Highlights of Spanish Astrophysics XI, Proceedings of the XV Scientific Meeting of the Spanish Astro-
nomical Society held on September 4-9, 2022, in La Laguna, Spain. M. Manteiga, L. Bellot, P. Be-
navidez, A. de Lorenzo-Cdceres, M. A. Fuente, M. J. Martinez, M. Vizquez- Acosta, C. Dafonte
(eds.), 2023

Substructure in molecular outflow bullets from
protostars.

Blizquez-Calero, G.!, Osorio M.!, Anglada G.!, Gémez J.F.!, Diaz-Rodriguez
A.K.2, and Fuller G."?3

! Instituto de Astrofisica de Andalucia, CSIC, Glorieta de la Astronomia s/n, 18008
Granada, Spain

2 UK ALMA Regional Centre Node, Jodrell Bank Centre for Astrophysics, Department of
Physics and Astronomy, The University of Manchester, Oxford Road, Manchester M13 9PL,
UK

3 1. Physikalisches Institut, University of Cologne, Ziilpicher Str. 77, D-50937 Koln,
Germany

Abstract

Some protostellar molecular outflows are associated with the so-called extremely high ve-
locity molecular bullets, discrete clumps of gas ejected from the close environment of the
protostar, travelling at velocities of >100 km/s. We carried out ALMA observations that
resolve the morphology and kinematics of one of these molecular bullets. We present model
results that account for the main observed features of the source.

1 Introduction

Outflows are an ubiquitous ingredient of the star formation process. Moreover, they are not a
mere by-product of the protostar evolution, but they play an important role in the assembly
of stars, can alter the properties of the protoplanetary disks and, consequently, they might
be able to have an impact also on the planet formation process [12]. Outflows from young
stellar objects usually present two different components. A highly-collimated and partially
ionized component (the jet), which is traveling at extremely high velocities (~100 km/s), and
a fairly collimated (and usually bipolar) component (the molecular outflow) with velocities
of the order of 10 km/s. Jets are originated from the proximity of the star (likely from its
accretion disk) and frequently observed at optical, infrared and radio wavelengths [7, 2, 21].
Jets are thought to be powerful enough to entrain ambient gas and produce the usually more
massive molecular outflows ubiquitously observed in low-excitation transitions of CO and
other molecular species at mm wavelengths [22, 16, 5, 18].

Nonetheless, for some young sources, the outflow also has a low excitation molecular
component traveling at extremely high velocities of ~100 km/s. In these cases, we see that this
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Figure 1: Top left: Optical (B, V, I, Ha) image of the NGC 1333 star-forming region obtained
with the Mayall 4-m telescope at Kitt Peak (credits: T.A. Rector/University of Alaska An-
chorage, H. Schweiker/WIYN and NOIRLab/NSF/AURA). Top right: HST image (F606W
filter) showing a close-up of the HH7-11 objects (from the Hubble Legacy Archive). Bottom
left: CARMA CO(1-0) map of the blue-shifted and red-shifted lobes of the large-scale bipo-
lar molecular outflow [20, 24], overlaid on the HST image. The triangles mark the location
of the molecular bullets [6, 9]. Bottom right: ALMA CO(3-2) map (with a resolution of
0.520” x 0.324") of the blue-shifted and red-shifted integrated emission in a region close to
the SVS 13 protostars. The image shows the arc-shaped walls of the outflow lobes, as well as
the blue-shifted bullet closest to SVS 13 [8]. All velocities are with respect to the LSR. The
systemic LSR velocity is ~ +8.5 km/s [11].

component appears not as a continous jet but as a collection of roughly aligned discrete clumps
called molecular bullets [3]. The observed bullets present typical separations corresponding
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to time intervals of ~50 to ~1000 yr, and their masses are about 10~% M, (several orders of
magnitude smaller than the masses of standard molecular outflows) [13, 19, 17, 23, 14, 28, 25].

Although several interpretations have been proposed for the extremely high velocity bullets
[3, 4, 27], their true nature remains unclear. We obtained high angular and spectral resolution
ALMA observations of one of these bullets associated to SVS 13 showing its substructure that
can help to understand its nature [8].

2 The SVS13 outflow

Figure 1 shows and overview of the NGC 1333 region and the outflows associated with the
SVS 13 at optical and millimeter wavelengths. Figure 2 shows our ALMA images of the
molecular bullet closest to SVS 13.
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Figure 2: Left: Image of the velocity-integrated intensity (zeroth-order moment) of the molec-
ular bullet closest to SVS 13, obtained from ALMA CO(J=3-2) observations [8]. Right: Im-
age of the mean velocity field (first-order moment), in color scale, overlaid on the integrated
intensity (in contours). The velocities are line-of-sight velocities relative to the systemic ve-
locity of the ambient cloud (+8.5 km/s; [11]). A clear global velocity gradient is seen along
the major axis of the bullet. The images have been corrected by the decrease in sensitivity
due to the primary beam response. The positions of the two protostars of the SVS 13 binary
[1], near the top right corner of the images, are indicated by plus signs. The Hy arcuate
features imaged by [15] are plotted as arcs. The synthesized beam (0.163” x 0.084", PA =
4.2°) is plotted as an ellipse in the bottom left corner of the images.
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3 Modelization of the molecular bullet

Figure 3 shows a comparison of our model results (based on [10, 26]) and the ALMA obser-
vations of the blue-shifted bullet closest to SVS 13.
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Figure 3: Left: Geometrical scheme of a bowshock observed at an inclination angle i. Right:
Comparison of the model results (central column) and the ALMA observations (right column)
for the northern region of the observed bullet (see Fig. 2). The model assumes a sequence
of two bowshocks driven by SVS 13 and a inclination angle ¢ = 20°. The top panels show
the normalized column density of the model (left) and the observed integrated intensity. The
bottom panels show the mean velocity relative to the ambient cloud. The offsets are relative
to the position of the eastern component of the SVS 13 protobinary (from [8]).
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