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1. INTRODUCTION

Stars form within dense cores of molecular gas. Ob-
servations of the continuum emission from dust reveal
that the density profiles of many starless cores can be
well-modelled with relatively flat centers that steepen
to a power-law decrease at some radius. Highly concen-
trated molecular cores are more likely to contain em-
bedded protostars (Walawender et al. 2005), including
Very Low Luminosity Objects (VeLLOs; di Francesco
et al. 2007) with internal luminosities Lint . 0.1 L�.
In analytic equilibrium models, such as Bonnor-Ebert
spheres, this behaviour is expected as there is a max-
imum concentration value for critically self-gravitating
objects (Johnstone et al. 2000) beyond which a core is
unstable to collapse. As the central density of a collaps-
ing core increases beyond ⇠ 1011 cm�3, the continuum
emission becomes optically thick and the core begins to
warm. The heated central molecular core achieves hy-
drostatic equilibrium, called the first hydrostatic core
(FHSC; Larson 1969), until H2 is dissociated at ⇠ 2000
K (with the subsequent collapse forming the second hy-
drostatic core, or protostar). Concurrently, infalling ma-
terial may form a pseudo disk of a few hundred au in
size around a young protostar, due to the influence of
magnetic fields (e.g., Galli & Shu 1993a,b) and/or ro-
tation (e.g., Commerçon et al. 2012; Bate et al. 2014).
FHSCs are also expected to drive slow outflows, with
speeds of only a few km s�1, in contrast to older proto-
stars that drive more energetic outflows. Over ⇠ 103 yr,
a 2 km s�1 outflow would reach a distance of only 420 au
from the central source. Consequently, high spatial res-
olution of both continuum and kinematic tracers are
needed to probe these late stages of core evolution, and
early stages of star formation.
The transition from prestellar core to FHSC or pro-

tostar, while clearly a vital step in the process of star
formation, has not been well studied observationally due
to the short lifetime of the FHSC stage, di�culties in es-
tablishing the relative evolutionary stage of objects, the
small spatial scales involved, and the dearth of strong
molecular tracers of cores at high densities. Even with
ALMA, dense condensations within starless cores are
very rarely detected in large surveys (Dunham et al.
2016; Kirk et al. 2017), suggesting most cores are not
dynamically evolved. If the dense core lifetime at di↵er-
ent densities is similar to the free-fall time, for example,
only a few cores should be at this evolutionary stage in
a star-forming region like Ophiuchus (Kirk et al. 2017).
The Ophiuchus molecular cloud is our nearest (d =

137.3±1.2 pc; Ortiz-León et al. 2017) example of ongoing
stellar cluster-formation. Within the most active star-
forming region, L1688, the ⇠ 30 M� Oph A ridge con-
tains a string of cores that straddle the transition from
prestellar to protostellar cores (Pon et al. 2009; Bourke
et al. 2012; Murillo et al. 2013; Friesen et al. 2014). In
ALMA’s Cycle 0, we observed two cores that we argued

Figure 1. N2H
+ 1-0 integrated intensity toward the cluster-

forming Ophiuchus A ridge (9.009 ⇥ 6.001 FWHM, shown at

upper left; Di Francesco et al. 2004). White contours high-

light the N2H
+ 1-0 emission, while grey contours show 850

µm continuum emission (1500 FWHM; Pattle et al. 2015).

Red circles show the ALMA 12 m array primary beam at 221

GHz centred on four of the six sources presented here. Yellow

stars show the locations of known compact (sub)millimeter

sources, including VLA 1623 and VLA 1623 W (lower right),

as well as sources like SM1 that were first detected by ALMA

(Friesen et al. 2014), and have no known far-infrared counter-

parts. The red star shows the location of the compact source

toward Oph A N6, first detected unambiguously here.

bracket the instant of star formation, SM1 and SM1N
in the nearby Ophiuchus cluster-forming region (Friesen
et al. 2014, hereafter Paper I). SM1 is a resolved, likely
protostellar source with Gaussian width ⇠ 37 au. Al-
though the collapse timescale for SM1 is only . 1000 yr,
it is too large by a factor ⇠ 2 to fit FHSC models. SM1N
contains a similar total mass over a larger, elongated
structure. The mass and size of SM1N are consistent
with either a highly concentrated starless core, or the
first detection of a pseudodisk. Toward SM1N, emission
from ortho-H2D+ was detected, the first such ALMA
detection. The line is asymmetric and shows a velocity
gradient of ⇠ 0.1 km s�1 over ⇠ 400 au. The H2D+

abundance drops by a factor of a few toward the contin-
uum peak, which could be due to the depletion of the
parent molecule HD from the gas phase at a timescale
& 2⇥ 105 yr (Sipilä et al. 2013), or through heating by
an extremely young protostar.
Here, we present additional ALMA 1.1 mm continuum

and CO 2-1 observations of SM1 and SM1N, along with
several other highly-evolved, potentially star-forming
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