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Abstract. VLT-ISAAC medium resolution (2-5 pm) spectroscopy of a hydrogen
jet in the Vela-D Molecular Cloud is presented. Such a jet had been previously
identified through narrow band imaging in the Hy 2.12 pm transition, result-
ing in several knots of emission extending up to 0.3 pc from the central source.
VLT-ISAAC observations allowed us to investigate the nature of this remarkable
example of collimated molecular jet. In particular, we show here some results
about both the jet velocity structure through medium resolution observations of
the H2 2.12 pm line profiles and the extreme physical conditions constrained by
the Ho (0-0) transitions in the L and M bands.
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1. Introduction

A large number of molecular jets has been
so far investigated in the near infrared with
the current ground-based instrumentation
through large field (< 10 arcmin) imaging
and intermediate resolution spectroscopy
(R~10%) (e.g. [Eisloffel J. 1997). In par-
ticular, molecular hydrogen imaging and
high resolution spectroscopy of the v=1-
0 S(1) at 2.122 um are extensively used
for identifying knots of molecular emission
and for studying their dynamics, while low
resolution spectroscopy of the Hs rovibra-
tional lines lying in the 1.6-2.5 pm range is
largely effective both to probe the molec-
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ular gas at thousands of Kelvin and to
infer the prevailing excitation mechanism,
fluorescence, C-ontinuos or J-ump shocks,
(see e. g. Black & van Dishoeck [1987;
Kaufman & Neufeld [1996; Hollenbach &
McKee [1989). Recently, space-born spec-
troscopy evidenced the advantages of ob-
serving in the mid-IR the ground state
Hs pure rotational transitions. These lat-
ter, besides to be practically unaffected by
extinction problems, are characterized by
significantly different critical densities, cir-
cumstance which makes them particularly
suitable to trace collisionally excited gas
in NLTE conditions. Unfortunately, these
observations are severely limited by the
unavoidably poor spatial resolution. Now,
VLT-ISAAC has opened a window in the
thermal IR (3-5 pm) investigable with in-
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Fig. 1. H3(2.122 pm)-K (continuum subtracted) image of the IRS17 jet. A molecular jet
is recognizable and results composed in about 20 knots of Hy emission emanated by the

candidate exciting source (# 40).

termediate spectral resolution at an ade-
quate plate scale for sampling the individ-
ual knots within the molecular jets, thus
offering the opportunity to diagnose the lo-
cal variations of the physical conditions by
using the unique capabilities of the pure
rotational Hy lines. In this framework we
have recently conducted with VLT-ISAAC
a spectroscopic study of the IRS 17 jet
(Figure [1)) we discovered in Vela-D cloud
(Lorenzetti et al.] 2002). This results in
about 20 knots of emission extending up to
0.3 pc from the candidate driving source.
Profiles of the Hy 2.12 pm line in differ-
ent knots have been obtained with ISAAC
SWS1 in medium resolution mode (A/A\
~ 8900 with a 0.3” slit) in order to define
their membership to the same jet and to
study the velocity pattern as a function of
the distance from the exciting source. In
addition, six knots (groups C and G) have
been observed at a resolution of ~ 1000 in
the 3-5 pm domain. The same knots had
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Fig. 2. Line profiles of the D and F knots.

flux density (107! erg cm™2 pm-!)
S

been observed with SOFT at low resolution
(R ~ 600) between 1.6-2.5 pum (Lorenzetti
gt al.] 2002).

2. Dynamics of the Hs jet

Figure 2ishows the Hs 2.12 um line profiles
observed towards the knots closest to the
source #40 (knots D and F in Figure ).
The Vigr velocity has been corrected for
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the local systemic velocity of +4.2 kms™!
(Wouterloot & Brand [1999). Knot F ap-
pears strongly red-shifted (~ +60 kms™1!)
relative to the cloud, while knot D is only
slightly blue-shifted (~ —5 kms~!) indicat-
ing that the jet has not a definite symme-
try in radial velocity with respect to the
systemic velocity. The two lines have also
very different intensities, likely because the
strong red-shifted line is much weaker, as
expected, due to a larger intervening ex-
tinction. In panel b) the Vigr velocities
measured for each knot are plotted as a
function of the distance from #40. The
South-East (SE) jet (knots F-I) appears
to have a velocity decreasing going away
from the central source, while the North-
West (NW) jet (knots D-A) shows an op-
posite behaviour. A possible explanation is
that the SE and NW jets originate from
the same driving source but their dynami-
cal behaviour is modified by the clumpiness
of the surrounding medium. In particular,
the SE jet can be strongly deflected, with a
significant change in its original radial ve-
locity, and then slowed down as it travels
inside the cloud. Alternatively, as suggested
by the presence of other knots not aligned
with the main jets (E1,E2E3,17E,17TW),
the occurrence of multiple outflows hav-
ing different orientations can be invoked.
Their interaction with the SE jet may cause
its deflection. Both these hypotheses are in
agreement with the CO map of the region
(Wouterloot. & Brand 1999)), which shows
a bipolar emission with a poor separation
of the outflow lobes.

3. Mid-infrared observations

The line fluxes derived from our ISAAC ob-
servations have been combined with those
previously derived in the 1.6-2.5 pm do-
main. The extinction corrected fluxes have
been used to calculate the data points of
rotation diagrams such that depicted in
Figure 4! for the knot G2. The dashed line

! such points are given by the ratio

In[(Ny,5)/(gs)] of the natural logarithm of the
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Fig. 3. Vsr measured for each knot as a
function of the distance from the exciting
source.

represents the LTE best fit to the popula-
tion distribution at the indicated temper-
ature. As a general result we note that all
the data points do not deviate from this
straight line. Such behaviour allows to rule
out excitation by non thermal processes,
because in this latter case vibrational and
rotational temperatures should be differ-
ent, and thus lines coming from various
vibrational states should lie onto straight
lines with different slopes (see e. g. Hora
& Latter [1994)). Moreover, the presence of
multiple gas components, which should re-
sult in a smoothly curved line, rising to-
ward higher excitation temperatures F, j,
is also rejected by our observations, which
on the contrary demonstrate that the Ho
gas is thermalised at a single temperature
up to values of E, y ~ 22000 K. This find-
ing, together with the fact that the crit-
ical densities of the involved levels span
over three orders of magnitude (10% - 10°
cm~3), suggests to use the observed lines
to infer a stringent lower limit to the gas
density. To examine this possibility we de-
veloped a NLTE model for the population
of the first 51 levels of Hs, from which are
emitted transitions up to the vibrational
state v=3. We adopted an abundance ra-

column density of the upper level of each tran-
sition (N,,3), divided by the statistical weight

(93)-
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Fig. 4. H, excitation diagram for the knot
G2. Triangles and circles indicate the lines
observed with SOFI and ISAAC respec-
tively. The line fit at T=2377 K is the best
fit through the lines. No deviation with re-
spect to a pure collisionally excited gas is
observed up to E,, = 22000 K.

tio n(H)/n(Hs)= 5 x 1073, consistent with
the predicted value in dark clouds with
Ay larger than 4 mag (Hollenbach et al.

1991). As an example, the rotation dia-
grams obtained at temperature T=2400 K
for three different values of the gas den-
sity are reported in Fig. b Here is evident
how the v=1 and v=2 lines are still not
thermalised for n=10° cm =3, while the v=3
lines reach the thermal equilibrium at den-
sities even larger than 107 cm™3. By com-
paring the observative diagrams of Fig. 4
with the models of Fig. 57 and by noting
that the points relative to the 0-0 lines are
well aligned with those of the other tran-
sitions, we can infer a lower limit to the
gas density of 107 ecm™3. We remark that
the v=3 transitions, although in principle
could be used as density indicators in anal-
ogy with the 0-0 lines, are predicted to be
~ 100 times weaker than the 2.12 pm line.

4. Conclusions

We have presented the VLT-ISAAC (2-
5)pum medium resolution spectroscopy of
the IRS 17 jet in Vela-D Molecular Cloud.
For the first time the Hy pure rotational
lines in the (3-5)um domain have been ob-
served in a protostellar jet, and the unique
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Fig. 5. Theoretical diagrams for three dif-
ferent density values obtained with a NLTE
model for the Hy excitation, in which both
Ho—Hs and H-Hs collisions are taken into
account (see text)

capabilities of such lines in diagnosing the
physical conditions of the gas have been
used. In addition, from the line profile of
the (1-0)S1 line we inferred the dynamical
properties of the jet.

References

Black J.H.,& van Dishoeck E.F: 1987, ApJ
322, 412

Eisloffel J. 1997, TAU Symp.182 eds.
Kluwer Academic Publisher, p.93

Hollenbach D., & McKee C.F.: 1989 ApJ,
342, 306

Hollenbach D.J., Takahashi T., Tielens
A.G.G.M.: 1991, ApJ 377, 209

Hora J. L., & Latter W.B.: 1994, ApJ 342,
306

Kaufman M.J., & Neufeld D.A.: 1996, ApJ
456, 611

Lorenzetti D., Giannini T., Vitali F., Massi
F., & Nisini B.: 2002, ApJ, in press

Wouterloot J.G.A., & Brand J.: 1989,
A&AS 80, 149
Wouterloot J.G.A., & Brand J.: 1999,

A&AS 140, 177



