velocity diagram towards NGC 63341 in the 1-0 S(1)
an Alfvéen speed of 2km's', anion fraction of 167, and O and [ine of H, at 2.12um in the slit positions marked in Fig-L1. Velocities
CO abundances of 1@ provides an excellent fit not only to theare relative to a systemic velocity of NGC 63341 fy= —7.5kms™*
spatially-resolved excitation study and the position-velocity diBachiller & Cernichar 1990).

agrams (Davis et dl. 1999) but also to the integrated emission

from the knots shown here. Note that only the oxygen abutible 5. H, integrated line fluxes in NGC 6334l

dance (through conversion into the critical coolaptCtHn the

shock front) and the bow shape have a significant bearing |G wavelength A B C

the excitation in a fast C-type bow (Smith etal. 1991a, 1991h), S(5) 2.065:m 12(7) 6(6) 11(7)

2-1S(3)  2.07im  63(13) 24(14)  38(13)

4.4. NGC 6334l 1-0S(1) 2.12m 551(16) 231(18) 297(21)
3-25(4) 2.12%m 11(6) 7(4) 11(6)
An image of the central part of the NGC 63341 cluster in th@6 O(5) 2.21Qum <8 <5 <10

1-0S(1) line of H is shown in FigTlL. The threesHemission 1-0S(0) 2.223m  153(11) 72(6)  46(12)
knots A, B, C identified by Davis & Eigfffel (1995) are marked. 2-1S(1) 2.240m 52(9)  15(14) 24(9)
The position of our IRSPEC longslit covering these three kndls’ ©(3)  2.253im <7 <9 <9
is indicated. 3-2S(1)  2.38um  26(25)  15(7)  24(13)
1-0Q(1)  2.406m 719(39) 318(27) 342(53)
1-0Q(2)  2.413m 234(14) 94(28)  98(37)
4.4.1. Radial velocities and-Hine fluxes in NGC 6334l 1-0Q(3) 2.423m 681(27) 300(18) 230(48)

A position-velocity diagram towards NGC 63341 covering the Fluxes are in 10" Wm™2. Errors are given in brackets.

1-0S(1) line of B at 2.12um in our IRSPEC longslit spec-

trum is shown in Fid_12. The bipolar nature of the outflow is

clearly indicated. Its blueshifted lobe towards the southwestdsincides with the bright souree5” southeast of knot C, is the
traced by knots A and C, which move at radial velocities a@friving source of this flow (Davis & Eigiffel 1995).

—18kms ! and—20 km s~ relative to the systematic velocity =~ Measured line fluxes and upper limits for the three observed
of vi,, = —7.5kms™! (Bachiller & Cernichar® 1990), while its knots NGC 6334l A, B, C in 12 ro-vibrational Hines in the
redshifted lobe towards the northeast, which inddnsists of K-band are listed in Table 5. The two lines that have not been
knot B, is moving at a radial velocity of +79 k& relative  detected, and for which &-upper limits are given, are the 8-
to the systemic velocity. It is surprising that knot C has almo8tO(5) and the 9-7 O(3) transitions.

the same blueshifted radial velocity as knot A. This implies that
knots A and C are in the same lobe of the bipolar flow, and thj\t4
the flow source is located somewhere between knots B and C.
In fact, this casts some doubt on the previous suggestion tfiae H, line fluxes listed in Tabl€]5 are presented as CDR di-
the far-infrared source IRS1 (Harvey & Gatley 1983), whicagrams in Fid. 113. There, the;Hxcitation appears similar to

.2. Excitation of H in NGC 63341
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Fig.13. H2 CDR diagrams for regions within NGC 6334l with the. | .
C-type bow shock model (dashed line) as applied to VLA 1623 super- |
imposed. The straight (dot-dashed) lines correspond to the excitation
temperatures. B }M 7
[ | | L

VLA 1623. Thus we display the same bow shock model for atig. 14. Position-velocity diagram towards HH 57 in the 1-0 S(1) line
three knots. For knots B and C, the third vibrational level apf H, at 2.12um. Emission from the counterflow (knot B) is clearly
pears to exceed the bow shock model predictions. In particuldsjble. Velocities are relative to a systemic velocity of HH 57 gf.v
the observed columns which produce the 3-2 S(1) line frofn—3.1kms™! (Evans et al. 1994).
T,=17818K and the 3-2 S(4) line at 19912K are high. This , ,
could indicate that a fluorescent component is present, espée- | HH 57, knot A
cially in knot C. 1.5] e 2960
Alternatively, the highratio of 2-1 S(3) to 2-1 S(1) in all three -
knots (note, however, the errors in knots B and C) are consis-
tent with a jump shock with speeds in the range 10-22kls 0.5}
Smith [1995) found a ratio of 1.3 for this line ratio for model
JSLOW. Then, the detected 3-2 lines would be explained by th&OF
same JSLOW model: it predicts the 3-2 S(5) line to be aboub.5t . .. - - - - - - -
0.2 of the adjacent 2-1 S(3) line, as indeed observed. The 1-0  5x10% 1x10* 2x10* 5x10% 1x10* 2x10*
emission must then arise from cool gas, less tha800 K, or Upper Energy, T; (K) Upper Energy, T; (K)

frorr_1 spmewhat warmer Iovy der_13|ty gas, wnh little 00”'5'9n3¢ig, 15.H, CDR diagrams for regions within HH 57. See also caption
excitation above the first vibrational level. Given the obvioug Figa. The dot-dash is a single temperature fit to the strongest pair
bow shock morphology of the knots in NGC 63341, the “plaof lines. The solid lines are from JSLOW models with a shock speed of
nar’ JSLOW model is perhaps less likely than the CBOW (witt6 km s, an oxygen abundance of 41band a pre-shock hydrogen
fluorescence) interpretation. Nevertheless, further observations;leon density of 20cm™? (left) and 10 cm™2 (right).

especially at longer infrared wavelengths, are needed to test this

scenario.

HH 57, knot B
T,,=4356K
A=0

sured as-12kms~! and +43kms! relative to the systemic
velocity of v, = —3.1kms~! (Evans et al_1994). Measured
4.5. HH57 line fluxes and upper limits of these knots in the [F&L}64um

: - . . line and in 13 ro-vibrational lines of Hthroughout the H- and
4.5.1. Radial velocities andHine fluxes in HH 57 K-band are given in Tabl@ 6.
A position-velocity diagram of HH 57 from our IRSPEC longslit
spectrum covering the 1-0 S(1) line of |t 2.12:m is shown in o .
Fig.[14. The central continuum spectrum belongs to the FU Oérli'—s'z' Excitation of i in HH 57
onis object V346 Nor, the source of the HH 57 outflow. This ouFhe H, line fluxes listed in Tabl&l6 are presented as CDR di-
flow manifests itself in the blueshifted knot A and the redshiftejrams in Fid.15. We find that the,Héxcitation temperatures
knot HH 57B in the counterflow, which is detected here for thare very high in HH57. Hence the C-type bow shock model
first time. The radial velocities of these knots A and B are mefails to explain the observedsthere. On the other hand, the 1-
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Table 6.H- integrated line fluxes in HH 57 vide explanations which are consistent with the images. These
data are consistent with C-type shock physics. J-type molec-
line wavelength A B ular shocks are favoured in specific objects, such as HH57,
[Fell] 1.644um  37(17) 5(6) where an on-going FU-Orionis type outburst may be respon-
1-05(11) 1.65Qm 10(8) 6(4) sible for high ionisation levels. On the other hand, we find no
1-0S(10) 1.666m 6(4) 6(4) evidence in the large lobe of HH 46/47 for a systematic trend
3-25(5) 2.06im  8(12) 10(8) on large scales. Instead, this means that we may be observing
2-13(3) 2.0722m  10(14) 20(20) fragments of a broken cavity structure here, excited by outward
1-05(1) 2.12um  83(14) 40(17) propagating shocks, rather than a smooth shell in which we see
8-60(5)  221Qm  5(7)  5(63) the shell surfaces which are projected edge-on to the observer.

1-0S(0) 2.223m  8(11) 12(57)
2-15(1) 2.24m  17(6)  15(6)
9-70(3) 2.253m <6 <14
3-25(1) 2.386:m 5(4)  10(7)

Also, the large HH 1 bow structure consists of numerous mini
bow shocks. Thus oblique edges appear even near the front of
the overall structure, consistent with the HST optical images

1-0Q(1)  2.406:m  60(7)  15(8) (Hester etal. 1998). o
1-0Q(2) 2.413m  26(11) 6(9) Gradients in H velocity and excitation across HH 2 have
1-0Q(3) 2.423im  52(13)  27(8) been uncovered. The velocity and the excitation of thegbis

both decrease downstream towards the southeast, along with
the atomic excitation and the CO velocity (Moro-Martin et al.
1999). Thisis evidence for the decay of supersonic turbulence in
0S(1)/2-1 S(1) ratio is-3-5, which is within the standard ranggne wake of the proposed jet-cloud impact at knot A/H in HH 2
predicted by the JSLOW model (Smith 1995). (Hester et al. 1998). The low molecular vibrational excitation
There is no evidence for extinction in the knots despite t%@splayed in knot 8, however, may also be explained by a low
high optical extinction to the central star. This suggests thajansity in this region which, through the lack of compensating

compact envelope surrounds the star and the outflow has brokgfiisions, causes the second vibrational level to be radiatively
out of this envelope on both sides. depopulated.

Model JSLOW fits are shown in Fig-115. The JSLOW model
predictions are not sensitive to the oxygen abundance when ) .
above 0.510~*, transverse magnetic fields which yield Ay ©-2- The leading kiknots in the HH 1 and HH 47C bows

speeds less than6kms™" or shock speeds in the range 10+ previous imaging studies compact molecular hydrogen knots
22kms '. Note, however, the density dependence which Wye been observed at the the tips of the bow structures in HH 1
have utilised to model the difference in excitation between thgd HH47C. The question arose why the molecules can
two knots (hot gas in the higher density shock is cooled mog@rvive in these places of highest shock speeds without being
efficiently by water). dissociated, and how they would be excited there. Here, we find
Note also that the emission from the [Fell}64um line  thatthe excitation, radial velocity and resolved shape ofthe HH 1
may not originate from these shocks: Smith (1994) calculategh are all consistent with this being an oblique shock on a lead-
that, for JISLOW mOdelS, this line flux is less than.03 of the |ng mini-bow shock. Such |eading mini-bows with low radial
1-0 S(1) flux. This suggests that the [Fell] is produced by th@eeds were also found in numerical simulations of molecular
faster shocks, JFAST, which produce the optical Herbig-Hagpitflows (e.g., Wlker et alL 1999). The excitation of the HH 47C
object but relatively little H emission. tip (knot a) was not determined here, although the upper limit on
JBOW models predict considerably less excitation than ofpre 2-1 S(1) emission (Table 3) implies a 1-0 S(1)/2-1 S(1) ratio
served (see Smith 1994). Fluorescent models, FLO and Fk¥ceeding 5, and thermal excitation rather than fluorescence.
are also not likely to be relevant since the detections of the rfi,s, a particular shape seems to reduce the shock speeds so
S(10) and S(11) lines confirms the thermal excitation of the hg§ in these knots, that dissociation of the molecules is not a
gas. These two lines would not be detected here if fluoresce@ggninant process here. Higher resolution near-infrared images

 Fluxes are in 10'® Wm~2. Errors are given in brackets.

dominated. of HH 47C are, needless to say, desirable.
5. Discussion 5.3. Kinematics of the southwestern HH 47 counterjet
5.1. Excitation models Two H, infrared knotty jets have been observed in the course

The CDR diagrams presented in the previous sections provRighis work. Both the HH1 and HH 47 jet knots decrease in
information about the shock physics and geometry. From deicitation with distance from the source. The HH 47 jet displays
longslit spectroscopy we have found that the excitation is ribtSteeply increasing radial velocity gradient which would be
constant, but in some objects is strongly dependent on the log@psistent with the shocked fragments from an impulsive event.
tion within the outflow. The distribution of the excitation of H !N fact, the radial velocities observed here of 85 and 146 km's
within the outflows is consistent with the shock shape: obliq@e® Proportional to the proper motion speeds derived by Micono
shocks (HH 1, knot F) and bow shocks (e.g., VLA 1623) pr&t al. (1998) of 136 and 229 km for knots c-jet a and c-jet
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b, respectively, to within the errors of about 20%. The radi&eferences

i " .
velocity knOti V\./ere separated by9"” and the proper mqtlon André P., Martin-Pintado J., Despois D., Montmerle T., 1990, A&A
knots by~11”, in rough agreement. An angle to the line of 236 180

sight of 58-12 is inferred on assuming ballistic motions. Thisyaia 5., Curiel S., Raga A.C., Noriega-Crespo A., Salas L., 1998,
compares to an angle of S8lerived from optical data for the =~ aAga 332 1055

bow shocks, taking a distance of 350pc (Eif#l & Mundt Bachiller R., Cernicharo J., 1990, A&A 239, 276

1994). From these velocity data and the distance to the souBtack J.H., van Dishoeck E.F., 1987, ApJ 322, 412

(see also Fig. 6) a kinematical age of about 280 years is deriwsthm K.H., Solf J., 1985, ApJ 294, 533

for both knots, hinting at a major outbreak of the HH 46 IR§6hm K.H., Solf J., 1992, AJ 104, 1193

source at that time. Brand P.W.J.L., Moorhouse A., Burton M.G., et al., 1988, ApJ 334,

The decreasing excitation in jet knots is a general prediction L103
for pulsed jets (Smith et al. 1997b). Pulses rapidly steepen ifgrton M.G., Brand P.W.J., Geballe T.R., Webster A.S., 1989, MNRAS

. . . 236, 409
shocks, which then gradually weaken as jet material is swept ton M.G., Haas M.R., 1097, A&A 327, 309
into the knots, leaving less and less un-shocked material avail,; M., Zhou S., 1997, Apd 477, 754
able to enter the shocks. Thus the shock pressure falls andii@is c.J., Smith M.D., Eigfifel J., 2000, MNRAS, in press
knots fade. Smith et al._(199b), however, analysed and sinDavis C.J., Eisffel J., Ray T.P., 1994, ApJ 426, L93
lated pulses superimposed on uniform jets. It is not clear thzdvis C.J., Eisdffel J., 1995, A&A, 300, 851

accelerating jets should also display this shock decay proceBgvis C.J., Smith M.D., 1995, ApJ 443, L41

Davis C.J., Smith M.D., 1996, A&A 310, 961

Davis C.J., Smith M.D., Eiéfffel J., Davies J.K., 1999, MNRAS 308,
6. Conclusions 539

. . . Dent W.R.F., Matthews H.E.M., Walther D.M., 1995, MNRAS 277,
We have used new medium-resolution longslit spectroscopy 193

to examine the excitation of molecular hydrogen across thgaine B.T., Roberge W.G., 1982, ApJ 259, L91

outflows from HH1/2, HH46/47, HH57, VLA 1623, andDraine B.T., Roberge W.G., Dalgarno A., 1983, ApJ 264, 485

NGC 6334l. In contrast to previous studies, in which the brighEisloffel J., Davis C.J., Ray T.P., Mundt R., 1994, ApJ 422, L91

est patches in the flows were selected, we find evidence Hisloffel J., Mundt R., 1994, A&A 284, 530

variations in excitation with position within several of thes&isloffel J., Smith M.D., Davis C.J., Ray T.P., 1996, AJ 112, 2086

flows. EvansN.J.,Balkum S., LevreaultR.M., Hartmann L., Kenyon S., 1994,
We present and comment on a number of ékcitation ApJ 424,793

mechanisms of outflows from the literature, and compare thq'fréfr:gtr: d'\gf'/’o\%ef oérg'nl‘d‘ E%g%eLRngéslgﬁa’R'fslg%123;

Wi'[.h our obsgrvations: lg-iposition—vglocity.diagr.ams for aII. Garnavich P.M., Noriega-Crespo A., Raga A.Cihn K.-H., 1997,
objects and line fluxes support a picture in which the excita- ApJ 490, 752

tion variations are caused by the large-scale shock geometijedel R., 1994, A&A 292, 580

In general, the variations are best interpreted by magnetolgytedel R., 1996, A&A 305, 582

drodynamic C-shocks, although some locations which dematertigan P., Morse J.A., Heathcote S., Cecil G., 1993, ApJ 414, L121
strate hydrodynamic J-type excitation are found. In particuldtarvey P.M., Gatley I., 1983, ApJ 269, 613

VLA 1623 is accurately modelled by a C-type bow, whereashgster J.J., Stapelfeldt K.R., Scowen P.A., 1998, AJ 116, 372
planar J-type shock modelis favoured for HH 57. HH 1/2, on ti¢ollenbach D.J., McKee C.F., 1989, ApJ 342, 306

other hand, consists of acollection of molecular bow and plar{a?® Low M.-M., Smith M.D., 1397, ApJ 491, 506

. . . . . . .. McCartney M.S.K., Brand P.W.J., Burton M.G., Chrysostomou A.,
shocks. Another interesting result in this object is the finding 1999 MNRAS 307, 315

that the Fi emission from the Iead.ing- edge _Of the _HH 1 bOV[(/Iicono M., Davis C.J., Ray T.P., Eiffel J., Shetrone M.D., 1998,
structure is actually from a low-excitation oblique wing associ-  apj 494, 227
ated with one of many mini-bow shocks (the leading mini-bowsoro-Martin A., Cernicharo J., Noriega-Crespo A., MarPintado J.,
in fact) rather than from fluorescence or a magnetic precursor. 1999, ApJ 520, L111
In two of our objects, HH 1 and HH 47C, the jets themselvegeufeld D.A., McKee C.F., 1988, ApJ 331, L87
are also traced in molecular hydrogen emission. Radial veldtsriega-Crespo A., Garnavich P.M., 1994, AJ 108, 1432
ities in the infrared jet in HH 47C demonstrate an acceleratib{riega-Crespo A., Garnavich P.M., Curiel S., Raga A.C., Ayala S.,
of the knots which is consistent with their proper motions. This 1997, ApJ 486, L55
hints at ballistic motions of these knots, originating in an eru _I_berg M., Re_lpurth B., Boots R.S., 1992, A&A 259, 252
tive event about 280 years ago. In this jet, as well as in the H fva E., Origlia L., 1992, A&A 254, 466

. . . ey . . . amsay S.K., Chrysostomou A., Geballe T.R., Brand P.W.J., Mountain
infrared jet, we find the excitation to decline with distance from M., 1993, MNRAS 263, 695

the source. Reipurth B., Heathcote S., Yu K.C., Bally J., Ragirez L., 2000, ApJ,
in press
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