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ABSTRACT

Low-mass star-formation studies deal with the birth of individual solar-type stars as it occurs in nearby
molecular clouds. While this isolated mode of star formation may not represent the most common form
of stellar birth, its study often provides first evidence for the general ingredients of star formation, such as
gravitational infall, disk formation, or outflow acceleration. Here I briefly review the current status and
the main challenges in our understanding of low-mass star formation, with emphasis in the still mysterious
pre-stellar phase. In addition to presenting by-now classical work, I also show how ALMA is starting to
play a decisive role driving progress in this field.
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1. WHY DO WE STUDY LOW-MASS STAR FORMA-
TION?

Low-mass star formation usually refers to the birth of
stars having masses below 1 or 2 M� (Stahler & Palla,
2005). The exact value of the upper mass limit is not
critical for the rest of our discussion, since what mat-
ters here is that the low-mass stars that we study are
being born in the most nearby molecular clouds, such
as Taurus, Ophiuchus, or Perseus. Star formation in
these clouds seems to be occurring in a relatively iso-
lated manner, with little interaction between stars, and
it is this isolation what makes the study of star forma-
tion in low-mass regions so appealing. Star formation is
a complex process that involves different forces that act
over spatial structures spanning many orders of mag-
nitude. Finding the simplest environments where stars
can form represents our best hope to start understand-
ing the complex physics of star formation.

One could argue that the simplest star-forming envi-
ronments may not be representative of the star forma-
tion occurring over our galaxy as a whole, and this may
be true. But it is also true that most of the ingredi-
ents of star formation are already seen in the simplest
systems. Indeed, almost all of the elements of star for-
mation that we take for granted now were first identified
studying low-mass star formation. This includes grav-
itational infall, molecular depletion, protostellar disks,
and bipolar outflows.

Because of the above, we can say that the study of
the nearby low-mass star-forming regions often repre-
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sents the first step in our identification of the physical
processes that are responsible for making a star. Many
of these processes are later found to also occur in regions
of high-mass or clustered star formation, and therefore
represent universal ingredients of star formation. For
these reasons, the study low-mass star formation is of-
ten not simply the characterization of individual objects,
but the search for new physical processes at work when
a new star is born.

2. THE LARGE SCALE: FILAMENTS AND FIBERS

Observations at multiple wavelengths indicate that the
process of star formation involves a complex cascade of
fragmentation that starts at the largest spatial scales.
This fragmentation cascade is likely responsible for the
complex appearance of the clouds, and needs to be un-
derstood if we are to have a complete theory of star
formation. One approach to achieve this goal is to focus
on the different structures that appear in the cloud as
it fragments, and to study the properties of these struc-
tures as they further evolve. Traditionally, low-mass
star-formation studies have focused on the roundish con-
densations known as dense cores, that often harbor em-
bedded sources and other times seem to be on the verge
of gravitational collapse (Myers, 1983; Benson & Myers,
1989; Caselli et al., 2002; Tafalla et al., 2002). These
structures seem to represent the closest stages to low-
mass star formation, as indicated by their frequent as-
sociation with already formed stars (Beichman et al.,
1986) and by the fact that their mass distribution often
resembles that of the stellar population that results from
their collapse (Motte et al., 1998; Alves et al., 2007).
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Figure 1. Evidence for fibers in the L1495/B213 filament of Taurus. The background grey-scale image represents the dust
continuum emission as mapped by Palmeirim et al. (2013). The colored lines mark the location of the backbones of the
fibers as determined by Hacar et al. (2013) from the analysis of C18O spectra. Note how what appears as a single large-scale
filament is in fact a network of intertwined fibers.

2.1. Filaments

In recent years, and thanks to the development of new
capabilities for mapping the large scale emission from
clouds, the focus in low-mass star-formation studies has
moved from the dense cores to larger spatial structures.
Filaments, in particular, have received renewed and in-
creased attention, both from the observational and the-
oretical points of view.

The presence of filamentary structures in images and
maps of dark clouds had been noted by different authors
over the years (Schneider & Elmegreen, 1979; Hart-
mann, 2002; Goldsmith et al., 2008; Myers, 2009), but
the recent high dynamic range continuum images from
the Herschel Space Observatory have made it spectac-
ularly clear that filaments represent the most common
spatial structure seen in clouds (André et al., 2010; Moli-
nari et al., 2010). As multiple Herschel images show,
molecular clouds seem to be collections of filaments, and
the distribution of both cores and newly-formed stars is
strongly correlated with the filamentary structure of the
cloud material (André et al., 2010).

While the Herschel images nicely reveal the filamen-
tary nature of clouds, they are of limited use to study the
internal structure of the filaments. These images trace
the FIR continuum emission from the dust component,

and are therefore insensitive to the velocity structure of
the gas. As a result, the analysis of the Herschel data
alone can lead to an oversimplified interpretation of the
cloud structure, as in the case of the L1495/B213 region
in Taurus, which was studied by Palmeirim et al. (2013)
using Herschel observations. In the absence of kinemat-
ical data, these authors interpreted the dust emission
seen by Herschel as tracing a single filamentary struc-
ture that was more than 1 pc long and had a relatively
high mass per unit length (see Palmeirim et al. 2013 for
further details).

Independent molecular-line observations of the same
L1495/B213 region by Hacar et al. (2013), however,
showed that what appeared to be a single filament in the
Herschel images is in fact a complex collection of inter-
twined filamentary structures. To separate these struc-
tures, velocity information is crucial, since the struc-
tures partially overlap in space even when observed at
high angular resolution. The structures, however, dif-
fer in their radial velocity, sometimes by more than the
sound speed, so they can be easily recognized in the
spectra of molecular tracers as forming multiple veloc-
ity components. Using a combination of Gaussian fit-
ting of the velocity components and a friends-of-friends
algorithm inspired by those used in the analysis of red-
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Figure 2. Schematic illustration of the fray and fragment scenario of core formation. The large scale filament is formed by
the collision of two flows (left). Turbulent fragmentation gives rise to multiple velocity-coherent fibers (middle). Some fibers
become massive enough to fragment gravitationally and produce multiple dense cores (right) From Tafalla & Hacar (2015).

shift surveys, Hacar et al. (2013) identified 35 separate
structures distributed over the whole L1495/B213 re-
gion. These structures have internal velocity compo-
nents that are subsonic or transonic, and their internal
velocity field is coherent and presents a characteristic
oscillatory pattern. The structures are often referred to
as fibers, since they seem to represent the internal, inter-
twined constituents of the larger-scale filaments (Fig. 1).

2.2. Fibers

The fibers of L1495/B213 seem to constitute the true
parent structures of the dense cores. This is suggested
by the combined analysis of C18O and N2H+ observa-
tions, which are sensitive to the low and high density
gas, respectively. Using these observations, Hacar et al.
(2013) and Tafalla & Hacar (2015) found that the veloc-
ity of the dense cores matches the velocity of individual
fibers, as if core formation occurred inside selected fibers
without a significant change in the gas velocity. More
interestingly, the observations showed that most fibers
do not form cores, but those that do, form on average
more than two cores. This suggests that core formation
does not occur randomly distributed over the popula-
tion of fibers, but that some fibers are intrinsically able
to form dense cores (referred to as fertile fibers), while
other are not (sterile fibers). Hacar et al. (2013) found
that fertile fibers tend to have a slightly higher mass
per unit length, with a value that exceeds 16 M� pc−1.
This result is consistent with the theoretical expectation
for the fragmentation of a self-gravitating cylindrically-
shaped cloud of gas at 10 K, which requires that the
mass per unit length reaches a 16 M� pc−1 threshold to
spontaneously fragment (Stodólkiewicz, 1963; Ostriker,
1964).

The presence of multiple fibers separated by veloci-
ties in excess of the sound speed, together with the lack
of change in the velocity of the gas as it fragments to
form cores, suggests the scenario of core formation that
is illustrated in Fig. 2. In this scenario, which is re-
ferred to as fray and fragment by Tafalla & Hacar (2015),
the fibers form as the result of turbulent fragmentation

of the gas, most likely through collisions between op-
posed gas streams. These collisions dissipate the origi-
nal supersonic turbulence of the gas and make the fibers
subsonic and velocity coherent. If a fiber accumulates
enough mass, it will be able to fragment gravitationally
and form a chain of dense cores. If it does not accumu-
late enough mass, it will remain sterile and in time will
dissipate due to the the large-scale turbulent velocity
field of the cloud.

While originally based on observations of Taurus, the
fray and fragment scenario seems to have a wider range
of applicability. Fibers similar to those of Taurus have
been identified by Hacar et al. (2017) in the star-forming
region NGC 1333 of Perseus. This region is forming a
proto-cluster, and is therefore significantly more active
than the Taurus cloud. The fibers in NGC 1333 share
many physical properties with the Taurus fibers, includ-
ing their typical sizes and internal kinematics (Hacar et
al., 2017).

Moving up in the ladder of cloud mass and star-
formation activity, Hacar et al. (2018) have recently pre-
sented evidence for fibers in the Orion Integral Shape
Filament (ISF, Johnstone & Bally 1999). This 7 pc-
long filament contains the Orion Nebular Cluster at its
center, and is the closest high-mass star-forming region
to the Sun. The observations of Hacar et al. (2018) were
carried out using N2H+ as a gas tracer, since this species
is immune to freeze out on dust grains (see below). The
observations also combine ALMA and IRAM 30m data,
so the resulting images contain all the spatial frequen-
cies of the emission up to the beam resolution of 4.5
arcsec (0.009 pc), and therefore provide a high fidelity
representation of the dense gas in the ISF.

Fig. 3 shows the main results of the ISF observa-
tions of Hacar et al. (2018). As can be seen in the
middle panel, the integrated N2H+(1–0) emission shows
a “hairy” appearance suggestive of multiple fiber-like
structures, even without the need of using the velocity
information provided by the spectra. When this veloc-
ity information is used to perform an analysis similar
to that of Taurus, a total of 55 fibers are identified, al-
though this is likely a lower limit (see Hacar et al. 2018
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Figure 3. Evidence for fibers in the Orion Integral Shape Filament. Left: SCUBA 850 µm continuum image from Johnstone
& Bally (1999). For reference, blue triangles represent Spitzer protostars, blue crosses represent continuum sources, white
stars represent the Trapezium sources, and a yellow star represents the Orion BN source. Middle: ALMA plus IRAM 30m
N2H+(1–0) image from Hacar et al. (2018) showing evidence for multiple fiber-like structures. Right: Location of the fibers
as determined from the analysis of the N2H+(1–0) velocity structure. From Hacar et al. (2018).

for a detailed discussion).
As in the case of Taurus and NGC 1333, the fibers of

the Orion ISF have typical sizes of about a fraction of pc,
linear masses of less than 40 M� pc−1, and coherent sub-
sonic/transonic internal motions. One aspect in which
the Orion fibers stand out, however, is in their relatively
high densities (∼ 108 cm−3 vs ∼ 104 cm−3 in Taurus)
and small widths (0.035 pc median vs 0.1 pc in Tau-
rus). As discussed in Hacar et al. (2018) these extreme
properties likely result from the higher pressure environ-
ment in which the fibers reside, in agreement with the
theoretical expectations for self-gravitating cylindrical
structures.

While less detailed than the Orion data, observations
of IR dark clouds (IRDCs) also support the presence
of fibers in high-mass star-forming regions. Henshaw
et al. (2014) studied G035.39–00.33 (G035 for short) in
N2H+, and found numerous spectra with evidence for
multiple velocity components. Analyzing these spectra
in a similar manner to that of Hacar et al. (2013) in
Taurus, Henshaw et al. (2014) found that while the G035
cloud appears as a single filament, it in fact consists of
multiple intertwined velocity-coherent fibers. Further

ALMA dust-continuum observations of a protocluster
hub in the same G035 cloud by Henshaw et al. (2017)
reveal that this star-forming clump consists of a network
of fiber-like structures that have an average width of
0.03 pc, a similar value to what Hacar et al. (2018) found
for the Orion fibers.

While the case for the universality of fibers is still
far from settled, the observations discussed above show
that as we study clouds with higher and higher angu-
lar resolution, fiber-like substructures start to appear.
The fibers in G035 and the Orion ISF, in addition, are
significantly narrower than the 0.1 pc value found by Ar-
zoumanian et al. (2011) in IC 5146 from Herschel data,
which has been claimed to represent a “quasi-universal”
property of filaments (André et al., 2014). Whether the
new observations of fibers contradict the Herschel data
and point towards an environmental dependence of the
dense gas properties clearly needs to be further investi-
gated. For this work, ALMA will likely be the instru-
ment of choice.
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Figure 4. Chain of dense cores in the B213 filament of Taurus as mapped in N2H+(1–0) by Tafalla & Hacar (2015). Note how
the core arrangement maintains the elongated structure of the original fiber, suggesting that core formation has occurred
by the gravitational fragmentation of the gas in the fiber.

3. DENSE CORES

As mentioned before, dense cores have been tradition-
ally the favored structures in the study of the pre-stellar
phases of low-mass star formation. They are thought to
be the simplest sites where solar-type stars can form,
and can be easily recognized in nearby clouds like Tau-
rus and Perseus as regions of enhanced obscuration in
optical images, or as sites of compact emission of cer-
tain molecular tracers such as NH3 and N2H+. Thanks
to pioneer work mostly done by Myers and collaborators
(Myers, 1983; Benson & Myers, 1989), the global proper-
ties of dense cores are by now well characterized. Dense
cores have typical sizes of about 0.1 pc, masses of one or
several M�, and subsonic internal motions. That dense
cores are active sites of star formation was first shown
by the observations of the IRAS satellite, which showed
that about half of the previously-identified cores had
embedded YSOs, while the other half did not (Beich-
man et al., 1986). This dichotomy in the star-formation
state of the cores led to the classification of dense cores
as protostellar, if they contain an embedded YSO, and
starless otherwise.

The large-scale observations of molecular clouds dis-
cussed in the previous section have led us to think now
of dense cores less as isolated structures in static equi-
librium and more as condensations resulting from the

gravitational fragmentation of fiber/filamentary struc-
tures (e.g., Fig. 4). It is still true, however, that the
properties of the dense cores represent our closest de-
scription to what could be considered as the initial con-
ditions of star formation, and because of this, charac-
terizing dense cores remains an important task in the
study of low-mass star-formation. While not many high
angular resolution observations of individual dense cores
have been made with ALMA so far, it is clear that this
instrument has the potential to revolutionize our under-
standing of the internal properties of the dense cores.

3.1. Density and temperature structure

Probably the most characteristic property of a dense
core is its density profile, since it provides a direct mea-
sure of the core internal structure and equilibrium state,
as well as an indication of the final product of the star-
formation process (e.g., Girichidis et al. 2011). Since
the landmark study of B68 by Alves et al. (2001), it has
become traditional to fit the density profile of a starless
core using a static isothermal sphere model, the so-called
Bonnor-Ebert profile (Bonnor, 1956; Ebert, 1955). This
choice of model is often justified by the close to isother-
mal conditions of the core gas and by the prevalence of
thermal support over turbulent motions (Myers, 1983).

An additional benefit of the isothermal density pro-
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Figure 5. Evidence for chemical differentiation in the L1517B dense core. The top panels present maps of the 1.2mm
continuum, N2H+(1–0), and C18O(1–0) emission. The bottom panels present the corresponding radial profiles of emission
(black squares) together with radiative transfer fits. For N2H+(1–0), a constant abundance model fits the data, while for
C18O(1–0), a constant abundance model (red line) only fits the outer emission. To fit the data, the model requires an order
of magnitude drop in the central abundance (blue line). From Tafalla et al. (2004).

file fit is that it provides an estimate of the equilibrium
state of the gas, since theory shows that an isothermal
gas sphere becomes unstable if the center-to-boundary
density contrast exceeds a factor of about 14 when the
gas temperature is 10 K (Bonnor, 1956; Ebert, 1955). In
their IR study of the structure of 11 starless globules,
Kandori et al. (2005) found that 7 had density contrasts
close to the critical value, and that the rest exceeded the
stability ratio. These authors suggest that some of the
observed profiles arise in fact from gravitationally con-
tracting cores, and that this type of cores can mimic the
density profile of a Bonnor-Ebert sphere.

The new multiband observations of the Herschel
Space Observatory have provided an improved tool to
measure the density profile of dense cores and globules,
since it is now possible to determine simultaneously both
the density and the temperature profile of the dust (as-
suming some dust opacity model, but see Juvela et al.
2015). This direct estimate of the temperature profile
allows for a much more accurate estimate of the sta-
bility condition of the cores, since it makes unnecessary
the assumption of isothermality made by previous work.
Using this improved method, Launhardt et al. (2013)
have analyzed the internal structure of 6 starless cores,
and found that 5 of them are approximately thermally
stabilized, while the other one is on the verge of collapse.

A systematic trend seen in the results of Launhardt
et al. (2013) is the gradual decrease of the dust tem-
perature toward the interior of the cores. For the well-
studied object B68, these authors estimate that the dust
temperature decreases from a value of about 18 K in the
outer envelope to a value of 12 K near the core center.
This inward temperature drop in starless cores was ini-
tially reported by Evans et al. (2001) from submillimeter
data, and has by now been confirmed by numerous stud-
ies (e.g., Palmeirim et al. 2013; Forbrich et al. 2014). It
indicates that the dust in a core is externally heated by
the interstellar radiation field, which is heavily atten-
uated toward the interior. A similar drop in the tem-
perature of the gas component is expected, because the
gas and dust components should be thermally coupled
at the typical core densities of about 105 cm−3 (Gold-
smith, 2001). This effect, however, has more limited
observational evidence, likely due to the smaller extent
and lower angular resolution that characterize the NH3

observations used to determine the temperature of the
high-density gas. Crapsi et al. (2007) carried out high
angular resolution NH3 observations of L1544 using the
VLA, and they found a significant inner drop of the gas
temperature consistent with expectations. Lower an-
gular resolution NH3 observations of the B213 filament
carried out by Seo et al. (2015) using the GBT, also
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show some hints of inward temperature drops toward
the center of several bright cores.

If the dominant force that stabilizes a core against
gravity is thermal pressure, a temperature drop toward
the core center will decrease the ability of the gas to
stabilize itself, and this could limit the mass that a core
can hold. Galli et al. (2002) have shown that while a
realistic temperature profile can limit the total mass of
a low-mass core to be under about 5 M�, the shape of
the density profile does not differ appreciably from that
of the standard Bonnor-Ebert profile commonly used to
fit the data. The density profile alone, therefore, cannot
be used as a reliable tracer of the full internal state of
the core.

3.2. Chemical composition

While the dust continuum emission is the tracer of
choice to determine the density profile of the cores,
molecular line observations are needed to study other
crucial properties, such as the core gas kinematics. In-
terpreting these line data, however, requires understand-
ing the chemical composition of the gas, since dense
cores systematically present a pattern of strong chemical
differentiation in their interior. This pattern is caused
by the freeze out of most species onto the cold dust
grains at the typical densities of the core center (larger
than few 104 cm−3), and results in a significant deficit
of numerous species toward the inner core. Only N-
bearing species, such as N2H+ and NH3, and very light
molecules, such as H2D+, seem to survive in the gas
phase towards the core centers, and therefore constitute
the only reliable tracers of the inner core gas (Kuiper et
al., 1996; Caselli et al., 1999; Bergin et al., 2002; Tafalla
et al., 2002, 2004; Caselli et al., 2008). This dichotomy
of molecular distributions is illustrated in Fig. 5 for the
case of the L1517B dense core in Taurus. While the
N2H+ distribution mimics the dust continuum emission,
and the emission radial profile can be fitted with a con-
stant abundance throughout the core, the distribution
of C18O emission presents a relative minimum toward
the dust peak, and the radial profile can only be fit-
ted assuming a significant (order-of-magnitude) drop in
molecular abundance.

The anti correlation between the distribution of CO
and N2H+ shown in Fig. 5 is still a matter of research.
Initial core chemistry models explained it by assum-
ing that the N2 molecule (the precursor of N2H+ and
NH3) has a significantly lower binding energy to the dust
grains than CO (Bergin & Langer, 1997; Aikawa et al.,
2005). Laboratory experiments, however, have repeat-
edly shown that the binding energies of N2 and CO to
the dust grains are almost identical for different choices
of the type of adsorbing ice (Bisschop et al., 2006; Fay-
olle et al., 2016). We therefore seem to be missing part
of the underlying process responsible for the CO-N2H+

relative emission.
An expected consequence of the freeze out of CO in

the interior of the dense cores is the enhancement of the
degree of deuteration of numerous species. This occurs
because CO is the primary destroyer of H2D+, which is

one of the starting species for many deuteration reac-
tions. The disappearance of CO from the gas phase is
therefore expected to lead to a significant enhancement
of H2D+ and other deuterated species (see Bergin &
Tafalla 2007 for more details). The above theoretical ex-
pectation has been nicely confirmed by numerous stud-
ies. Bacmann et al. (2003), for example, showed a sig-
nificant correlation between the degree of CO depletion
and the enhancement of doubly-deuterated formalde-
hyde with respect to its main isotopologue. Crapsi et
al. (2005), on the other hand, showed a similar correla-
tion for N2D+, which is the deuterated version of N2H+

and therefore a better tracer of the CO-depleted gas in
the interior of dense cores. Numerous additional obser-
vations have confirmed these early results (Ceccarelli et
al., 2007).

3.3. Gas kinematics

Once the chemical structure of the dense cores is under-
stood, we can use this knowledge to probe selectively
the kinematics of the different gas layers by using dif-
ferent molecular species. N2H+ and NH3 are among the
few tracers that survive at high densities, so they are
the molecules of choice to study the kinematics of the
dense gas. Even before the chemical differentiation of
the cores was understood, NH3 was the tracer of choice
for dense cores, so much of the original work remains
valid given our new understanding of core chemistry.
Myers (1983), for example, found that dense cores are
characterized by subsonic internal motions, a fact that
has been confirmed by numerous later studies since that
seminal work (Tafalla et al., 2004; Lada et al., 2008;
Pineda et al., 2010). In another landmark study, also
using NH3 observations, Goodman et al. (1993) mea-
sured the velocity gradients of the gas in a sample of
43 cores, and used the values to study the role of rota-
tion in the equilibrium state of cores. They found that
rotation energy is significantly lower than the gravita-
tional energy, indicating that rotation is unimportant
as a stabilizing force in cores. Later N2H+ observations
with higher angular resolution (e.g., Caselli et al. 2002)
have confirmed this result and characterized in detail the
often complex velocity pattern in the interior of dense
cores.

An important signature in the kinematics of a dense
core is the presence of a radial velocity gradient indica-
tive of inward motions, because this could provide evi-
dence of star-forming gravitational collapse. To search
for this signature, one usually relies on the observation of
an optically thick line that suffers from self-absorption,
since under these conditions, the inward motions will
produce a double-peaked line profile with a brighter blue
peak (see Fig. 5 in Evans 1999 for an illustration). To
distinguish a double-peaked spectrum caused by self ab-
sorption from a double-peaked spectrum caused by two
unrelated velocity components, the observation of the
thick line needs to be complemented with the observa-
tion of an optically thin line. If the thin line presents
a single peak at a velocity intermediate between the
two peaks of the thick line, the double-peaked line truly
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arises from self absorption, and it can be used to search
for evidence of inward motions.

The first starless core with evidence for inward mo-
tions was L1544 in Taurus. This core shows a charac-
teristic double-peaked profile with brighter blue peak in
many different molecular species (Tafalla et al., 1998;
Benson et al., 1998; Caselli et al., 2012). Following up
on the L1544 discovery, Lee et al. (1999) carried out
a systematic single-pointed survey of 220 cores using
CS(2–1) and N2H+(1–0) as thick and thin tracers, re-
spectively. Using the δV parameter previously defined
by Mardones et al. (1997) as the difference in veloc-
ity between the thick and thin peaks normalized by the
thin linewidth, Lee et al. (1999) found a statistically sig-
nificant prevalence of blue-shifted profiles indicative of
inward motions. These single-pointing survey has been
confirmed and complemented by 2D mapping observa-
tions presented in Lee et al. (2001) and Lee et al. (2004).

3.4. The ALMA contribution

Starless cores have not yet been targets of choice for
ALMA because their weak and extended emission makes
their detection and characterization still challenging. A
few studies, however, are starting to show that ALMA
has an enormous potential to provide a high resolution
view of the interior of the dense cores, and that it may be
the key instrument to bridge the pre- and proto-stellar
phases of their evolution.

An area where ALMA observations can help better
understand how cores form stars is the study of sub-
structure in the gas. Stellar multiplicity is a frequent
result of the star-formation process, and fragmentation
is thought to be the leading cause responsible for it
(Duchêne & Kraus, 2013). If this picture is correct,
dense cores in the final stages of their prestellar phase
should present evidence of substructure in their mass
distributions, and the observation of such a structure
would provide unique clues to the nature of the frag-
mentation.

Searches for substructure in starless cores have been
carried out prior to ALMA. Schnee et al. (2010) used
CARMA to look for compact structures in 11 starless
cores in Perseus, but did not find any. Nakamura et
al. (2012), on the other hand, combined single dish and
SMA data to study the substructure of two starless cores
in ρ Ophiuchus. They found that each core consists
of several fragments, but concluded that merging, not
accretion, was the main process at work.

Using ALMA, Dunham et al. (2016) observed the
3 mm continuum emission of the complete population
of dense cores in the Chamaeleon I cloud. None of
the 56 starless cores in the sample was detected, in-
dicating a lack of compact emission. This negative re-
sult seems to contradict the expectations from turbu-
lent fragmentation simulations, which predicted at least
two detections. Either star formation has decreased in
Chamaeleon or the cores somehow develop less structure
than expected for Bonnor-Ebert spheres, which were as-
sumed in the modeling. The first option seems more
likely given the recent results from Kirk et al. (2017),

who found evidence for compact substructure in a sim-
ilar 3mm survey of starless cores in ρ Oph.

The above studies, because of their survey nature, are
necessary shallow in sensitivity. A different approach is
to study in high detail a single starless core, combining
a significant integration time with the main interferom-
eter plus low spatial frequency data using the Atacama
Compact Array. This has been the approach of Caselli
et al. (2018, in preparation), who have used both the
12m array and ACA to map the continuum emission of
the prototypical starless core L1544. These observations
show interesting hints of internal fragmentation, but un-
fortunately not at a level at which a detection can be
considered secure. A similar combination of ALMA 12m
array and ACA data has been carried out by Ohashi et
al. (2018) for their study of the TUKH122 prestellar
core in the Orion A cloud. These authors find evidence
for six gravitationally unstable condensations embedded
in the parent filament of the core. Clearly further ob-
servations, both of large samples and individual cores,
are needed before we can have confidence that we un-
derstand how a starless core initiates its transition from
starless to protostellar.

4. PROTOSTAR FORMATION

The formation of a compact source at the center of a
dense core represents a radical change both in the struc-
ture and the kinematics of the dense gas. The preced-
ing prestellar phase is characterized by subsonic internal
motions and close to spherical geometry. In the follow-
ing protostellar phase, the kinematics is dominated by
inward collapse motions and a highly supersonic bipo-
lar outflow that has enough energy to potentially dis-
rupt the core. In the next two sections I describe some
recent results in the study of these two kinematic ele-
ments, especially those obtained using ALMA. I will not
discuss an additional element that results in the process
of protostar formation, the circumstellar disk, since this
topic exceeds the scope of the review and deserves a full
chapter given the enormous impact of ALMA.

4.1. Infall

Finding evidence of gravitational infall has been and still
remains a main goal of star-formation research. It is not
easy task, since infall motions are characterized by rela-
tively low velocities (mostly subsonic) except in the very
vicinity of the protostar. These motions coexist with the
much faster (hypersonic) outflow motions caused by the
interaction of a protostellar wind and the ambient cloud
gas. Disentangling the two motions requires a combi-
nation of high angular resolution observations and the
choice of a target with the appropriate orientation and
a simple environment.

For several decades, the protostar in the B335 globule
has been the target of choice for infall research, since
it combines both isolation and a favorable orientation
(the outflow is approximately in the plane of the sky, see
Cabrit et al. 1988). In a by-now classical paper, Zhou et
al. (1993) presented the first evidence for gravitational
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Figure 6. Channel maps of the CO(2–1) extremely high velocity (EHV) emission from two fields along the IRAS 04166 jet,
as mapped with ALMA by Tafalla et al. (2017). The northern field corresponds to jet knot B6 and the southern field to jet
knot R6 in the notation of Santiago-Garćıa et al. (2009). The velocity of each channel has been corrected for the jet velocity,
and is indicated in each panel. Note how in both fields the emission moves from southwest to northeast with increasing
velocity, and it delineates an elliptical region. This pattern indicates that the gas in each jet knot lies in a disk-like structure
that expands away from the jet axis, as expected if the gas is being laterally ejected in an internal jet shock. See Tafalla et
al. (2017) for a full discussion.

infall in this object using moderately high angular reso-
lution single-dish observations of self-absorbed lines to-
gether with detailed modeling of the expected spectral
signature of different types of infall motions predicted
by theory. From their analysis of the self-absorbed lines,
Zhou et al. (1993) concluded that the B335 observations
were consistent with the expected collapse of a singular
isothermal sphere described by the semi-analytic model
of Shu (1977).

While the B335 data of Zhou et al. (1993) were
very suggestive, the case for gravitational infall was
not completely closed. Wilner et al. (2000) presented
high-resolution PdBI observations of CS emission, and
showed that the high-velocity wings of this line, inter-
preted by Zhou et al. (1993) as evidence for gravitational
acceleration, seem in fact to arise from the dense part
of the bipolar outflow.

Recently, Evans et al. (2015) have revisited the case
for infall in B335 using ALMA. For that, they have
carried out high angular resolution (0.5′′) observations
of CS, HCN, and HCO+ at 350 GHz. The HCN and
HCO+ lines, in particular, present strong absorption
features against the protostellar continuum that are red-
shifted from the ambient cloud velocity. Modeling these
features in a similar manner as done by Zhou et al.
(1993), but taking into account the new source distance
of 100 pc, Evans et al. (2015) find a good match with
an infall model based again in the singular isothermal
sphere of Shu (1977). Further ALMA observations of
the B335 system have been carried out by Yen et al.
(2015) and Maury et al. (2018).

While B335 remains the prototypical infall candidate,
it is by no means the only source with evidence for in-
ward gas motions. IRAS 16293-2422B, for example, was
originally identified as having infall motions by Chandler
et al. (2005) from SMA data, and later ALMA observa-
tions by Pineda et al. (2012) and Zapata et al. (2013)

have confirmed this interpretation. Other sources where
ALMA observations show or suggest infall motions are
IRAS 16293-2422A (Oya et al., 2016) and L1527 IRS
(Ohashi et al., 2014; Sakai et al., 2014). Thanks to
ALMA, the list of infall candidates is rapidly increas-
ing (e.g., Sakai et al. 2016).

4.2. Outflow

Bipolar outflows are found toward protostars of nearly
all masses and environments, from isolated to clustered,
and are thought to represent a necessary ingredient of
the star-formation process, likely related to the need
for the contracting material to lose angular momentum
(e.g., Frank et al. 2014). Despite years of research, the
nature and geometry of the wind that drives the outflows
is still a matter of controversy. One opinion is that the
wind has a wide-angle component that diverges from the
protostar, and is responsible for the wide and shell-like
morphology of many outflows when observed in tracers
of accelerated ambient material, such as the low-J lines
of CO (Shu, 1977; Shang et al., 2006).

The other view is that outflows are powered by highly-
collimated jets, and that the wide-angle appearance
of their low-excitation molecular emission results from
some additional mechanism that widens the action of the
jet, such as entrainment, jet-wandering, or the produc-
tion of multiple shocks due to jet variability (Masson &
Chernin, 1993; Raga et al., 1993; Stahler, 1994). While
attempts have been made to distinguish between these
two possibilities, the observations remain inconclusive
(e.g., Lee et al. 2000).

The coming on line of ALMA has brought the possi-
bility of breaking the deadlock by allowing for the first
time to map with high angular resolution the often weak
and extended outflow emission, especially in the vicinity
of the driving source. While this is still work in progress,
a number of recent results have started to show the enor-
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mous potential of ALMA to finally clarify the outflow
phenomenon.

An early outflow study with ALMA is that of the
HH46/47 system carried out by Arce et al. (2013) and
Zhang et al. (2016). The observations by these authors
reveal a complex outflow geometry that consists of a
central jet and multiple shells likely entrained by differ-
ent jet bow-shock events, indicative of episodic ejections.
Evidence for episodic outflow ejections can also be seen
in the work of Plunkett et al. (2015), who used ALMA
to map an outflow powered by a Class 0 protostar in
the Serpens South cluster. The CO emission from this
outflow is dominated by 11 pairs of knots that present a
systematic pattern of velocity decreasing with distance
from the source.

Another outflow that shows signs of episodic ejections
is the one powered by IRAS 04166 in Taurus. Tafalla
et al. (2017) have observed with ALMA two fields of
this outflow that cover two opposed knots identified in
the jet by Santiago-Garćıa et al. (2009) using PdBI ob-
servations. In both fields, the emitting material lies in
two disk-like structures that point away from the driving
source, and where the gas moves outwards (Fig. 6). This
distribution and kinematics suggests that the emission
represents a pair of bowshocks where the jet material
has been ejected sideways by internal shocks in a time-
variable jet (e.g., Stone & Norman 1993). In addition,
the ejected material carries enough sideways momentum
to accelerate the rest of the outflow, as expected by the
outflow acceleration model of Raga et al. (1993).

The above examples of episodic ejections testify to the
importance of time variability to understand the outflow
phenomenon. This variability is likely caused by the
non-steady accretion of gas onto the central source, as
also suggested by numerous observations of luminosity
variability in YSOs (e.g., Megeath et al. 2012; Safron et
al. 2015; Herczeg et al. 2017).

A different mystery of the physics of outflows is the
nature and origin of the jet component. One outflow
of choice to study this issue is that of HH212 (Lee et
al., 2014, 2017, 2018; Codella et al., 2014). Lee et al.
(2017), in particular, have presented spectacular evi-
dence for jet rotation in the same sense as the proto-
stellar disk. From the analysis of their observations and
the magneto-centrifugal theory of jet production, Lee
et al. (2017) estimate that the jet launching radius in
HH212 is approximately 0.05 au.

The above examples illustrate the power of ALMA to
finally resolve the scales at which the ambient gas is ac-
celerated in outflows. While more work remains to be
done, these results raise the possibility that ALMA will
finally solve the decades old problem of outflow acceler-
ation.
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Ebert, R., 1955, Über die Verdichtung von H I-Gebieten.
Zeitschrift für Astrophysik, 37, 217

Evans, N. J., II, 1999, Physical Conditions in Regions of Star
Formation , ARAA, 37, 311

Evans, N. J., II, Rawlings, J. M. C., Shirley, Y. L., & Mundy,
L. G., 2001, Tracing the Mass during Low-Mass Star For-
mation. II. Modeling the Submillimeter Emission from
Preprotostellar Cores, ApJ, 557, 193

Evans, N. J., II, Di Francesco, J., Lee, J. -E., et al., 2015,
Detection of Infall in the Protostar B335 with ALMA,
ApJ, 814, 22

Fayolle, E. C., Balfe, J., Loomis, R., et al., 2016, N2 and CO
Desorption Energies from Water Ice, ApJL, 816, L28
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