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Abstracts of recently accepted papers
Explosive Ejection associated with Star Formation in Orion
David Allen1 , Michael Burton1,2
1
2

Anglo-Australian Observatory, PO Box 296, Epping, NSW 2121, Australia
School of Physics, University of New South Wales, PO Box 1, Kensington, NSW 2033, Australia

Tightly collimated outflows are often found associated with young stars, interacting with the ambient medium to
produce shock-excited emission knots known as Herbig-Haro (HH) objects. Of two interpretations for HH objects one,
ejection of a dense clump of material, has fallen from favour. More popular interpretations invoke the shocking of
stationary blobs by a fast, low-density jet. We report the discovery of a complex of HH objects and associated wakes
in the Orion Molecular Cloud—One that requires compact knots of material to have been ejected over a wide opening
angle in a seemingly explosive event.
Accepted by Nature

Modeling of IR Emission of Interstellar Clouds
J.P. Bernard1,2 , F. Boulanger1,3 and J.L. Puget1
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IAS, bat 120, Campus d’Orsay, 91405 Orsay CEDEX, France
Caltech 320-47, Pasadena CA 91125, U.S.A.
IPAC, Caltech 100-22, Pasadena CA 91125, U.S.A.

A numerical model was developed to compute the penetration of heating radiation inside molecular clouds and the
resulting IR emission of dust when thermal fluctuations of small dust particles is considered. It has been used
to investigate physical conditions of some selected clouds heated either by the galactic diffuse Inter Stellar Radiation
Field (ISRF) or receiving radiation from nearby young stars. The individuals clouds studied were selected among those
showing short IRAS wavelengths Limb Brightening (LB) effect. The model used allows to quantify the abundance
variations of the smallest dust components which are necessary, inside the clouds, to reproduce the spatial structure
of the IR emission. For the clouds where IR brightness profiles can be used reliably down to the cloud center, it
is found that the smallest dust particles must be present only in a halo surrounding the cloud. This conclusion is
reached both for isolated clouds and nearby recently formed stars. The inner position of the halo is found to be at
a visible extinction of about 0.5 mg independent of the external radiation field, indicating that some other physical
parameters may be responsible for the halo. Several hypothesis are examined. The comparison with CO emission data
also shows that a substantial amount of dust is present in the limb brightening region where no CO is observed with
the current available sensitivity. The use of an IR emission model allow to determine the cloud density distribution
in these regions.
Accepted by Astron. Astrophys.
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Angular Momentum Regulation in Low Mass Young Stars Surrounded by Accretion
Disks
Suzan Edwards1 , Stephen Strom2 , Patrick Hartigan2 , Karen Strom2 , Lynne Hillenbrand2 , William
Herbst3 , Joanne Attridge3 , Michael Merrill4 , Ron Probst4 , and Ian Gatley4
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Five College Astronomy Dept., Smith College, Northampton, MA 01063 USA
Five College Astronomy Dept., University of Massachusetts, Amherst MA 01003, USA
Wesleyan University, Middletown, CT, USA
Kitt Peak National Observatory, Tucson, AZ USA

This contribution examines the role played by circumstellar accretion disks in establishing the initial angular momentum in low mass pre-main sequence stars. ¿From study of a sample of 34 T Tauri stars with photometrically-derived
rotation periods and spectral types later than K5, we find that the observed periods appear to be related to the
presence or absence of an accretion disk. Those stars which we infer to be surrounded by accretion disks have rotation
periods Prot > 4 days with a most probable period Prot ∼ 8.5 days, while those stars which lack accretion disk signatures cover a wide range of rotation periods, from 1.5 < Prot < 16 days, including a significant number of objects
with Prot < 4 days.
This suggests the possibility that the ”initial” angular momentum of a star is not established until it dissipates its
circumstellar accretion disk. During the disk accretion phase, the stellar angular velocity appears to be regulated at
a low value, countering the tendency of the star to spin up both from contraction toward the main sequence and from
the accretion of inner disk material of high specific angular momentum. When the accretion disk is dissipated, this
regulation mechanism will cease to function. At this point, the star is no longer maintained at a low angular velocity,
but is ”free” to conserve its angular momentum, and thus to increase its angular velocity in response to contraction
and changes in moment of inertia. This hypothesis, combined with a spread in disk dispersal timescales, provides a
context for explaining the observed distribution of stellar rotational velocities for stars on the zero age main sequence
in young clusters.
Accepted by Astron. J.

Optical and Near-Infrared Observations of S 140N
C. Eiroa1 , R. Lenzen2 , L. F. Miranda3 , J. M. Torrelles4 , G. Anglada5 and R. Estalella5
1

Dpto. Fı́sica Teórica, C-XI, Facultad de Ciencias, Universidad Autónoma de Madrid (Cantoblanco), E-28049 Madrid,
Spain
2
Max-Planck-Institut für Astronomie, Königstuhl, D-6900 Heidelberg, FRG
3
Dpto. Astrofı́sica, Facultad de Ciencias Fı́sicas, Universidad Complutense de Madrid, E-28040 Madrid, Spain
4
Instituto de Astrofı́sica de Andalucia, Apdo. de Correos 2144, E-18080 Granada, Spain; and Harvard-Smithsonian
Center for Astrophysics, USA
5
Departament d’Astronomia i Metereologia, Universitat de Barcelona, Av. Diagonal 647, E-08028 Barcelona, Spain
Optical CCD images and polarimetry as well as near-IR observations of the molecular core S 140N are presented. The
images reveal a reflection nebulosity associated with the young IRAS source 22178+6317. Two point-like sources are
embedded in the reflection nebulosity. The near-IR colours indicate an IR excess characteristic of PMS objects. The
CO outflow detected in the region is likely to be driven by these young objects. Four Herbig-Haro objects are detected
in our images. This is the first detection of these kinds of objects in the S 140 molecular cloud. The HH objects are
aligned in a scale of ≈2.5’ (≈0.7 pc) and point to a faint star, located at the northern end of the brighter HH object.
This star is therefore a suitable candidate to excite the HH objects and is likely to be a T-Tauri like star. In addition,
the star is centered on a previously detected ammonia core and likely heats the high density gas. Finally, these data
show that not only high mass stars, but also low mass stars have recently formed in the S 140 molecular cloud.
Accepted by Astron. J.
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CO Observations of the Lupus Dark Clouds
G.F. Gahm1 , L.E.B. Johansson2 and R. Liseau1,3
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Stockholm Observatory, S-133 36 Saltsjöbaden, Sweden
Onsala Space Observatory, S-439 00 Onsala, Sweden
CNR-Instituto di Fisica dello Spazio Interplanetario, Casella Postale 27, I-000 44 Frascati, Italy

An extensive mapping of CO (J=1-0) emission from the Lupus 2 dark clouds has been made. Complementary
observations in CO (J=2-1) and 13 CO (J=1-0) over the central main cloud were obtained. The molecular gas motions
are small over the entire cloud complex but asymmetric line profiles exist possibly due to the presence of two velocity
components separated by about 1 km s−1 in the main cloud. The relative intensity of these components changes
gradually over the main cloud. We have found no evidence for any molecular outflows in the region. In particular
the molecular gas is quiescent over the extremely active T Tauri star RU Lupi with its associated imbedded infrared
sources and the Herbig-Haro object HH 55 in the main cloud. From this certain constraints can be put on the mass
loss from the star. We derive a mass of about 10 M for the main cloud and estimate that a similar mass resides
in two filaments northeast and west of this core in addition to two isolated cloudlets. We also report on a few CO
observations made in the Lupus 3 dark clouds where a complex velocity pattern was found at one location.
Accepted by Astron. Astrophys.

A Decade of Photometric Observations of Young Stars - with Special Comments on
Periodicities
G.F. Gahm, E. Gullbring, C. Fischerström, K. P. Lindroos and K. Lodèn
Stockholm Observatory, S-133 36 Saltsjöbaden, Sweden
We have collected photometric observations of 16 young stellar objects during 10 observing periods from 1981 to 1991.
The photometry includes measurements with broad-band Strömgren uvby and standard UBVRIJHKL intermediate
filters in addition to narrow-band Hα and Hβ filters. A large part of the material has been discussed elsewhere and
the purpose of the present article is to publish all individual measurements, to comment on light curves and colour
diagrams not presented before and to make a search for periodic light fluctuations. The material includes 8 classical T
Tauri stars (CTTS), 5 weak-line T Tauri stars (WTTS), 2 post T Tauri candidates (PTTS) and 1 Herbig Ae star. We
have searched for periodic light variations in 15 of the stars, of which 7 have not been followed photometrically before.
None of the CTTS shows distinct periods. On this basis and a literature survey published elsewhere we conclude that
many announced periods are still doubtful. Many of these stars tend to brighten and fade on certain time-scales which
can differ from time to time. We also arrive at the conclusion that nevertheless about 1/4 of the CTTS studied so
far have well defined periods. All five WTTS show evidence of regular fluctuations of small amplitudes on time-scales
of a few days but for 3 stars (San 1, Andrew 481, SZCha) the data base is too small for any definite conclusions to
be drawn. The amplitudes of the variations increase with decreasing wavelength and rotational modulation of dark
spots on the stellar surface is consistent with such variations. In this picture Sz 82 (Thèffi 12), with a period of 1.2
days, is a fast rotator with pronounced ultraviolet activity and X-ray emission. RY Lup is a well studied case with
an established period of 3.75 days. It is a special case of WTTS since it carries a large infrared excess. One PTTS
was followed over several nights but show no evidence of periodicity. For the Herbig Ae star AB Aur no period can
be announced at present even though one Fourier method based on CLEAN does indicate periods close to what has
been found from spectral line variability.
Accepted by Astron. Astrophys. Suppl.
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Upper Limits to the Detection of Ammonia from Protoplanetary Disks around HL Tau
and L1551-IRS 5
José F. Gómez1,2 , José M. Torrelles2,1 , Paul T. P. Ho1 , Luis F. Rodrı́guez3 and Jorge Cantó3
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Harvard-Smithsonian Center for Astrophysics, 60 Garden St., Cambridge, MA 02138, USA
Instituto de Astrofı́sica de Andalucı́a, CSIC, C/ Sancho Panza s/n, Apdo. Correos 3004, E-18080 Granada, Spain
Instituto de Astronomı́a, UNAM, Apdo. Postal 70-264, 04510 Mexico, D.F., Mexico

We present NH3 (1,1) and (2,2) observations of the young stellar sources HL Tau and L1551-IRS 5 using the VLA in its
B configuration, which provides an angular resolution of ∼ 0.00 4 (∼ 50 AU at 140 pc) at 1.3 cm wavelength. Our goal
was to detect and resolve circumstellar molecular disks with radius of the order of 100 AU around these two sources.
No ammonia emission was detected toward either of them. The 3σ levels were 2.7 mJy beam−1 and 3.9 mJy beam−1
for HL Tau and L1551-IRS 5, respectively, with a velocity resolution of ∼ 5 km s−1 . With this non-detection, we
estimate upper limits to the mass of the proposed protoplanetary molecular disks (within a radius of 100 AU from the
i
i
h
h
X 3 −1
X 3 −1
M for HL Tau and 0.1 10NH
M for L1551-IRS 5.
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Accepted by Astrophys. J.

Emission Line Objects near R CrA
J.A. Graham
Dept. of Terrestrial Magnetism, Carnegie Institution of Washington, 5241 Broad Branch Rd., NW, Washington, DC
20015 USA
New CCD images show additional emission line objects close to R CrA in the Corona Australis Cloud. Two faint
knots, strong in [SII], are seen against the receding CO flow associated with R CrA. They are closely aligned with HH
104 A,B and R CrA and have thus been labelled HH 104 C,D. The position angle corresponds to that of the transient
spike described by Hartigan and Graham 1987. HH 104 C,D lie on the edge of a diffuse patch of nebulosity, strongest
in Hα. I suggest that this is illuminated by light scattered from R CrA in the direction of the receding CO flow. The
emission line star 1-100 observed by Hartigan and Graham has a variable spectrum. The is a [SII] knot 7 arcsec W,
9arcsec N of this star. A change in the morphology of the HH 100 refelction nebula between 1973 and 1983 is noted.
Accepted by PASP

First Detection of CS(10-9) in Galactic Star Forming Cores
H.Hauschildt1 , R.Güsten1,2 , T.G.Phillips2 , P.Schilke1,2 , E.Serabyn2 , and C.K.Walker3
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Max-Planck-Institut für Radioastronomie, Auf dem Hügel 69, 5300 Bonn, F.R.G.
California Institute of Technology, 320-47, Pasadena, CA 91125, USA
Steward Observatory, University of Tucson,Tucson, AZ 85721, USA

We report the first measurements of the high-gas density tracing J=10-9 CS and C34 S transitions towards 8 galactic
star forming cores. With the J=10 level 160 K above ground, and critical densities for excitation of ∼107.8 cm−3 ,
these lines provide unique information about the ultra-dense cloud cores next to the star forming regions which cannot
be deduced from less excited levels. Comparison with lower rotational transitions reveals strong excitation gradients
across the cores. The high intensity of the submm transitions requires densities ≥107 cm−3 if excited by collisions.
However, because by selection our sources are closely associated with luminous embedded objects, we also investigate
in detail the effect of IR pumping into the v=1 vibrational level on the v=0 rotational population.
Accepted by Astron. Astrophys. Letters

4

Radiative Transfer in a Clumpy Medium I: Analytical Markov Process Solution for an
N-phase Slab
M.P. Hobson, P.A.G. Scheuer
Mullard Radio Astronomy Observatory, Cavendish Laboratory, Madingley Road, Cambridge CB3 OHE, England
The equation for the transfer of continuum photons in a multi-phase scattering medium, which obeys Markov mixing statistics, is solved for an externally illuminated slab geometry. The slab is assumed to consist of N distinct
phases containing dust-grains which both absorb and isotropically scatter photons. The variation with position of
the extinction coefficient and dust-grain albedo are modelled by an N -state Markov process, which together with a
‘non-local transport approximation’, allows us to calculate analytical general and ‘effective homogeneous’ solutions for
the average radiation field in each phase as a function of depth into the slab. Numerical examples for 2 and 3-phase
hierarchical media show the average radiation intensities inside the slab to be, in some cases, significantly enhanced
by the inclusion of a third phase.
Accepted by M.N.R.A.S.

Radiative Transfer in a Clumpy Medium II: the Mega-grains Approximation for 2-phase
Models
M.P. Hobson, R. Padman
Mullard Radio Astronomy Observatory, Cavendish Laboratory, Madingley Road, Cambridge CB3 OHE, England
An approximate method is presented for describing the transfer of radiation inside a 2-phase medium. The medium is
assumed to consist of spherical clumps, with uniform size and density, embedded in a more tenous interclump medium.
The transfer of radiation is modelled by treating the clumps as large grains, or ‘mega-grains’, with absorption and
scattering coefficients calculable from the properties of the dust-grains of which the clumps are composed. Numerical
examples, for various 2-phase slabs, show that radiation intensities calculated in this way agree closely with those
found by modelling the density variations as a 2-state Markov process.
Accepted by M.N.R.A.S.

The Embedded Young Stars in the Taurus-Auriga Molecular Cloud I. Models for Spectral Energy Distributions
Scott J. Kenyon1 , Nuria Calvet2 and Lee Hartmann1
1
2

Harvard-Smithsonian Center for Astrophysics, 60 Garden St., Cambridge, MA 02138
Centro de Investigaciones de Astronomia, Ap. Postal 264, Mérida 5101-A, Venezuela

We describe radiative transfer calculations of infalling, dusty envelopes surrounding pre-main sequence stars and
use these models to derive physical properties for a sample of 21 heavily-reddened young stars (“protostars”) in
the Taurus-Auriga molecular cloud. The density distributions needed to match the far-infrared peaks in the spectral
energy distributions of these embedded sources suggest mass infall rates similar to those predicted for simple thermallysupported clouds with temperatures of roughly 10 K. Unless the dust opacities are badly in error, our models require
substantial departures from spherical symmetry in the envelopes of all sources, as in Terebey, Shu, & Cassen’s rotating
infall solutions. These flattened envelopes may be produced by a combination of rotation and cavities excavated by
bipolar flows. Terebey, Shu, & Cassen’s models indicate a centrifugal radius of roughly 70 AU for many objects if
rotation is the only important physical effect, and this radius is reasonably consistent with typical estimates for the
sizes of circumstellar disks around T Tauri stars.
Accepted by Astrophys. J.
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The Embedded Young Stars in the Taurus-Auriga Molecular Cloud II. Models for Scattered Light Images
Scott J. Kenyon1 , Barbara A. Whitney1 , Mercedes Gomez1 , and Lee Hartmann1
1

Harvard-Smithsonian Center for Astrophysics, 60 Garden St., Cambridge, MA 02138

We describe near-infrared imaging observations of embedded young stars in the Taurus-Auriga molecular cloud. We
find a large range in J–K and H–K colors for these class I sources. The bluest objects have colors similar to the
reddest T Tauri stars in the cloud; redder objects lie slightly above the reddening line for standard ISM dust and have
apparent K extinctions of up to 5 mag. Most of these sources also show extended near-IR emission on scales of 10–20”,
which corresponds to linear sizes of 1500–3000 AU. The near-IR colors and nebular morphologies for this sample and
the magnitude of linear polarization in several sources suggest scattered light produces most of the near-IR emission
in these objects.
We adopt the Terebey, Shu, & Cassen solution for an infalling, rotating protostellar cloud and use a two dimensional
Monte Carlo radiative transfer code to model the near-IR colors and images for the embedded sample. Our results
suggest mass infall rates that agree with predictions for cold clouds (T ≈ 10–20 K) and are generally consistent
with rates estimated from radiative equilibrium models in a previous paper (e.g., Ṁ ≈ 2–10 × 10−6 M yr−1 ). For
reasonable dust grain parameters, the range of colors and extinctions require flattened density distributions with polar
cavities evacuated by bipolar outflows. These results support the idea that infall and outflow occur simultaneously
in deeply embedded, bipolar outflow sources. The data also indicate fairly large centrifugal radii, Rc ≈ 100 AU, and
large inclinations to the rotational axis, i ≈ 60 − 90◦ , for a typical source. Our centrifugal radius estimates agree with
the disk radii inferred for many T Tauri stars in the Taurus-Auriga cloud. Better maps of polarization and molecular
outflows in these objects can test our inclination estimates.
Accepted by Astrophys. J.

Detection of a 400 AU Disk-like Structure Surrounding the Young Stellar Object Z
CMa
F. Malbet1 , F. Rigaut2 , C. Bertout1 , P. Léna2,3
1

Laboratoire d’Astrophysique, Observatoire de Grenoble, Université Joseph Fourier, B.P. 53X, 38041 Grenoble Cedex,
France
2
Observatoire de Paris, Section de Meudon, 5 pl. Janssen, 92195 Meudon Principal, France
3
Université Denis Diderot (Paris VII), 2 pl. Jussieu, 75005 Paris, France
We report observations of the pre-main sequence binary system Z CMa in the near-infrared L’ (3.87µm) and M
(4.75µm) bands up to the diffraction limit of the 3.6-m ESO telescope. These observations reveal the presence of an
elongated emission region at P.A. 161◦ ± 8◦ with length about 0.38 ± 0.0600 surrounding the double star system and
likely centered on the infrared embedded component. The major axis of this disk-like structure is perpendicular to
the large-scale jet associated with Z CMa. We suggest that the observed emission is due to illumination of the FU Ori
disk by the infrared source.
Accepted by A&A Letters

Properties of Jet-driven Molecular Outflows
Colin R. Masson and Lawrence M. Chernin
Center for Astrophysics, 60 Garden Street, Cambridge, MA 02138
We present a critical review of the observed properties of molecular outflows from young stellar objects and show that
these properties can be explained by a model in which the molecular flow is driven solely by a collimated jet. Many
of the best studied outflows have several characteristics in common, including 1) bipolarity, 2) collimation, 3) partly
empty lobes, 4) most material at low velocities, 5) extremely high velocity features and 6) average momentum directed
nearly parallel to the axis of the flow, with small transverse components. From consideration of the conservation of
vector momentum, we deduce that energy-driven flows cannot produce the observed distribution of the momentum
direction. Outflows are therefore most likely driven by collimated jets with strongly cooling shocks at the point where
they interact with the molecular cloud. If the ages of molecular outflows are ∼ 2 × 105 years, then the observed jets
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have sufficient momentum flux to drive them, without invoking any other wind component.
We present a simplified analysis of the interaction between jets and molecular clouds and calculate the appearance
of a jet-driven flow. This simple model reproduces many of the observed features, in particular the extremely high
velocity features, which are associated with bow shocks. The simple model produces a flow which is too narrow and an
age which is too low. However, there is evidence that jets wander with time, continuously accelerating the molecular
material during many dynamical times. When this continuous acceleration is taken into account, jet-driven models
produce a more realistic appearance.
Accepted by Ap. J.

Fragmentation of Magnetized Filamentary Molecular Clouds with Longitudinal and
Helical Magnetic Fields
Fumitaka Nakamura1 , Tomoyuki Hanawa1 and Takenori Nakano2
1

Department of Astrophysics, School of Science, Nagoya University, Furo-cho, Chikusa-ku, Nagoya 464-01
Nobeyama Radio Observatory, National Astronomical Observatory, Minamimaki-mura, Minamisaku-gun, Nagano
384-13
2

The dynamical instability of a self-gravitating magnetized filamentary cloud is investigated by means of a normal
mode analysis. The density distribution in equilibrium is assumed to be a function of the radial distance from the
axis, ρ0 (r) = ρc (1 + r2 /8H 2 )−2 , where ρc and H are model parameters specifying the density on the axis and
the length scale, respectively, and the
p magnetic field is assumed to have both longitudinal (z-) and azimuthal (ϕ-)
components with strength B0 (r) ∝ ρ0 (r). Our model filamentary cloud is unstable against both axisymmetric and
non-axisymmetric perturbations. The growth rates and the eigenfunctions of the unstable perturbations are obtained
numerically as a function of the strength and configuration of the magnetic field. The most unstable perturbation is
axisymmetric and its wavelength in units of H is shorter when the ratio of the magnetic pressure to the gas pressure
is higher. This means that the filamentary cloud fragments into pieces with an apparently shorter interval when the
magnetic field is stronger. The motion induced by the most unstable perturbation also depends on the magnetic field.
When the z-component of the magnetic field is stronger, the fragment produced by instability collapses faster in the
z-direction than in the r-direction. We discuss the late stage of the fragmentation.
Accepted by Publ. Astron. Soc. Japan

The Temperature Profile of T Tauri Disks
Antonella Natta
Osservatorio Astrofisico di Arcetri Largo E. Fermi 5, 50125 Firenze, Italy
This paper proposes that T Tauri stars are three-component systems, formed by a star, its circumstellar disk and
a tenuous, dusty envelope which surrounds both. The dust in the envelope scatters and reemits stellar light in the
direction of the disk, which is therefore significantly hotter at large distance from the star than if direct heating alone
is considered.
The overall behaviour of the disk temperature is very sensitive to the envelope properties. For example, for spherically
symmetric envelopes, the whole observed range of spectral indices in the interval 5∼100 µm, (4/3 to 0), can be
accounted for by models with density in the envelope ∝ r−1 and values of τ increasing from 0 to ∼0.4.
In this context, stellar winds, disk winds and infall models are discussed. Only disk winds seem able to reproduce the
observed flat TTS spectra.
Accepted by ApJ
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Fragmentation and Kinematics of the W49N Cloud Core
E.Serabyn1 , R.Güsten2 , and A.Schulz3
1
2
3

California Institute of Technology, 320-47, Pasadena, CA 91125, USA
Max-Planck-Institut für Radioastronomie, Auf dem Hügel 69, 5300 Bonn, F.R.G.
I.Physik. Institut der Universität zu Köln, Zülpicherstr. 77, 5000 Köln 1, F.R.G.

A multitransitional study of the molecular cloud core W49N has been carried out in seven rotational lines of CS and
C34 S, ranging from J = 3-2 to J = 10-9. The cloud core consists primarily of three dense clumps, of size 0.4 - 1.0 pc,
which are arranged nearly linearly along an axis at position angle 56deg. The clumps’ local densities are 2 - 6 ×106
cm−3 , and their masses are in the range 2000-7000 M , for a total core mass of 1.1 - 1.7 × 104 M . The two outer
clumps are receding with an LSR velocity of 12 km/s, while the central clump is moving at 4 km/s, indicating that two
different molecular clouds are involved. Since the 12 km/s gas is closer to us, the two clouds must be converging upon
each other. In addition, the centralmost CS clump is spinning rapidly in a direction counter both to galactic rotation,
and to the direction inferred earlier from recombination line observations of the compact HII regions associated with
W49N. The molecular gas kinematics are consistent with the hypothesis that the enhanced star formation rate in
W49N is related to the passage of these two molecular clouds through our Galaxy’s Sagittarius spiral arm. The two
clouds have presumably been brought close together by orbit crowding in the spiral arm’s potential minimum, and so
the likely trigger mechanism for the burst of star formation seen in W49 is a cloud-cloud collision.
Accepted by Astrophys. Journal

Multiplicity and the Ages of the Stars in the Taurus Star Forming Region
M. Simon1 , A.M. Ghez2 and Ch. Leinert3
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Astronomy Program, State Univ. of New York, Stony Brook, NY 11794
Palomar Observatory, California Institute of Technology 320-47, Pasadena, CA 91125
Max Planck Institute für Astronomie, Königstuhl 17, D-6900 Heidelberg 1, Germany

Ages for the pre-main sequence stars in the Taurus star forming region now known to be multiples are systematically
younger than the ages of the singles. This seems to be an artifact. Overestimating the stellar luminosity in an
unresolved multiple whose components are on Hayashi tracks produces an underestimate of the system’s age. Until
the astrophysical parameters of the components in the multiples become better known, the published age estimates
for the single stars should be more accurate. Their average age is two to three times that of the multiples regarded
as unresolved objects. Since most of the stars in the Taurus SFR are in multiples, the average age of the entire group
of stars is 2 to 3 times older than previously thought. This result applies to both the strong and weak emission line
pre-main sequence stars. The implications of a longer phase of pre-main sequence activity are discussed.
Accepted by ApJ. J. Letters

Numerical Simulations of Protostellar Jets with Nonequilibrium Cooling. I: Method
and Two Dimensional Results
James M. Stone1 and Michael L. Norman2
1

Department of Astronomy, University of Maryland, College Park, MD 20742-2421
National Center for Supercomputing Applications, University of Illinois at Urbana-Champaign
5600 Beckman Institute, D-25, 405 North Mathews Avenue, Urbana, IL 61801
2

In a series of three papers, multidimensional time-dependent numerical simulations of the propagation of protostellar
jets into both uniform and plane stratified ambient media are presented. For the first time these simulations combine
a nonequilibrium treatment of optically thin radiative cooling with time-dependent hydrodynamics. Both two and
three dimensional models are presented; synthetic emission maps and positions velocity diagrams are constructed in
the latter case for direct comparison to observations.
This first paper concentrates on a description of the numerical algorithms needed to solve the coupled time-dependent
hydrodynamics and nonequilibrium rate equation. A test problem based on the overstability of radiative shocks is
detailed. Two dimensional models of protostellar jets computed with both time-dependent nonequilibrium cooling
and time-independent cooling using the assumption of complete ionization are compared. Substantial differences in

8

the morphology of the jets in these two cases are noted, and are attributable to differences in the effective cooling
rates between the two formalisms for the same model parameters. The general characteristics of previous studies of
non-adiabatic jets are recovered including the dependence of the degree of collimation of the jet and the size of its
cocoon on the cooling strength, and the formation and fragmentation of a thin dense shell at the head of the jet. Two
and three dimensional models of pulsed protostellar jets are presented in Paper II of this series, while Paper III focuses
on three dimensional simulations of steady jets. Accepted by Ap. J.

Numerical Simulations of Protostellar Jets with Nonequilibrium Cooling. II: Models of
Pulsed Jets
James M. Stone1 and Michael L. Norman2
1

Department of Astronomy, University of Maryland, College Park, MD 20742-2421
National Center for Supercomputing Applications, University of Illinois at Urbana-Champaign
5600 Beckman Institute, D-25, 405 North Mathews Avenue, Urbana, IL 61801
2

In this second of three papers, we present multidimensional time-dependent numerical simulations of the propagation
of protostellar jets into a uniform ambient medium which utilize a nonequilibrium treatment of optically thin radiative
cooling. This paper focuses on two and three dimensional models of pulsed jets in which the jet inlet velocity is assumed
to be intrinsically variable. These models are motivated by recent observations which suggest temporal variability
may account for knots of emission detected in the jet beam in several sources.
Our simulations show that large amplitude periodic velocity variations as required by observations produce pulses
which quickly steepen into shocks. For each pulse two shocks are formed: an upstream shock (propagating more
slowly than the jet velocity) which decelerates high velocity material as it collides with the pulse, and a downstream
shock (propagating more quickly than the jet velocity) produced as the pulse sweeps up low velocity material ahead
of it. We find the pressure in the postshock material located between these two shocks is substantial, and it not only
causes the shocks to separate, but also ejects jet material laterly from the pulses. This combination causes the pulses
to widen and decay in amplitude as they propagate. The effect of varying the pulse amplitude and frequency on the
evolution is studied. In three dimensions, emission from the shock surfaces bounding the pulses produce well separated
emission knots which move at the mean velocity of the jet and fade as the pulses decay. Dense, cooled gas which
collects a the head of the jet undergoes nonaxisymmetric fragmentation by a variety of dynamical instabilities, leading
to clumps and filaments of material. Synthetic position-velocity diagrams constructed from the three dimensional
kinematics of the pulsed jet reveal emission knots and a distinctive “sawtooth” structure. Accepted by Ap. J.

The Contribution of Disks and Envelopes to the Millimeter Continuum Emission from
Very Young Low–mass Stars
S. Terebey1 , C.J. Chandler2 and P. André3
1

Infrared Processing and Analysis Center, Jet Propulsion Laboratory and California Institute of Technology, IPAC
100–22, Caltech, Pasadena, CA 91125
2
Owens Valley Radio Observatory 105–24, Caltech, Pasadena, CA 91125
3
Service d’Astrophysique, Centre d’Etudes Nucleaires de Saclay, F–91191 Gif–sur–Yvette Cedex, France
We investigate the question of disk formation during the protostar phase. We build on the results of Keene & Masson
(1990) whose analysis of L1551 IRS5 showed the millimeter continuum emission comes from both an unresolved
circumstellar component, i.e. disk, and a more extended envelope/dense core. We model the dust continuum emission
from the dense cloud core using the cloud–collapse models of Terebey, Shu & Cassen (1984) and show that dust
emission from the dense core is important when measured with large single–dish telescopes at 1.3 mm, but nearly
negligible with interferometers at 2.7 mm. Combining new 2.7 mm Owens Valley Interferometer data of IRAS–Dense
cores with data from the literature we conclude that massive disks are also seen towards a number of other sources
including L1448 IRS3 (IRAS 03225+3034), whose disk mass is estimated to be 0.5 M (assuming TD = 40 K, β = 1.5,
and optically thin emission). However 1.3 mm data from the IRAM 30-m telescope for a larger sample shows that
massive disks are relatively rare, occurring around perhaps 5% of young embedded stars. This implies that either
massive disks occur briefly during the embedded phase or that relatively few young stars form massive disks. The
median 1.3 mm flux density of IRAS–Dense cores in our sample is nearly the same as T Tauri stars in the sample of
Beckwith et al. (1990). We conclude that the typical disk mass is not significantly higher during the embedded phase
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than during the later T Tauri phase.
Accepted by Astrophysical Journal

Orion KL: Rotation or Two Clouds?
T.Y. Wang1 , J.G.A. Wouterloot1 and T.L. Wilson2
1
2

I. Physikalisches Institut, Zülpicher Strasse 77, 5000 Köln 41, FRG
Max-Planck-Institut für Radioastronomie, Auf dem Hügel 69, 5300 Bonn 1, FRG

The IRAM 30-m telescope has been used to obtain a fully sampled 2900 resolution map of the J=5−4 (K=0 to 3) lines
of methyl acetylene (CH3 C2 H) in a 20 × 40 region in OMC1. This map shows a number of clumps along the ridge
of OMC1. The kinetic temperatures and CH3 C2 H column densities are derived at most positions using the rotation
diagram method. Towards IRc2 and towards the positions of four peaks within the J=5−4 map, the J=13−12 (K=0
to 4) lines have been observed with the KOSMA 3-m telescope. The kinetic temperatures (30 to 50 K) and column
densities from the J=13−12 lines are consistent with those of J=5−4 lines. Our analysis shows that the cloud consists
of three clumps with velocities (from south to north) 6.5, 8, and 10 km s−1 . These clumps overlap near IRc2 and
about 6000 south of IRc2.
Accepted by Astron. Astrophys.

IRAS 21391+5802: A Study in Intermediate Mass Star Formation
Bruce Wilking1 , Lee Mundy2 , Joseph McMullin2 , Thomas Hezel1 , and Jocelyn Keene3
1
2
3

Dept. of Physics & Astronomy, Univ. of Missouri-St. Louis, 8001 Natural Bridge Road, St. Louis, MO 63121
Astronomy Program, Univ. of Maryland, College Park, MD 20742
Division of Physics, Mathematics and Astronomy, California Institute of Technology, 320-47, Pasadena, CA 91125

We present infrared and millimeter wavelength observations of the cold IRAS source 21391+5802 and its associated
molecular core. Infrared observations at λ=3.5 µm reveal a heavily obscured, central point source which is coincident
with a compact (<3800 AU) λ=2.7 mm continuum and C18 O emission region. The source radiates about 310 L ,
primarily at far-infrared wavelengths, suggesting that it is a young stellar object of intermediate mass (3-5 M ). The
steeply rising spectral energy distribution and the large fraction (∼50%) of the system mass residing in circumstellar
material imply that IRAS 21391+5802 is in an early stage of evolution (<5 x 105 years). The inferred dust temperature
of ∼50 K toward the source compared to the ambient gas temperature of ∼23 K previously deduced from NH3
observations indicates a temperature gradient in the core. A comprehensive model for the surrounding core of dust
and gas is devised to match the observed dust continuum emission and multi-transition CS emission from this and
previous studies. Assuming an r−0.4 temperature gradient, we find an r−1.5±0.2 density gradient consistent with that
of a gravitationally evolved core and a total core mass of 380 M . The observed dust emission is most consistent with
a λ−1.5 to λ−2 dust emissivity law; for a λ−2 law, the data are best fit by a mass opacity coefficient of 3.6 x 10−3 cm2
g−1 at λ=1.25 mm. Our model underestimates the observed λ=2.7 mm continuum emission from the central 500 ; we
attribute this to the presence of a circumstellar disk.
Accepted by Astron. J.

Molecular Line Emission Models of Herbig-Haro Objects. II. HCO+ Emission
Mark G. Wolfire1 and Arieh Königl2
1

NASA Ames Research Center, M.S. 245-3, Moffett Field, CA 94035, USA
Department of Astronomy & Astrophysics and Enrico Fermi Institute University of Chicago, 5640 S. Ellis Ave.,
Chicago, IL 60637, USA
2

We present time-dependent models of the chemistry and temperature of interstellar molecular gas clumps that are
exposed to the radiation from propagating stellar-jet shocks. The X-ray, EUV, and FUV radiation from the shock
initiates ion chemistry and also heats the gas in the clumps. Using representative parameters we show that, on the
shock transit time between the clumps, the abundances of the ionized molecular species that are produced in the clumps
can exceed the values determined from steady-state models by several orders of magnitude. Collisional excitation by
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the heated gas can lead to measurable line emission from several ionized species; as in previous investigations of
X-ray irradiated molecular gas, we find that electron impacts contribute significantly to this process. We apply these
results to the interpretation of the HCO+ line emission that has already been detected in several Herbig-Haro objects
(including HH 1-2, HH 34S, and HH 7-11). We demonstrate that this picture provides a natural explanation of the
fact that the line intensity typically peaks ahead of the associated shock as well as of the reported low line-center
velocities and narrow linewidths. We tabulate several diagnostic line intensities of HCO+ and other molecular species
that may be used to infer the physical conditions in the emitting gas.
Accepted by Astrophysical Journal

Meetings
Physical Chemistry of Molecules and Grains in Space
Dates: 6 – 10 September 1993
Venue: Mont Sainte-Odile, France
Organising Committee:
P.Brechignac, Y.Ellinger, S.Lfach, A.Leger, R.McCarroll, I.Nenner, E.Roueff
The development of new instruments for ground-based (IRAM, VLT, VLBI) and satellite (ISO, FIRST project)
observations will continue to generate a wealth of new results on physical and chemical behaviour of matter in
space. The extreme environmental conditions (dilution, temperature, radiation) under which chemical species are
usually found in space give rise to a complex non-equilibrium dynamics involving exotic molecules, radicals and other
materials. This provides challenging problems for theoretical and experimental scientists.
The main goal of this conference is to evaluate the state of knowledge in this interdisciplinary field. It is intended to
stimulate productive interactions between physicists and astrophysicists.
For further information contact:
SFC/DIVISION DE CHIMIE PHYSIQUE
10, rue Vauquelin
F-75005 Paris
France
Phone: (33) 1 47 07 54 48
Fax: (33) 1 43 31 59 45
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Thesis Abstracts

30 Doradus in the Large Magellanic Cloud:
The Stellar Content and Initial Mass Function
Joel Wm. Parker
Thesis work conducted at: The Department of Astrophysical, Planetary, and Atmospheric Sciences, University of
Colorado, USA
Current address: Goddard Space Flight Center — NASA, Code 681, Greenbelt, Maryland 20771, USA
Electronic mail: joel@hrssun.gsfc.nasa.gov
Ph.D dissertation directed by: Catharine D. Garmany
Ph.D degree awarded: August 1992

I present UBV photometry for 2400 stars in the OB associations of 30 Doradus in the LMC, and new spectroscopic
classifications for 54 stars including 23 O stars. The entire catalog (exclusive of the dense core cluster R 136) is
photometrically complete to V = B = 18 mag and U = 17 mag, although the completeness magnitudes are fainter for
regions with less nebular contamination.
From these data, I have determined the effective temperatures and bolometric magnitudes of the stars and placed them
on the theoretical H-R diagram. Using stellar evolution models, I then bin the stars by mass to obtain the initial mass
function (IMF), which is the number distribution as a function of mass. The IMF shows marked curvature, flattening
out to lower masses, even for masses above which the photometry is complete. Best estimates of the IMF slope yield
values of Γ = −1.3 to −1.5 for M ≥ 12M , where the Salpeter slope is Γ = −1.35 . However, there are indications
that different regions of 30 Doradus have different IMF slopes, perhaps the result of sequential star formation effects.
Calculations of the Lyman continuum photon luminosity, NLy , lead to the result that ∼ 3.2 × 1051 photons s−1 are
being produced by the observed stars in 30 Doradus. This is equivalent to the ionization luminosity of 440 O7 V
stars or 77 O5 V stars. Less than 60% of this luminosity comes from the 150 stars with spectroscopic classifications,
implying that there still remain a large number of OB stars yet to be observed spectroscopically. This, along with
stellar evolution effects, could explain the IMF curvature and the apparent deficiency of stars in the most massive bins
of the IMF.
For an ionization-bounded H ii region, the Hα luminosity due to the Lyman continuum photons produced by the stars
would be LHα ≈ 4.5 × 1039 erg s−1 . This value agrees with the luminosity determined from the observed Hα flux, but
is a lower limit since the effects of W-R stars and the unresolved cluster of R 136 have not been included.
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New Books
Star Formation in Stellar Systems
Edited by G.Tenorio-Tagle, M.Prieto and F. Sánchez
Cambridge University Press, 573 pages
The book contains the lectures given at the III Canary Islands Winter School of Astrophysics, devoted to star formation:
Basic Physics of Star Formation
Peter Bodenheimer
1 Overview. 2 Star Formation Phase. 3 Protostar Collapse. 4 Evolution of Disks. 5 Formation of Binary Systems.
Regions of Recent Star Formation
Deidre A. Hunter
1 Observables of Star-Forming Regions. 2 The Evolution of Star Forming Regions. 3 Star-Forming Regions in Different
Galactic Environments. 4 The IMF.
Galaxy Formation and Evolution
Richard B. Larson
1 Introduction. 2 The Origins of Galaxy Morphology. 3 Large-Scale Star Formation in Galaxies. 4 Galactic Evolution
and the Stellar IMF. 5 Early Galactic Evolution and the Formation of Globular Clusters.
The History of Star Formation in Galaxies
Robert C. Kennicutt, Jr.
1 Introduction. 2 The Milky Way Galaxy. 3 Resolved Stars in Other Galaxies. 4 Measurement of Star Formation
Rates. 5 Global Star Formation Properties. 6 Star Formation Histories. 7 The Role of Star Bursts. 8 Concluding
Remarks.
OB Associations and Superassociations
Jorge Melnick
1 Observational Properties of Massive Stars. 2 OB Associations. 3 Superassociations. 4 HII Galaxies.
Triggered Star Formation
Bruce G. Elmegreen
1 Overview. 2 Small Scale Triggering. 3 Intermediate Scale Triggering. 4 Large Scale Triggering. 5 Star Formation
Triggered by Cloud Collisions. 6 Spiral Density Wave Triggering. 7 Summary and Further Applications.
Violent Star Formation in Merging Galaxies
I. F. Mirabel
1 Introduction. 2 Luminosity Function. 3 Morphology. 4 Interstellar Cold Gas. 5 Interstellar Cold Gas. 5 Nuclear
Starbursts and AGN’s. 6 Intergalactic Recycling.
Large-Scale Propagating Star Formation
Jóse Franco
1 Introduction. 2 The Overall Physical Scheme. 3 Induced Star Formation. 4 Self-Propagated Star Formation.
Price £45.00, hardbound (outside UK add £2.5 for airmail delivery). ISBN 0 521 44230 3.
You can order from your bookseller, or directly from Cambridge University Press, Bookshop, 1 Trinity Street, Cambridge CB2 1SZ, UK. For 24 hour ordering using your credit card call (44) 223 325970 or fax (44) 223 325959.
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