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Abstract. Recent studies of the nearest star-forming clouds of the Galaxy at submillimeter
wavelengths with the Herschel Space Observatory have provided us with unprecedented images
of the initial conditions and early phases of the star formation process. The Herschel images
reveal an intricate network of filamentary structure in every interstellar cloud. These filaments
all exhibit remarkably similar widths - about a tenth of a parsec - but only the densest ones
contain prestellar cores, the seeds of future stars. The Herschel results favor a scenario in
which interstellar filaments and prestellar cores represent two key steps in the star formation
process: first turbulence stirs up the gas, giving rise to a universal web-like structure in the
interstellar medium, then gravity takes over and controls the further fragmentation of filaments
into prestellar cores and ultimately protostars. This scenario provides new insight into the
inefficiency of star formation, the origin of stellar masses, and the global rate of star formation
in galaxies. Despite an apparent complexity, global star formation may be governed by relatively
simple universal laws from filament to galactic scales.
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1. Introduction

Star formation is one of the most complex processes in astrophysics, involving a subtle
interplay between gravity, turbulence, magnetic fields, feedback mechanisms, heating and
cooling effects etc... Yet, despite this apparent complexity, the net products of the star
formation process on global scales are relatively simple and robust. In particular, the
distribution of stellar masses at birth or stellar initial mass function (IMF) is known to
be quasi-universal (e.g. Kroupa 2001, Chabrier 2005, Bastian et al. 2010). Likewise, the
star formation rate on both GMC and galaxy-wide scales is related to the mass of (dense
molecular) gas available by rather well defined “star formation laws” (e.g. Kennicutt 1998,
Gao & Solomon 2004, Lada et al. 2010). On the basis of recent submillimeter imaging
observations obtained with the Herschel Space Observatory (Pilbratt et al. 2010) on
Galactic interstellar clouds as part of the Gould Belt (André et al. 2010), HOBY'S (Motte
et al. 2010), and Hi-GAL (Molinari et al. 2010) surveys, the thesis advocated in this paper
is that it may be possible to explain, at least partly, the IMF and the global rate of star
formation in terms of the quasi-universal filamentary structure of the cold interstellar
medium (ISM) out of which stars form.

In particular, the bulk of nearby (d < 500 pc) molecular clouds, mostly located in
Gould’s Belt (e.g. Guillout 2001, Perrot & Grenier 2003), have been imaged at 6 wave-
lengths between 70 um and 500 pm as part of the Herschel Gould Belt survey (HGBS —
André et al. 2010). Observationally, the molecular clouds of the Gould Belt are the best
laboratories at our disposal to investigate the star formation process in detail, at least as
far as solar-type stars are concerned. The ~15 nearby clouds covered by the HGBS span
a wide range of environmental conditions, from active, cluster-forming complexes such as
the Orion A & B GMCs or the Aquila Rift cloud complex (e.g. Gutermuth et al. 2008)
to quiescent regions with no star formation activity whatsoever such as the Polaris flare
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Figure 1. Left: Herschel/SPIRE 250 pm dust continuum map of a portion of the Polaris flare
translucent cloud (d ~ 150 pc) taken as part of the HGBS survey (e.g. Miville-Deschénes et al.
2010, Ward-Thompson et al. 2010). Right: Corresponding column density map derived from
Herschel data (André et al. 2010). The contrast of the filaments has been enhanced using a
curvelet transform (cf. Starck et al. 2003). The skeleton of the filament network identified with
the DisPerSE algorithm (Sousbie 2011) is shown in light blue. Given the typical filament width
~0.1 pc (Arzoumanian et al. 2011 — see Fig. 4 below), this column density map is equivalent to
a map of the mass per unit length along the filaments (see color scale on the right).

translucent cloud (e.g. Heithausen et al. 2002). The main scientific goals of the HGBS are
to clarify the nature of the relationship between the prestellar core mass function (CMF)
and the stellar IMF (cf. § 3 below) and to elucidate the physical mechanisms responsible
for the formation of prestellar cores out of the diffuse ISM (cf. § 5 and § 7).

This paper presents an overview of the first results obtained with Herschel on nearby
star-forming clouds. Section 2 emphasizes the universality of the filamentary structure
revealed by Herschel in the cold ISM. Section 3 presents preliminary results obtained
on the global properties of prestellar dense cores. Section 4 summarizes a few theoretical
considerations on the gravitational instability of filamentary clouds. Section 5 presents
the observational evidence of a column density threshold for the formation of prestellar
cores and shows how this can be interpreted in terms of the gravitational instability
threshold of interstellar filaments. Section 6 discusses implications of the Herschel results
on filaments and cores for our understanding of the origin of the IMF and the global rate
of star formation in galaxies. Finally, Sect. 7 concludes by summarizing the scenario of
star formation emerging from the Herschel results.

2. Universality of the filamentary structure in the cold ISM

The high quality and dynamic range of the Herschel images are such that they provide
key information on the structure of molecular clouds on a wide range of spatial scales
from the size of entire cloud complexes ( 210 pc) down to the scale of individual dense
cores (< 0.1 pc). In particular, one of the most spectacular early findings made with
Herschel is the omnipresence of long (> pc scale) filamentary structures in the cold ISM
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Figure 2. (a) Herschel/SPIRE 250 pm dust continuum image of the B211/B213/L1495 region
in Taurus (d ~ 140 pc). The light blue and purple curves show the crest of the B213/B211
filament. (b) Display of optical and infrared polarization vectors from (e.g. Heyer et al. 2008;
Chapman et al. 2011) tracing the magnetic field orientation in the same region, overlaid on the
Herschel/SPIRE 250 um image. The plane-of-the-sky projection of the magnetic field appears
to be oriented perpendicular to the B211/B213 filament and roughly aligned with the general
direction of the striations overlaid in blue. (From Palmeirim et al. 2013.)

and the apparently tight connection between the filaments and the formation process of
dense cloud cores (e.g. André et al. 2010; Men’shchikov et al. 2010; Molinari et al. 2010).
While interstellar clouds were already known to exhibit large-scale filamentary structures
long before Herschel (e.g. Schneider & Elmegreen 1979; Abergel et al. 1994; Hartmann
2002; Hatchell et al. 2005; Myers 2009), Herschel now demonstrates that these filaments
are truly ubiquitous in the giant molecular clouds (GMCs) of our Galaxy (Molinari et al.
2010) and provides an unprecedented large-scale view of the role of filaments in the
formation of prestellar cores (see § 5 below). Filaments are omnipresent even in diffuse,
non-star-forming complexes such as the Polaris translucent cloud (cf. Fig. 1 — Miville-
Deschénes et al. 2010; Ward-Thompson et al. 2010), suggesting that the formation of
filaments precedes star formation in the cold ISM. Importantly, the few high-resolution
spectral line observations available to date suggest that the filaments seen in the Herschel
dust continuum images are velocity-coherent structures (e.g. Hacar & Tafalla 2011; Li &
Goldsmith 2012; Arzoumanian et al. 2013).

A very common filamentary pattern observed with Herschel is that of a main filament
surrounded by a population of fainter “sub-filaments” or striations approaching the main
filament from the side and apparently connected to it (see Fig. 2 and Palmeirim et al.
2013, Peretto et al. 2012, Hennemann et al. 2012, Cox et al. 2013). The morphology
of these “sub-filaments” and striations is suggestive of accretion flows feeding the main
filaments with surrounding cloud material.

More generally, in any given cloud complex, Herschel imaging reveals a whole network
of filaments (see Fig. 1), making it possible to characterize their properties in a statistical
manner. Furthermore, the Herschel maps have resolved the structure of nearby filaments
with unprecedented detail. Detailed analysis of the radial column density profiles derived
from Herschel data suggests that the shape of the filament radial profiles is quasi uni-
versal and well described by a Plummer-like function of the form (cf. Palmeirim et al.
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Figure 3. (a) Mean radial column density profile observed with Herschel perpendicular to the
B213/B211 filament in Taurus (cf. Fig. 2), for both the Northern (blue curve) and the Southern
part (red curve) of the filament. The yellow area shows the (£10) dispersion of the distribution
of radial profiles along the filament. The inner solid purple curve shows the effective 18” HPBW
resolution (0.012 pc at 140 pc) of the column density map used to construct the profile. The
dashed black curve shows the best-fit Plummer model (convolved with the 18" beam) described
by Eq. (1) with p=2.040.4 and a diameter 2 X Rg,y = 0.07£0.01 pc, which matches the data very
well for r < 0.4 pc, (b) Mean dust temperature profile measured perpendicular to the B213/B211
filament. The solid red curve shows the best model temperature profile obtained by assuming
that the filament has a density profile given by the Plummer model shown in (a) (with p = 2)
and obeys a polytropic equation of state, P o p”, and thus T(r) o< p(r) =Y. This best fit
corresponds to a polytropic index y=0.97+0.01. (From Palmeirim et al. 2013.)

2013 and Fig. 3):

polr) = L ) =4, — L)
1+ (r/Rgar) |1+ (/ Rout)’]

2

where p,. is the central density of the filament, Rg,; is the radius of the flat inner region,
p ~ 2 is the power-law exponent at large radii (r>> Rgat), A, is a finite constant factor
which includes the effect of the filament’s inclination angle to the plane of the sky. Note
that the density structure of an isothermal gas cylinder in hydrostatic equilibrium follows
Eq. (1) with p = 4 (Ostriker 1964), instead of the observed p ~ 2 value.

Remarkably, the diameter 2 x Rg,; of the flat inner plateau in the filament radial
profiles appears to be roughly constant ~0.1 pc for all filaments, at least in the nearby
clouds of Gould’s Belt (cf. Arzoumanian et al. 2011). This is illustrated in Fig. 4 which
shows that nearby interstellar filaments are characterized by a very narrow distribution
of inner FWHM widths centered at about 0.1 pc.

The origin of this quasi-universal inner width of interstellar filaments is not yet well
understood. A possible interpretation is that it corresponds to the sonic scale below
which interstellar turbulence becomes subsonic in diffuse, non-star-forming molecular
gas (cf. Padoan et al. 2001 and § 7 below). In this view, the observed filaments would
correspond to dense, post-shock stagnation gas associated with shocked-compressed re-
gions resulting from converging flows in supersonic interstellar turbulence. Interestingly,
the filament width ~0.1 pc is also comparable to the cutoff wavelength A4 ~ 0.1pc x
(to,5) X (fgre=s) " for MHD waves in (low-density, primarily neutral) molecular clouds
(cf. Mouschovias 1991), if the typical magnetic field strength is B ~ 10uG (e.g. Crutcher
2012). Alternatively, the characteristic width may also be understood if interstellar fila-
ments are formed as quasi-equilibrium structures in pressure balance with a typical am-
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Figure 4. Histogram of deconvolved FWHM widths for a sample of 278 filaments in 8 nearby
regions of the Gould Belt, all observed with Herschel (at effective spatial resolutions ranging
from ~0.01 pc to ~0.04 pc) and analyzed in the same way. The distribution of filament widths
is narrow with a median value of 0.09 pc and a standard deviation of 0.04 pc. In contrast, the
distribution of Jeans lengths corresponding to the central column densities of the filaments (blue
dashed histogram) is much broader. (Adapted from Arzoumanian et al. 2011.)

bient ISM pressure Payg; ~2—5 x 10* K cm ™ (Fischera & Martin 2012; Inutsuka et al., in
prep.).

3. Dense cores and their ensemble properties as derived from
Herschel observations

As prestellar cores and deeply embedded protostars emit the bulk of their luminosity at
far-infrared and submillimeter wavelengths, Herschel observations are also ideally suited
for taking a sensitive census of such cold objects in nearby molecular cloud complexes.
This is indeed one of the main observational objectives of the Herschel Gould Belt survey
(HGBS).

Conceptually, a dense core is an individual fragment or local overdensity which corre-
sponds to a local minimum in the gravitational potential of a molecular cloud. A starless
core is a dense core with no central protostellar object. A prestellar core may be defined
as a dense core which is both starless and self-gravitating. In other words, a prestellar
core is a self-gravitating condensation of gas and dust within a molecular cloud which
may potentially form an individual star (or system) by gravitational collapse (e.g. Motte
et al. 1998; André et al. 2000; Di Francesco et al. 2007; Ward-Thompson et al. 2007).
Known prestellar cores are observed at the bottom of the hierarchy of interstellar cloud
structures and depart from Larson (1981)’s self-similar scaling relations. They are the
smallest units of star formation (e.g. Bergin & Tafalla 2007) and correspond to “coher-
ent” regions of nearly constant and thermal velocity dispersion which do not obey Larson
(1981)’s power-law linewidth vs. size relation (Myers 1983; Goodman et al. 1998; André
et al. 2007). To first order, known prestellar cores have simple, convex (and not very elon-
gated) shapes, and their density structure approaches that of Bonnor-Ebert isothermal
spheroids bounded by the external pressure exerted by the background parent cloud (e.g.
Johnstone et al. 2000, Alves et al. 2001). Apart from an unprecedented mapping speed,
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Figure 5. Column density map of a subfield of the Aquila star-forming region (d ~ 260 pc)
derived from Herschel data (André et al. 2010). The contrast of the filaments has been enhanced
using a curvelet transform (cf. Starck et al. 2003). Given the typical width ~0.1 pc of the
filaments (Arzoumanian et al. 2011 — see Fig. 4), this map is equivalent to a map of the mass
per unit length along the filaments. The areas where the filaments have a mass per unit length
larger than half the critical value 2 ¢2 /G (cf. Inutsuka & Miyama 1997 and § 4) and are thus likely
gravitationally unstable have been highlighted in white. The bound prestellar cores identified
by Konyves et al. (2010) in Aquila are shown as small blue triangles.

two key advantages of Herschel broad-band imaging for prestellar core surveys are 1)
that dust continuum emission is largely optically thin at far-infrared /submillimeter wave-
lengths and thus directly tracing column density, and 2) that the ~18” HPBW angular
resolution of Herschel at A\ = 250 pm, corresponding to ~0.03 pc at a distance d = 350
pc, is sufficient to resolve the typical Jeans length in nearby clouds, which is also the
characteristic diameter expected for Bonnor-Ebert-like cores.

While in general the gravitational potential cannot be inferred from observations, it
turns out to be directly related to the observable column density distribution for the
post-shock, filamentary cloud layers produced by supersonic turbulence in numerical
simulations of cloud evolution (Gong & Ostriker 2011). In practical terms, this means
that one can define a dense core as the immediate vicinity of a local maximum in observed
column density maps such as the maps derived from Herschel imaging (see Fig. 5 and
Fig. 6a for examples). In more mathematical terms, the projection of a dense core onto the
plane of the sky corresponds to the “descending 2-manifold” (cf. Sousbie 2011) associated
to a local maximum in column density, i.e., the set of points connected to the maximum
by integral lines following the gradient of the column density distribution.

In practice, systematic source/core extraction in wide-field dust continuum images
of highly structured molecular clouds is a complex problem which can be conveniently
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decomposed into two sub-tasks: 1) source/core detection, and 2) source/core measure-
ment. In the presence of noise and background cloud fluctuations, the sub-task of detect-
ing source/cores reduces to identifying statistically significant intensity/column density
peaks based on the information provided by the finite-resolution far-infrared /submillimeter
continuum image(s) observed with, e.g., Herschel. The main problem to be solved in the
other sub-task of measuring detected sources/cores is to find the spatial extent or “foot-
print” of each source/core, corresponding to the “descending 2-manifold” of the “math-
ematical” definition given above. The getsources method devised by Men’shchikov et al.
(2010, 2012) and used to identify cores in the HGBS data is a new approach to these
two sub-tasks which makes full use of the multi-scale, multi-wavelength nature of the
source extraction problem in the case of Herschel data. Once cores have been extracted
from the maps, the Herschel observations provide a very sensitive way of distinguishing
between protostellar and starless cores based on the presence or absence of 70 pym emis-
sion. The 70 pm flux is indeed known to be a very good tracer of the internal luminosity
of a protostar (e.g. Dunham et al. 2008), and Herschel observations of nearby clouds
have the sensitivity to detect “first protostellar cores” (cf. Pezzuto et al. 2012), the very
first and lowest-luminosity (~0.01-0.1 Lg) stage of protostars (e.g. Larson 1969; Saigo
& Tomisaka 2011).

Using getsources, more than 200 starless cores but no protostars were detected in the
Herschel images of the Polaris flare region (~8 deg? field). The locations of the Polaris
starless cores in a mass versus size diagram show that they are ~2 orders of magnitude
less dense than self-gravitating isothermal Bonnor-Ebert spheres and therefore cannot
be gravitationally bound. The mass function of these unbound starless cores peaks at an
order of magnitude smaller mass than the stellar IMF (André et al. 2010). In contrast,
more than 200 (Class 0 & Class I) protostars could be identified in the Herschel images
of the whole (~11 deg?) Aquila region (Bontemps et al. 2010, Maury et al. 2011), along
with more than 500 starless cores ~ 0.01-0.1 pc in size (see Fig. 5 and Fig. 6a for some
examples). Most (>60%) of the Aquila starless cores lie close to the loci of critical Bonnor-
Ebert spheres in a mass versus size diagram, suggesting that they are self-gravitating and
prestellar in nature (Kényves et al. 2010). The CMF derived for the entire sample of >500
starless cores in Aquila is well fit by a log-normal distribution and closely resembles the
IMF (Fig. 6b — Konyves et al. 2010; André et al. 2010). The similarity between the
Aquila CMF and the Chabrier (2005) system IMF is consistent with an essentially one-
to-one correspondence between core mass and stellar system mass (M,sys = €core Meore)-
Comparing the peak of the CMF to the peak of the system IMF suggests that the
efficiency €.ore Of the conversion from core mass to stellar system mass is between ~0.2
and ~0.4 in Aquila.

The first results of the HGBS survey on this topic therefore confirm the existence of
a close relationship between the prestellar CMF and the stellar IMF, using data with
already a factor of ~ 2 to 9 better counting statistics than earlier ground-based studies
(cf. Motte, André, Neri 1998; Johnstone et al. 2000; Stanke et al. 2006; Alves et al. 2007;
Enoch et al. 2008). The efficiency factor €.or. ~ 30% may be attributed to mass loss due
to the effect of outflows during the protostellar phase (Matzner & McKee 2000). More
work is needed to derive a reliable prestellar CMF at the low-mass end and fully assess
the potential importance of subtle observational biases (e.g. background-dependent in-
completeness and blending of unresolved groups of cores). The results from the entire
Gould Belt survey will also be necessary to fully characterize the nature of the CMF-IMF
relationship as a function of environment. Our early findings with Herschel nevertheless
seem to support models of the IMF based on pre-collapse cloud fragmentation such as
the gravo-turbulent fragmentation picture (e.g. Larson 1985; Klessen & Burkert 2000;

https://doi.org/10.1017/51743921314004633 Published online by Cambridge University Press


https://doi.org/10.1017/S1743921314004633

38 Ph. André

A6 (arcmin)

5 0 -5
Aa (arcmin)

= \ .f._'_go ‘
S ‘ Y
& | oy
> IMF Ls y
S 10" Kroupa (2001) ! ' Aj‘a B
R PR LS
2 Rt - Q7
n - ~-.CMF' =49
P . 19,
o - JUSIE ~78)
E il ‘ - \:‘\ X
~ g | AN
o < N
10! \ | AN N
w n . \ 7
a P \ N
'Sé [ system | $$\
5 IMF \ AN .
© g Chabrier | N _
5 (2005) | N
z} 06\
3 Incomplete ‘ AN
g sampling \ N
é 1 | | L N I 3
10_1 101

1
Mass, M (Mg)

Figure 6. Top: Close-up column density image of a small subfield in the Aquila Rift complex
showing several candidate prestellar cores identified with Herschel (adapted from Konyves et al.
2010). The black ellipses mark the major and minor FWHM sizes determined for these cores
by the source extraction algorithm getsources (Menshchikov et al. 2010, 2012). Four protostellar
cores are also shown by red stars. The effective resolution of the image is ~18” or ~0.02 pc at
d ~ 260 pc. Bottom: Core mass function (blue histogram with error bars) of the ~500 candidate
prestellar cores identified with Herschel in Aquila (André et al. 2010 and Konyves et al. 2010).
The IMF of single stars (corrected for binaries — e.g. Kroupa 2001), the IMF of multiple systems
(e.g. Chabrier 2005), and the typical mass spectrum of CO clumps (e.g. Kramer et al. 1998) are
shown for comparison. A log-normal fit to the observed CMF is superimposed (red curve); it
peaks at ~0.6 Mg, close to the Jeans mass within marginally critical filaments at T ~ 10 K (cf.

§6).
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Padoan & Nordlund 2002; Hennebelle & Chabrier 2008). Independently of any model,
the Herschel observations suggest that one of the keys to the problem of the origin of the
IMF lies in a good understanding of the formation mechanism of prestellar cores. This is
true even if additional processes, such as rotational subfragmentation of prestellar cores
into multiple systems during collapse (Bate et al. 2003; Goodwin et al. 2008) and “com-
petitive” accretion from a larger-scale mass reservoir at the protostellar stage (e.g. Bate
& Bonnell 2005), probably also play some role and help to populate the low- and high-
mass ends of the IMF, respectively. In Sect. 6 below, we argue that the prestellar cores
responsible for the peak of the CMF /IMF result primarily from filament fragmentation.

4. Theoretical considerations on filament collapse and fragmentation

The collapse and fragmentation properties of filaments under the assumption of cylin-
drical symmetry are well known theoretically (e.g. Nagasawa 1987) but have received re-
newed attention with the Herschel results. The gravitational instability of nearly isother-
mal filaments is primarily controlled by the value of their mass per unit length M, =
M/ L. Above the critical value My, crit = 2¢2/G (where ¢, is the isothermal sound speed)
cylindrical filaments are expected to be globally unstable to both radial collapse and frag-
mentation along their lengths (e.g. Inutsuka & Miyama 1992, 1997), while below Miipe,crit
filaments are gravitationally unbound and thus expected to expand into the surround-
ing medium unless they are confined by some external pressure (e.g. Fischera & Martin
2012). Note that the critical mass per unit length Miine crit & 16 Mg /pe X (Tyas/10K)
depends only on gas temperature Ty,s (Ostriker 1964). In the presence of non-thermal gas
motions, the critical mass per unit length becomes Mo iy = 202, /G, also called the
virial mass per unit length, where oot = \/c2 + 0% is the total one-dimensional velocity
dispersion including both thermal and non-thermal components (Fiege & Pudritz 2000).
Furthermore, Fiege & Pudritz (2000) have shown that Mjiye vir is only slightly modified
in the case of magnetized filaments: M %® = Mji"# x (1 - M/ W)™, where M
is the magnetic energy (positive for poloidal magnetic fields and negative for toroidal
fields) and W is the gravitational energy. In practice, since molecular clouds typically
have |[M|/|W| £ 1/2 (Crutcher 1999, 2012), M,*® . differs from M "% =202 /G by
less than a factor of 2. 7 '

Importantly, filaments differ from both sheets and spheroids in their global gravita-
tional instability properties. For a sheet-like cloud, there is always an equilibrium config-
uration since the internal pressure gradient can always become strong enough to halt the
gravitational collapse of the sheet independently of the initial state (e.g. Miyama et al.
1987; Inutsuka & Miyama 1997). In contrast, the radial collapse of an isothermal cylin-
drical cloud cannot be halted and no equilibrium is possible when the line mass exceeds
the critical mass per unit length Mjipe crit. Conversely, if the line mass of the filamen-
tary cloud is less than Mijye crit, gravity can never be made to dominate by increasing
the external pressure, so that the collapse is always halted at some finite cylindrical ra-
dius. Filaments also differ markedly from isothermal spherical clouds which can always
be induced to collapse by a sufficient increase in external pressure (e.g. Bonnor 1956;
Shu 1977). The peculiar behavior of the filamentary geometry in isothermal collapse is
due to the fact that the isothermal equation of state (v = 1) is a critical case for the
collapse of a filament (e.g. Larson 2005): For a polytropic equation of state (P o p7)
with v < 1, an unstable cylinder can collapse indefinitely toward its axis, while if v > 1
the pressure gradient increases faster than gravity during contraction and the collapse
is always halted at a finite radius. For comparison, the critical value is v = 0 for sheets
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and v = 4/3 for spheres. Indefinite, global gravitational collapse of a structure can occur
when + is smaller than the critical value and is suppressed when + is larger than the
critical value. Gravitational fragmentation thus tends to be favored over global collapse
when + is close to or larger than the critical value. Since actual molecular clouds are
well described by an effective equation of state with v < 1 (see, e.g., Fig. 3b), this led
Larson (2005) to suggest that the filamentary geometry may play a key role in cloud
fragmentation leading to star formation (see also Nakamura 1998).

The fragmentation properties of filaments and sheets differ from those of spheroidal
clouds in that there is a preferred scale for gravitational fragmentation which directly
scales with the scale height of the filamentary or sheet-like medium (e.g. Larson 1985). In
the spherical case, the largest possible scale or mode (i.e., overall collapse of the medium)
has the fastest growth rate so that global collapse tends to overwhelm the local collapse
of finite-sized density perturbations, and fragmentation is generally suppressed in the
absence of sufficiently large initial density enhancements (e.g. Tohline 1982). It also well
known that spherical collapse quickly becomes strongly centrally concentrated (Larson
1969; Shu 1977), which tends to produce a single central density peak as opposed to
several condensations (e.g. Whitworth et al. 1996). In contrast, sheets have a natural
tendency to fragment into filaments (e.g. Miyama et al. 1987) and filaments with line
masses close to Miipe crit have a natural tendency to fragment into spheroidal cores (e.g.
Inutsuka & Miyama 1997). The filamentary geometry is thus the most favorable con-
figuration for small-scale perturbations to collapse locally and grow significantly before
global collapse overwhelms them (Pon et al. 2011; Toald et al. 2012). To summarize,
theoretical considerations alone emphasize the potential importance of filaments for core
and star formation.

5. The key role of filaments in the star formation process

The quasi “universal” filamentary structure of the cold ISM (cf. § 2) must be closely
related to the star formation process since more than 70% of the prestellar cores iden-
tified with Herschel in nearby clouds appear to lie within filaments. The remarkable
correspondence between the spatial distribution of compact cores and the most promi-
nent filaments (see Fig. 5 and Men’shchikov et al. 2010) suggests that prestellar dense
cores form primarily along filaments. More precisely, the prestellar cores identified with
Herschel are preferentially found within the densest filaments with column densities
exceeding ~7 x 10*! cm™2 (André et al. 2010 and Fig. 5). In the Aquila region, for
instance, the distribution of background cloud column densities for the population of
prestellar cores shows a steep rise above Ngjd‘ ~ 5 x 10?! em~? (cf. Fig. 7) and is such
that ~90% of the candidate bound cores are found above a background column density
Np2k ~ 7 x 10?1 em ™2, corresponding to a background visual extinction AP ~ 8. The
Herschel observations of the Aquila Rift complex therefore strongly support the exis-
tence of a column density or visual extinction threshold for the formation of prestellar
cores at A‘{/a(’k ~ 5-10, which had been suggested based on earlier ground-based studies
of, e.g., the Taurus and Ophiuchus clouds (cf. Onishi et al. 1998; Johnstone et al. 2004).
In the Polaris flare cirrus, the observations are also consistent with such an extinction
threshold since the observed background column densities are all below A]‘D,aCk ~ 8 and
there are no examples of bound prestellar cores in this cloud. More generally, the results
obtained with Herschel in nearby clouds suggest that a fraction fye ~15-20% of the
total gas mass above the column density threshold is in the form of prestellar cores.

These Herschel findings connect very well with the theoretical expectations for the
gravitational instability of filaments (cf. § 4) and point to an ezplanation of the star
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Figure 7. Left: Distribution of background column densities for the candidate prestellar cores
identified with Herschel in the Aquila Rift complex (cf. Kényves et al. 2010). The vertical
dashed line marks the column density or extinction threshold at Nﬁ‘;d‘ ~ 7 x10*" ¢cm™? or
APk ~ 8 (also corresponding to Eggﬁk ~ 130 Mg pc™?). Right: Probability density function
of column density in the Aquila cloud complex, based on the column density image derived
from Herschel data (André et al. 2011; Schneider et al. 2013). A log-normal fit at low column
densities and a power-law fit at high column densities are superimposed. The vertical dashed
line marks the same column density threshold as in the left panel.

formation threshold in terms of the filamentary structure of molecular clouds. Given
the typical width Wg; ~ 0.1 pc measured for interstellar filaments (Arzoumanian et al.
2011; see Fig. 4) and the relation M, ~ ¥y x Wy between the central gas sur-
face density ¥, and the line mass M. of a filament, the threshold at A{}“k ~ 8 or
Zg;jk ~ 130 Mg pc™? corresponds to within a factor of < 2 to the critical mass per
unit length Miine it = 2¢2/G ~ 16 M /pc of nearly isothermal, long cylinders (see § 4
and Inutsuka & Miyama 1997) for a typical gas temperature T ~ 10 K. Thus, the core
formation threshold approximately corresponds to the threshold above which interstellar
filaments are gravitationally unstable (André et al. 2010). Prestellar cores tend to be
observed only above this threshold (cf. Figs. 5 & 7) because they form out of a filamen-
tary background and only the supercritical filaments with Mjine > Miine,crit are able to
fragment into self-gravitating cores.

For several reasons, the column density threshold for core and star formation within
filaments is not a sharp boundary but a smooth transition.
First, observations only provide information on the projected column density X,ns =
—o57 2int of any given filament, where 4 is the inclination angle to the plane of the sky
and Y, is the intrinsic column density of the filament (measured perpendicular to its
long axis). For a population of randomly oriented filaments with respect to the plane of
the sky, the net effect is that X, overestimates ¥, by a factor < colsl. >=73 ~157o0n
average. Likewise, the apparent masses per unit length tend to slightly overestimate the
intrinsic line masses of the filaments. However, the probability density function of the
correction factor is such that the median correction is only ~15% and that the correction
is less than a factor of 1.5 for 75% of the filaments. Although systematic, this projection
effect thus remains small and has little impact on the global classification of observed

filamentary structures as supercritical or subcritical filaments.

Second there is also a spread in the distribution of filament inner widths of about
a factor of 2 on either side of 0.1 pc (Arzoumanian et al. 2011 — cf. Fig. 4), implying
a similar spread in the intrinsic column densities corresponding to the critical filament
mass per unit length Miye, crit-
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Figure 8. Total (thermal + nonthermal) velocity dispersion versus central column density for
a sample of 46 filaments in nearby interstellar clouds (from Arzoumanian et al. 2013). The
horizontal dashed line shows the value of the thermal sound speed ~0.2 km/s for T = 10 K.
The vertical grey band marks the border zone between thermally subcritical and thermally
supercritical filaments where the observed mass per unit length M. is close to the critical
value Mline_c.,.n ~ 16 Mg/pc for T = 10 K. The blue solid line shows the best power-law fit

Otot X Nu, 036 £ 0.14 ¢4 the data points corresponding to supercritical filaments.

Third, interstellar filaments are not all exactly at 7' = 10 K and their internal veloc-
ity dispersion sometimes includes a small nonthermal component, oxt, which must be
accounted for in the evaluation of the critical or virial mass per unit length (Fiege & Pu-
dritz 2000): Miinevir = 202, /G, where oot is the total internal velocity dispersion (see
§ 4). Recent molecular line measurements with the IRAM 30m telescope for a sample of
Herschel filaments in the Aquila, IC5146, and Polaris clouds (Arzoumanian et al. 2013
— cf. Fig. 8) show that both thermally subcritical filaments and nearly critical filaments
(with Miine within a factor of two of the thermal value of the critical mass per unit length
Miine,crit) have “transonic” internal velocity dispersions oo such that ¢s < oy < 2.
Only the densest filaments (with Miine > Miine,crit) have internal velocity dispersions sig-
nificantly in excess of the thermal sound speed ¢; ~ 0.2 km/s (cf. Fig. 8). These velocity
dispersion measurements confirm that there is a critical threshold in mass per unit length
above which interstellar filaments are self-gravitating and below which they are unbound,
and that the position of this threshold lies between ~16 Mg /pc and ~32 Mg, /pc, i.e., is
consistent to within a factor of 2 with the thermal value of the critical mass per unit
length Mjipe it for T = 10 K (Arzoumanian et al. 2013). The IRAM results shown
in Fig. 8 thus confirm that the thermal critical mass per unit length Miine. crit Plays a
fundamental role in the evolution of interstellar filaments. Combined with the Herschel
findings summarized above and illustrated in Fig. 5 and Fig. 7, this supports the view
that the gravitational fragmentation of filaments may control the bulk of core and star
formation, at least in nearby Galactic clouds.
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6. Implications for the IMF and the global star formation rate

Since most stars appear to form in filaments, the fragmentation of filaments at the
threshold of gravitational instability is a plausible mechanism for the origin of (part of)
the stellar IMF. We may expect local collapse into spheroidal protostellar cores to be
controlled by the Jeans/Bonnor-Ebert criterion M > Mpg where the Jeans or critical
Bonnor-Ebert mass Mpg (e.g. Bonnor 1956) is given by:

Mg ~1.3¢! JG?S ~ 0.53 Mg x (Tor /10K)? x (Se1/160 Mo pe2) ™. (2)

If we consider a quasi-equilibrium isothermal cylindrical filament on the verge of global
radial collapse, it has a mass per unit length equal to the critical value Miine crit = 2 cz /G
(~16 Mg, /pc for Tog ~ 10 K) and an effective diameter Dyag cric = 2¢2/GY (~0.1pc
for T,g ~ 10 K and ¥y ~ 160 Mg pc=2). A segment of such a cylinder of length equal
to Dfat crit contains a mass Miine crit X Dfiat.crit = 4¢2/G*Sy ~ 3 x Mg (~1.6 Mg
for Ty ~ 10 K and ¥y ~ 160 Mg pc=2) and is thus potentially prone to local Jeans
instability. Since local collapse tends to be favored over global collapse in the case of nearly
isothermal filaments (see Sect. 4 and Pon et al. 2011), gravitational fragmentation into
spheroidal cores is expected to occur along supercritical filamentary structures, as indeed
found in both numerical simulations (e.g. Bastien et al. 1991; Inutsuka & Miyama 1997)
and Herschel observations (see Fig. 5 and Sect. 5). Remarkably, the peak of the prestellar
CMF at ~ 0.6 My as observed in the Aquila cloud complex (cf. Fig. 6b) corresponds
very well to the Bonnor-Ebert mass Mpg ~ 0.5 Mg within marginally critical filaments
with Miine & Miine,crit ~ 16 Mg /pc and surface densities ¥ ~ Ef,f;: ~ 160 My pc~2.
Likewise, the median projected spacing ~0.08 pc observed between the prestellar cores
of Aquila roughly matches the thermal Jeans length within marginally critical filaments.
All of this is consistent with the idea that gravitational fragmentation is the dominant
physical mechanism generating prestellar cores within interstellar filaments. Furthermore,
a typical prestellar core mass of ~0.6 My translates into a characteristic star or stellar
system mass of ~0.2 Mg, assuming a typical efficiency €.oro ~ 30% (cf. § 3).

Therefore, the Herschel results strongly support Larson (1985)’s interpretation of the
peak of the IMF in terms of the typical Jeans mass in star-forming clouds. Overall, our
Herschel findings suggest that the gravitational fragmentation of supercritical filaments
produces the peak of the prestellar CMF which, in turn, may account for the log-normal
“base” (cf. Bastian et al. 2010) of the IMF. It remains to be seen, however, whether the
bottom end of the IMF and the Salpeter power-law slope at the high-mass end can also
be explained by filament fragmentation. Naively, one would indeed expect gravitational
fragmentation to result in a narrow prestellar CMF, sharply peaked at the median ther-
mal Jeans mass. It should also be noted that a small (< 30%) fraction of prestellar cores
do not appear to form along filaments. A good example is the pre-brown dwarf core Oph
B-11 recently identified in the Ophiuchus main cloud (Greaves et al. 2003, André et al.
2012). On the other hand, a Salpeter power-law tail at high masses may be produced by
filament fragmentation if turbulence has generated an appropriate field of initial density
fluctuations within the filaments in the first place (cf. Inutsuka 2001). More precisely,
Inutsuka (2001) has shown that if the power spectrum of initial density fluctuations along
the filaments approaches P(k) = |6;|* oc k~!® then the CMF produced by gravitational
fragmentation evolves toward a power-law dN/dM o~ M~%® similar to the Salpeter IMF
(dN/dM, o< M[2:3%). Interestingly, the power spectrum of column density fluctuations
along the filaments observed with Herschel in nearby clouds is typically P(k) oc k=18
which is close to the required spectrum. Alternatively, a CMF with a Salpeter power-law
tail may result from the gravitational fragmentation of a population of filaments with
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a distribution of supercritical masses per unit length. Observationally, the supercriti-
cal filaments observed as part of the Herschel Gould Belt survey do seem to have a
power-law distribution of masses per unit length dN/dM,. Mlglzf above ~20 Mg /pc.
Since the width of the filaments is roughly constant (Wg; ~ 0.1 pc), the mass per unit
length is directly proportional to the central surface density, Mjne ~ X X Wgi. Further-
more, the total velocity dispersion of these filaments increases roughly as oo, o< %00
(Arzoumanian et al. 2013 — see Fig. 8), which means that their effective temperature
scales roughly as Ty o< 3. Hence Mg o ¥ o< Mjue, and the observed distribution of
masses per unit length directly translates into a power-law distribution of Bonnor-Ebert
masses dN/dMpg, M];é 2 along supercritical filaments, which is also reminiscent of the
Salpeter IMF. Although these two alternative possibilities seem promising, more work is
needed to assess whether the direct gravitational fragmentation of filaments can account
for the high-mass end of the CMF /IMF.

The realization that prestellar core formation occurs primarily along gravitationally
unstable filaments of roughly constant width W4, ~ 0.1 pc also has potential implica-
tions for our understanding of star formation on global Galactic and extragalactic scales.
Remarkably, the critical line mass of a filament, Mii,e crit = 2 ¢? /G, depends only on gas
temperature (i.e., T ~ 10 K for the bulk of molecular clouds, away from the immediate
vicinity of massive stars) and is modified by only a factor of order unity for filaments with
realistic levels of magnetization (Fiege & Pudritz 2000 — see Sect. 4). This may set a quasi-
universal threshold for star formation in the cold ISM of galaxies at Miye crit ~ 16 Mg /pc
in terms of filament mass per unit length, or Miye crit/Wa1 ~ 160 Mg pc~2 in terms of
gas surface density, or Miine crit /W3 ~ 1600 Mg pc™ in terms of gas density (the latter
corresponding to a volume number density ng, ~ 2 x 10* cm™3). Indeed, recent near-
/mid-infrared studies of the star formation rate as a function of gas surface density in
both Galactic and extragalactic cloud complexes (e.g. Heiderman et al. 2010; Lada et al.
2010) show that the star formation rate tends to be linearly proportional to the mass of
dense gas above a surface density threshold E};;s ~ 120-130 Mg pc? and drops to neg-
ligible values below Eg&s (see Gao & Solomon 2004 for external galaxies). Note that this
is the essentially same threshold as found with Herschel for the formation of prestellar
cores in nearby clouds (cf. § 5 and Figs. 7 & 8). Moreover, the relation between the star
formation rate SF'R and the mass of dense gas Mgense above the threshold is estimated to
be SFR = 4.6 x107% Mg yr=! X (Mgense /M) in nearby clouds (Lada et al. 2010), which
is close to the relation SFR = 2x 1078 Mg yr=! X (Myense /M) found by Gao & Solomon
(2004) for galaxies. Both of these values are very similar to the star formation rate per unit
mass of dense gas SFR/Mgense = fpre X €core/tpre ~ 0.15x0.3/10% ~ 4.5 x 107 Mg yr~—!
that we may derive based on the Herschel results in the Aquila complex, by considering
that only a fraction fyr. ~ 15% of the gas mass above the column density threshold is in
the form of prestellar cores (cf. § 5), that the local star formation efficiency at the level
of an individual core is €.ore ~ 30% (cf. § 3), and that the typical lifetime of the Aquila
cores is tpre ~ 10° yr (Kényves et al., in prep.). Despite relatively large uncertainties, the
agreement with the extragalactic value of Gao & Solomon (2004) is surprisingly good,
implying that there may well be a quasi-universal “star formation law” converting dense
gas into stars above the threshold (see also Lada et al. 2012).

7. Conclusions: Toward a universal scenario for star formation?

The results obtained with Herschel on nearby clouds and summarized in the previous
sections provide key insight into the first phases of the star formation process. They
emphasize the role of filaments and support a scenario according to which the formation

https://doi.org/10.1017/51743921314004633 Published online by Cambridge University Press


https://doi.org/10.1017/S1743921314004633

Herschel View of Star Formation 45

of prestellar cores occurs in two main steps (see, e.g., André et al. 2010). First, large-
scale magneto-hydrodynamic (MHD) turbulence generates a whole network of filaments
in the ISM (cf. Padoan et al. 2001); second, the densest filaments fragment into prestellar
cores by gravitational instability (cf. Inutsuka & Miyama 1997) above a critical (column)
density threshold corresponding to Xt ~ 150 Mg pe™ (AfF" ~ 8) or nffl' ~ 2 x
10* cm 3.

That the formation of filaments in the diffuse ISM represents the first step toward
core/star formation is suggested by the filaments already being omnipresent in a gravita-
tionally unbound, non-star-forming cloud such as Polaris (cf. Fig. 1, Men’shchikov et al.
2010, and Miville-Deschénes et al. 2010). This indicates that interstellar filaments are
not produced by large-scale gravity and that their formation must precede star forma-
tion. It is also consistent with the view that the filamentary structure results primarily
from the dissipation of large-scale MHD turbulence (cf. Padoan et al. 2001; Hily-Blant &
Falgarone 2007, 2009). In the picture proposed by Padoan et al. (2001), the dissipation
of turbulence occurs in shocks and interstellar filaments correspond to dense, post-shock
stagnation gas associated with compressed regions between interacting supersonic flows.
One merit of this picture is that it can qualitatively account for the characteristic ~0.1 pc
width of the filaments as measured with Herschel (cf. Fig. 4): the typical thickness of
shock-compressed structures resulting from supersonic turbulence in the ISM is expected
to be roughly the sonic scale of the turbulence which is ~0.1 pc in diffuse interstellar
gas (cf. Larson 1981, Falgarone et al. 2009, and discussion in Arzoumanian et al. 2011).
Direct evidence of the role of large-scale compressive flows has been found with Herschel
in the Pipe Nebula in the form of filamentary structures with asymmetric column density
profiles which most likely result from compression by the winds of the Sco OB2 associ-
ation (Peretto et al. 2012). However, turbulent compression alone would tend to form
layers and is unlikely to directly produce filaments. A more complete picture, recently
proposed by Hennebelle (2013), is that interstellar filaments result from a combination
of turbulent shear and compression. Hennebelle (2013) further suggests that the filament
width ~0.1 pc may correspond to the dissipation length of MHD waves due to ion-neutral
friction.

The second step appears to be the gravitational fragmentation of the densest filaments
with supercritical masses per unit length (Miine = Miine,crit) into self-gravitating prestel-
lar cores (cf. § 5). In active star-forming regions such as the Aquila complex, most of
the prestellar cores identified with Herschel are indeed concentrated within supercritical
filaments (cf. Fig. 5). In contrast, in non-star-forming clouds such as Polaris, all of the
filaments have subcritical masses per unit length and only unbound starless cores are ob-
served but no prestellar cores nor protostars (cf. Fig. 1). Herschel observations indicate
that even star-forming, supercritical filaments maintain roughly constant inner widths
~0.1 pc while evolving (Arzoumanian et al. 2011 — see Figs. 3 & 4). At first sight, this
seems surprising since supercritical filaments are unstable to radial collapse and are thus
expected to undergo rapid radial contraction with time (e.g. Kawachi & Hanawa 1998
— see Sect. 4). The most likely solution to this paradox is that supercritical filaments
are accreting additional background material while contracting. The increase in velocity
dispersion with central column density observed for supercritical filaments (Arzoumanian
et al. 2013 — see Fig. 8) is indeed suggestive of an increase in (virial) mass per unit length
with time. More direct evidence of this accretion process for supercritical filaments exists
in several cases in the form of low-density striations or sub-filaments observed perpendic-
ular to the main filaments and apparently feeding them from the side. Examples include
the B211/B213 filament in Taurus (Palmeirim et al. 2013 — see Fig. 2), the Musca fila-
ment (Cox et al. 2013, in preparation), and the DR21 ridge in Cygnus X (Schneider et al.
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2010; Hennemann et al. 2012). In the case of the Taurus filament (Fig. 2), the estimated
accretion rate is such that it would take ~ 1-2 Myr for the central filament to double
its mass (Palmeirim et al. 2013). This accretion process supplies gravitational energy to
supercritical filaments which is then converted into turbulent kinetic energy (cf. Heitsch
et al. 2009 and Klessen & Hennebelle 2010) and may explain the observed increase in
velocity dispersion (oo $o%° — cf. Fig. 8). The central diameter of such accreting
filaments is expected to be of order the effective Jeans length Dj o ~ 202, /G, which
Arzoumanian et al. (2013) have shown to remain close to ~0.1 pc. Hence, through ac-
cretion of parent cloud material, supercritical filaments may keep roughly constant inner
widths and remain in rough virial balance while contracting. This process may effec-
tively prevent the global (radial) collapse of supercritical filaments and thus favor their
fragmentation into cores (e.g. Larson 2005), in agreement with the Herschel results (see
Fig. 5).

The above scenario can explain the peak for the prestellar CMF and may account for
the base of the stellar IMF (see Sect. 6 and Fig. 6b). It partly accounts for the general
inefficiency of the star formation process since, even in active star-forming complexes
such as Aquila (Fig. 5), only a small fraction of the total gas mass (~15% in the case of
Aquila — see Fig. 7b) is above of the column density threshold, and only a small fraction
fore ~ 15% of the dense gas above the threshold is in the form of prestellar cores (see
Sect. 5). Therefore, the vast majority of the gas in a GMC (~98% in the case of Aquila)
does not participate in star formation at any given time (see also Heiderman et al. 2010
and Evans 2011). Furthermore, the fact that essentially the same “star formation law”
is observed above the column density threshold in both Galactic clouds and external
galaxies (see Sect. 6 and Lada et al. 2012) suggests that the star formation scenario
sketched above is quasi-universal and may well apply to the ISM of all galaxies.

To conclude, the Herschel results discussed in this paper are extremely encouraging
as they point to a unified picture of star formation on GMC scales in both Galactic
clouds and external galaxies. Confirming and refining the scenario proposed here will
require follow-up observations to constrain the dynamics of the filamentary structures
imaged with Herschel as well as detailed comparisons with numerical simulations of
molecular cloud formation and evolution. ALMA will be instrumental in testing whether
this scenario, based on Herschel observations of nearby Galactic clouds forming mostly
low-mass stars, is truly universal and also applies to high-mass star forming clouds and
the GMCs of other galaxies.
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