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ABSTRACT

Context. The onset of star formation is intimately linked with the presence of massive unstable filamentary structures. These filaments
are therefore key for theoretical models that aim to reproduce the observed characteristics of the star formation process in the Galaxy.
Aims. As part of the filament study carried out by the Herschel Galactic Cold Cores Key Programme, here we study and discuss the
filament properties presented in GCC VII (Paper I) in context with theoretical models of filament formation and evolution.
Methods. A conservatively selected sample of filaments located at a distance D < 500 pc was extracted from the GCC fields with
the getfilaments algorithm. The physical structure of the filaments was quantified according to two main components: the central
(Gaussian) region of the filament (core component), and the power-law-like region dominating the filament column density profile
at larger radii (wing component). The properties and behaviour of these components relative to the total linear mass density of
the filament and the column density of its environment were compared with the predictions from theoretical models describing the
evolution of filaments under gravity-dominated conditions.
Results. The feasibility of a transition from a subcritical to supercritical state by accretion at any given time is dependent on the
combined effect of filament intrinsic properties and environmental conditions. Reasonably self-gravitating (high Mline,core) filaments
in dense environments (AV >∼ 3 mag) can become supercritical on timescales of t ∼ 1 Myr by accreting mass at constant or decreasing
width. The trend of increasing Mline,tot (Mline,core and Mline,wing) and ridge AV with background for the filament population also indicates
that the precursors of star-forming filaments evolve coevally with their environment. The simultaneous increase of environment and
filament AV explains the observed association between dense environments and high Mline,core values, and it argues against filaments
remaining in constant single-pressure equilibrium states. The simultaneous growth of filament and background in locations with
efficient mass assembly, predicted in numerical models of filaments in collapsing clouds, presents a suitable scenario for the fulfillment
of the combined filament mass−environment criterium that is in quantitative agreement with Herschel observations.

Key words. ISM: clouds – infrared: ISM – submillimeter: ISM – dust, extinction – stars: formation

1. Introduction

Filamentary structures are a wide-spread phenomenon in the in-
terstellar medium (ISM). They constitute a complex hierarchi-
cal population with a wide range of properties in terms of crest

? Herschel is an ESA space observatory with science instruments pro-
vided by European-led Principal Investigator consortia and with impor-
tant participation from NASA.

(ridge) column density, linear mass density (Mline), and length
(e.g. Hacar et al. 2013; Hennemann et al. 2012). Observations
carried out with the Herschel Space Observatory (Herschel;
Pilbratt et al. 2010) indicate that filaments in the local neigh-
bourhood might be characterised by a quasi-constant average
width of ∼0.1 pc (e.g. Arzoumanian et al. 2011), although with
a wide spread around this value and possibly even increasing
at larger distances (e.g. Juvela et al. 2012; Schisano et al. 2014).
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Filaments are also ubiquitous in a wide range of environments
and conditions, from the most diffuse regions at high galactic
latitudes (e.g. Miville-Deschênes et al. 2010) to the active high-
mass star forming complexes (e.g. Hennemann et al. 2012).

Despite their diversity, the observed tendency of pre-stellar
cores and young stellar objects (YSOs) to be associated with
the densest and most massive of these filaments (supercriti-
cal: Mline > Mcrit, where Mcrit = 2c2

s/G ∼ 16.5 M� pc−1 for a
dust temperature of T ≈ 10 K; e.g. Inutsuka & Miyama 1992;
André et al. 2010) has made them a critical component that
needs to be accurately constrained for the development of vi-
able observational and theoretical models of star formation. Pro-
cesses such as global cloud collapse (e.g. Peretto et al. 2013),
convergence of large-scale flows (e.g. Schneider et al. 2010), or
cloud-cloud collisions (e.g. Duarte-Cabral et al. 2011) are exam-
ples of the various scenarios invoked to account for the presence
of filaments in star-forming regions.

Rivera-Ingraham et al. (2016; Paper I hereafter) used the data
acquired by the Herschel Galactic Cold Cores Key Programme
(GCC; PI: M. Juvela; Juvela et al. 2012) to extract a sample of
filaments for Galactic fields located at D ≤ 500 pc. This study
complemented the work presented in Juvela et al. (2012) and
aimed to provide a reliable characterisation of the physical prop-
erties of the filament population under different environmen-
tal conditions. The goal of this work is to apply and interpret
the results derived in Paper I in context with the predictions
from gravity-dominated models of star formation. Comparison
between the observed filament properties and predictions from
these models will lead to a better understanding of the processes
and conditions needed for the formation of star-forming fila-
ments in (gravity-driven) scenarios. The role of external events
in filament formation such as external feedback and collisions
are the subject of ongoing work and will be published in an up-
coming study.

This work is organised according to the following structure:
in Sects. 2 and 3 we provide a brief summary of the datasets and
methods used in Paper I to identify and characterise the filament
sample. The key properties extracted from the filament catalogue
are included in Sect. 4. These results are analysed and discussed
in Sect. 5 in order to constrain the formation process of star-
forming supercritical according to accretion-based models. Our
conclusions are listed in Sect. 6.

2. Herschel maps and data processing
The Herschel maps with filament detections that were used in
Paper I consist of a subsample of 38 fields out of the 116 regions
observed by the GCC Programme (see Juvela et al. 2012; and
Montillaud et al. 2015; for a detailed description of the process-
ing and map properties).

The SPIRE (250 µm, 350 µm, and 500 µm; Griffin et al.
2010) and PACS 160 µm maps (Poglitsch et al. 2010) were
processed with the Herschel Interactive Processing Environ-
ment (HIPE1) v.10.0 and the Scanamorphos package version 20
(Roussel 2013), respectively.

Column density and temperature maps were produced from
the colour- and offset-corrected SPIRE brightness maps con-
volved to a common resolution of 40′′. The pixel-by-pixel fitting
of spectral energy distributions (SEDs) was carried out assuming
a dust opacity of 0.1 cm2 g−1 at 1 THz (Hildebrand 1983) for a
fixed dust emissivity index of β = 2. We assumed a mean atomic

1 HIPE is a joint development by the Herschel Science Ground Seg-
ment Consortium, consisting of ESA, the NASA Herschel Science Cen-
ter, and the HIFI, PACS and SPIRE consortia.

weight per molecule of µ = 2.33 for consistency with previous
filament studies.

3. Method: detection and characterisation
of the filament sample

The target structures of our analysis consisted of the most robust
filamentary detections located at D < 500 pc that are directly
linked to the formation of cores within the resolution limitations
of the data (full with at half maximum: FWHMcore < 0.2 pc).
The process of filament extraction, selection, and analysis are
outlined below, and we refer to Paper I for a detailed description
of the process and techniques employed.

A preliminary catalogue of filament detections in each field
was obtained from the NH2 maps using the getfilaments algo-
rithm v1.140127 (Men’shchikov 2013). This initial extraction
was carried out as part of the source-detection process performed
with the multi-scale multi-wavelength source extraction algo-
rithm getsources (Men’shchikov et al. 2012). During the fila-
ment detection process, getfilaments effectively identified and
separated all the filamentary contribution in the map from the
contribution associated with compact sources and background or
noise fluctuations, providing a set of images with clean filament
profiles from which physical parameters such as width, length,
and intensity can be derived. The algorithm also quantified for
each filament pixel the fraction of the total intensity associated
with different spatial scales in the image. Only those filaments
with significant emission in the spatial scales relevant for the
formation of pre-stellar cores (<0.2 pc at D ≤ 500 pc) were con-
sidered to be core-bearing filaments (core-scale filaments) and
were selected for further analysis.

The filament population was characterised by examining
the structural and environmental properties of each filament.
The average radial column density profile of each detec-
tion (including contribution from compact sources to the pro-
file) was fitted with an idealised model of a Plummer-like
(Whitworth & Ward-Thompson 2001; Nutter et al. 2008) cylin-
drical filament using a non-linear least-squares minimisation
routine. Integration of the best-fit profile yielded an estimate of
the total linear mass density (Mline,tot). Following the approach
used in previous studies, the filament profile was further assumed
to be characterised by a Gaussian-like inner region comprising
the most central and densest parts of the filament. This compo-
nent was described in Paper I as the filament core-component,
and it defines the characteristic FWHM of the filament. The
wing-component is dominated by the power-law-like region of
the filament profile at large radii, so that the total linear mass
density can be expressed as Mline,tot = Mline,core + Mline,wing. The
mean intrinsic column density of the filament was estimated by
averaging the values of the pixels associated with the filament
crest. An estimate of the background level was obtained by av-
eraging the same pixels, but with NH2 values measured from the
complementary background map obtained by getfilaments (get-
sources) during the filament extraction process.

4. Results: potential evolutionary trends
for accretion-based models

A total of 14 fields contained filaments in the local neigh-
bourhood that satisfied the intrinsic and reliability criteria es-
tablished for the selection of core-bearing filaments. These
filaments were classified according to the component dom-
inating their total linear mass density (core-dominated if
Mline,core/Mline,wing > 1, wing-dominated otherwise), stability
(supercritical if Mline,tot ≥ Mcrit, subcritical otherwise), and
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Table 1. Filament parameters of the regimes for the core-scale filament sample.

Regime 〈Mline,core〉 〈Mline,wing〉 〈NH2〉
a 〈AV〉

a,b 〈BKG NH2〉 〈BKG AV〉
b FWHM

[M� pc−1] [M� pc−1] [1020 cm−2] [mag] [1020 cm−2] [mag] [pc]
1 ALL 2.16 ± 0.22 2.40 ± 0.70 8.92 ± 0.82 0.95 ± 0.09 13.77 ± 2.05 1.46 ± 0.22 0.11 ± 0.01
1 ALL(HB)c 2.43 ± 0.40 3.29 ± 1.98 12.34 ± 2.02 1.31 ± 0.21 26.90 ± 2.53 2.86 ± 0.27 0.09 ± 0.01
1 ALL(LB)c 2.08 ± 0.26 2.13 ± 0.72 7.86 ± 0.69 0.84 ± 0.07 9.73 ± 1.01 1.04 ± 0.11 0.11 ± 0.01
2 ALL 5.97 ± 0.25 7.72 ± 1.38 23.02 ± 3.38 2.45 ± 0.36 25.60 ± 2.57 2.72 ± 0.27 0.14 ± 0.01
2 ALL(HB) 5.97 ± 0.27 6.47 ± 2.04 28.51 ± 5.80 3.03 ± 0.62 35.35 ± 1.48 3.76 ± 0.16 0.11 ± 0.02
2 ALL(LB) 5.96 ± 0.44 9.11 ± 1.84 16.93 ± 1.85 1.80 ± 0.20 14.77 ± 0.92 1.57 ± 0.10 0.18 ± 0.02
2 SBd 6.10 ± 0.30 3.57 ± 0.73 21.04 ± 2.54 2.24 ± 0.27 25.36 ± 3.27 2.70 ± 0.35 0.15 ± 0.02
2 SB (HB) 5.77 ± 0.30 2.69 ± 0.83 22.80 ± 3.87 2.43 ± 0.41 33.91 ± 1.89 3.61 ± 0.20 0.13 ± 0.02
2 SB (LB) 6.58 ± 0.56 4.81 ± 1.17 18.58 ± 2.95 1.98 ± 0.31 13.40 ± 1.29 1.43 ± 0.14 0.18 ± 0.03
2 SP d 5.73 ± 0.44 14.83 ± 0.74 26.43 ± 8.35 2.81 ± 0.89 26.01 ± 4.51 2.77 ± 0.48 0.14 ± 0.03
2 SP (HB) 6.45 ± 0.56 15.29 ± 1.47 41.85 ± 16.54 4.45 ± 1.76 38.71 ± 0.32 4.12 ± 0.03 0.08 ± 0.03
2 SP (LB) 5.20 ± 0.55 14.49 ± 0.85 14.87 ± 1.86 1.58 ± 0.20 16.48 ± 0.76 1.75 ± 0.08 0.18 ± 0.03
3 ALL 13.61 ± 1.42 20.26 ± 5.19 52.18 ± 8.12 5.55 ± 0.86 27.70 ± 4.27 2.95 ± 0.45 0.12 ± 0.01
3 ALL(HB) 15.14 ± 1.57 23.64 ± 7.28 58.16 ± 11.03 6.19 ± 1.17 32.56 ± 4.65 3.46 ± 0.49 0.13 ± 0.02
3 ALL(LB) 10.54 ± 1.18 13.51 ± 4.25 40.21 ± 6.67 4.28 ± 0.71 17.99 ± 1.64 1.91 ± 0.17 0.12 ± 0.00

Notes. (a) Average intrinsic (background-free) NH2 of crest and standard error on the mean. (b) NH2 = 9.4 × 1020 cm−2 AV/mag. (c) HB = high
background; LB = low background. (d) SB = subcritical; SP = supercritical.

environmental level (low-background (LB) filaments when the
background level is below the mean of the population of
AV ≈ 2.2 mag, high-background (HB) filaments when above this
value2). We used these classifications to identify not only global
properties of the filament population, but also potential trends
and correlations that could provide insight into the requirements,
limitations, and nature of the physical processes driving filament
formation and evolution.

Three major filament regimes are identified (see Paper I):
a core-dominated subcritical regime (regime 1; Mline,core <
4.2 M� pc−1), a transition regime comprising a mixture of
core-dominated, wing-dominated, subcritical, and supercriti-
cal filaments (regime 2; 4.2 ≤ Mline,core ≤ 8.4 M� pc−1), and
a regime exclusively associated with supercritical filaments
(regime 3; Mline,core> 8.4 M� pc−1). These regimes, initially se-
lected according to their Mline,core, show distinct average struc-
tural properties (Mline,tot, crest NH2 ) and environment. This can
be clearly observed in the global mean properties of each
regime highlighted in Paper I (Tables 3 and 4), and in more detail
in Table 1 of this work.

Filament growth and mass assembly via accretion, as pre-
dicted by theoretical models and observational studies (e.g.
Schisano et al. 2014), would be characterised by an increase in
Mline,tot with time. Based only on the average global characteris-
tics of the different regimes, we were able to conclude in Paper I
that both components (Mline,core and Mline,wing) appear to increase
with increasing Mline,tot (i.e. with time), with the wing compo-
nent dominating the core component at high Mline,tot (late stages)
of evolution. We were also able to infer that the most massive
filament components are primarily associated with the densest
environments. Our results clearly indicated that local external
conditions must play a fundamental role in filament evolution.

Table 1 provides a detailed list of the average properties
of the different filament groups (classified according to stabil-
ity and background NH2 level) within each of the three regimes.
The potential changes in filament structure as a function of time

2 NH2 = 9.4 × 1020 cm−2 AV/mag; Bohlin et al. (1978).

(Mline,tot) and environment quantified in this table are visually
illustrated in Fig. 1.

In a transition from an overall subcritical to supercritical
regime, filaments are characterised by an increase in central
ridge column density (e.g. Fig. 1c). This would be a natural out-
come for structures undergoing collapse and substructure growth
via gravitational forces, especially in dense environments where
such processes would be more significant because of the avail-
ability of material. Our results also indicate a roughly con-
stant or possibly moderate decrease in filament width with time
for HB filaments (Fig. 1a), and an increase for LB filaments
(Fig. 1b). These figures indicate that if there are indeed changes
in width during filament evolution from a subcritical to super-
critical regime, the small variations associated with such changes
would explain the apparently constant value of this quantity for
filaments in radically different environments and star-forming
states (e.g. André et al. 2010). It would also support accretion
as a major process in filament formation and evolution, as the
presence of filaments with characteristic widths of ∼0.1 pc has
been theorised to be the result, at least in part, of accretion ef-
fects (e.g. accretion-driven turbulence and ion-neutral friction;
Hennebelle & André 2013).

5. Discussion: filament evolution under
gravity-dominated conditions

Accretion is necessary for filament growth and is therefore a
key factor in any evolutionary model of filaments in the ISM.
Accretion is predicted to play a crucial if not dominant role
in any scenario of filament evolution. Theoretical modelling
of gravitational infall onto molecular filaments carried out by
Heitsch (2013) indicates that accretion cannot be prevented
even in the presence of magnetic fields or turbulence. With
timescales shorter than those of ambipolar and turbulent diffu-
sion (Heitsch & Hartmann 2014), accretion is one of the most
likely candidates for driving the pre-stellar core and star forma-
tion process.

A94, page 3 of 9
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(a) (b)

(c) (d)

Fig. 1. Filament characteristic intrinsic total linear mass density (Mline,tot) as a function of FWHM for HBs (filled red and magenta symbols; a)) and
LBs (filled blue and green symbols b)) of the core-scale filament sample. Panel c) shows the AV−FWHM distribution for HBs. As reference, black
crosses in Figs. 1a and 1b mark the position of filaments in low and high backgrounds, respectively. Panel d) is the same as a) and b), but with
uncertainties included as reference. The red arrow indicates the evolutionary direction at constant ∼0.1 pc width (e.g. Arzoumanian et al. 2011;
2013). The green arrow indicates an alternative evolutionary path leading to filaments with the same final properties and conveying similar changes
as the original model, but allowing for a (conservative) change in filament width (see text). Separation according to the relative contribution of
core or wing components to the filament Mline,tot is marked as follows: core dominated (blue and magenta for LBs and HBs, respectively), and
wing dominated (green and red).

Evidence of mass assembly by accretion from the local envi-
ronment has been readily observed for filaments associated with
low- and high-mass star formation alike (e.g. Hennemann et al.
2012; Palmeirim et al. 2013). In the evolutionary model pro-
posed in Arzoumanian et al. (2011, 2013), accreting and col-
lapsing supercritical self-gravitating filaments would increase
their linear mass density while keeping a constant filament
width (∼0.1 pc). An increase in linear mass density by accre-
tion for filaments associated with the pre-stellar and proto-stellar
stages of star formation was also suggested by Schisano et al.
(2014) and has been observed in numerical simulations. Fil-
aments are a general intrinsic feature of molecular clouds
(Smith et al. 2016), therefore they are influenced by the evolu-
tion of their large-scale environment. Extensive periods of ac-
cretion are predicted to arise as a result of global cloud collapse
(e.g. Gómez & Vázquez-Semadeni 2014; Smith et al. 2014), and
the transition to a supercritical regime is an expected outcome in
those regions in which the converging collapse leads to enhanced
gathering of mass (Heitsch et al. 2009; Smith et al. 2016). Ac-
cording to simple linear mass density stability criteria, subcrit-
ical filaments are defined as gravitationally unbound and stable
against collapse, therefore most likely prone to dispersion be-
fore undergoing significant star formation. It is, however, still
not observationally constrained how and under which condi-
tions subcritical filaments evolve by accretion into an unstable

supercritical regime, and how these observations fit in the pro-
posed theoretical scenarios.

Based on their linear mass density and central crest col-
umn density, the GCC filaments comprise a key population in
the intermediate region between the subcritical and supercriti-
cal states. These filaments also provide a statistically significant
sample in a range of environments (e.g. Table 1). Our observa-
tions can therefore be used to constrain a possible transition pro-
cess between the two states, and also the role of gravity and local
environment in the formation, evolution, and the ultimate fate of
filaments in the ISM.

5.1. Assumptions for a subcritical-supercritical transition
process via accretion

Several scenarios have been invoked that can explain the ubiq-
uitous presence of filaments in the ISM. These are, for instance,
the resulting structures caused by large-scale gravitational col-
lapse of clouds formed by colliding flows or streams in the ISM
(e.g. Burkert & Hartmann 2004), with initial density substruc-
ture determined by turbulence and by thermal and dynamical
instabilities (e.g. Heitsch et al. 2008b), and with growth aided
by dynamical as well as gravitational focussing. Filaments are
predicted to appear as a natural consequence of the cloud forma-
tion process (e.g. Heitsch et al. 2009). Based on these and similar
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models, filament formation and evolution constitute a continuous
process of which our Herschel observations are nothing more
than snapshots in time. By definition, our observational sample
comprises a set of structures with a well-developed filamentary
morphology. In consequence, each of the three filament regimes
(Table 1) is expected to contain filaments in different states of
evolution. The use of this sample to constrain filament evolution
is based on the following key results and assumptions:

1. The filament population is dominated by structures with col-
umn densities high enough for gravity to dominate (based on
NH2 estimates from e.g. Hartmann et al. 2001).
The Herschel continuum data sets can therefore be used to
broadly separate the filament sample according to their early
or late evolutionary state, assuming that the general trends
observed with increasing Mline,tot for the various filament pa-
rameters (Paper I) are driven by accretion and inflow of ma-
terial.

2. A supercritical filament in one regime evolves from a sub-
critical filament by increasing its Mline,tot at the same time
as its Mline,core, Mline,wing, and ridge NH2 . These trends were
observed and described in Paper I.
Numerical simulations (e.g. Burkert & Hartmann 2004;
Hartmann & Burkert 2007; Heitsch et al. 2008a; Vázquez-
Semadeni et al. 2009; Smith et al. 2014; Gómez & Vázquez-
Semadeni 2014) as well as observational results (e.g.
Schneider et al. 2010) support the long-range effects of
gravity and therefore the potentially extensive reservoir of
material that can, in principle, be available for accretion. For
mean infall velocities of v ∼ 0.8 km s−1 (e.g. Heitsch et al.
2009) accretion of material during the predicted timescale
for pre-stellar core formation and collapse can in principle
occur from regions located at >∼1 pc from the filaments. The
possibility of the environment evolving as the filament ac-
cretes implies that the precursor of a star-forming filament
could be associated not only with a less massive structure,
but also with a less dense background. This scenario is ac-
counted for in our analysis by allowing filaments to evolve
from a similar or more diffuse environment than that of the
target supercritical structure.

3. The wing filament component dominates at a late stage of
evolution.
Our results from Paper I indicate that in a transition from
subcritical to supercritical state a filament increases its
Mline,core and Mline,wing. This simultaneous growth could be
compatible with that predicted for other types of structures
within clouds (e.g. cores; Naranjo-Romero et al. 2015). Fil-
aments with the highest Mline,tot have the most massive com-
ponents and are also predominantly wing dominated. A po-
tential precursor of a star-forming filament is therefore re-
quired to be core dominated and with both Mline,core and
Mline,wing lower than that of the target wing-dominated su-
percritical filament. While the actual behaviour of the fila-
ment components with time requires an extensive analysis
and modelling of filament properties for a range of condi-
tions, our choice is justified based on the general trends of
the filament populations observed in Paper I and the individ-
ual properties of each regime (e.g. Table 1). In regime 2, all
supercritical filaments are wing dominated and ∼85% of the
subcritical population is core dominated. Only two out of the
six supercritical filaments in regime 3 are core dominated.

4. Mechanisms capable of providing internal support, such as
turbulence or magnetic fields, do not dominate filament evo-
lution of the global filament population.

Turbulence, for instance, is predicted to be highly linked to
accretion and collapse (e.g. Burkert & Hartmann 2004), but
these processes should still not be able to prevent accretion.
Numerical models clearly indicate that molecular clouds are
dynamically evolving and contracting gravitationally despite
the presence of magnetic fields (Ibáñez-Mejía et al. 2016).
The same process of large-scale global collapse drives the
evolution of the internal substructure of the cloud (fila-
ment, clump), therefore gravity and mass inflow become the
principal and dominant mechanisms determining changes
in filamentary properties as a function of time. Observa-
tional evidence supporting the driving role of gravity is
found in the shape of the observed column density proba-
bility density functions of star-forming clouds, characterised
by a power-law tail at the column densities typically as-
sociated with filamentary material and star-formation (e.g.
Ballesteros-Paredes et al. 2011).

By means of the above assumptions it is possible to quantify the
changes associated with a transition from subcritical to super-
critical state, if the filament was required to form new stars by
accretion under the conditions predicted by observational and
theoretical studies.

5.2. Formation and evolution of star-forming filaments

5.2.1. Preferred conditions of supercritical filaments

Supercritical (massive) filaments are found in regimes 2
(4.2 ≤ Mline,core ≤ 8.4 M� pc−1) and 3 (Mline,core > 8.4 M� pc−1),
each associated with a different mean environmental column
density level and filament properties (e.g. Table 1; Fig. 9 of Pa-
per I). Figure 2 summarises the mean filament width (FWHM)
and central ridge column density (here expressed as AV) of su-
percritical filaments in each of the two regimes. As a reference,
Fig. 2 also includes the predicted FWHM−AV equilibrium model
for self-gravitating, accreting, and pressure-confined filaments
from Fischera & Martin (2012). The theoretical curve in Fig. 2a
corresponds to the default pressure used by these authors in
Fig. 10 of their work, which corresponds to an environment AV
of ≈2.8 mag as estimated with Eq. (A1) of Fischera & Martin
(2012). Changes on the model curve attributed to variations in
external pressure (cloud environment) are highlighted Fig. 2b.

The supercritical population is most dominant in regime 3,
which points towards two main requirements characterising the
realm of supercritical filaments. A filament will grow, collapse,
and form proto-stellar objects when it is associated with

– a moderately self-gravitating configuration with a core com-
ponent already relatively close to supercritical state (e.g. a
critical value for the filament ridge of AV ∼ 5.5 mag (back-
ground subtracted), or Mline,core >∼Mcrit/2 (Paper I); in agree-
ment with previous studies, for example, Fischera & Martin
2012), and

– relatively dense environment (AV >∼ 3 mag; Table 1).

Both criteria establish tight observational constraints for mod-
elling the formation of supercritical filaments in simulations.

Interestingly, the two critical column density values (fila-
ment and environment) add to a total extinction value similar
to the proposed threshold for star formation of AV ∼ 8 mag
(e.g. André et al. 2010, 2014), which further supports a transi-
tion from subcritical to supercritical state linked to a very spe-
cific combination of filament and environmental properties. The
most obvious effect arising from the fulfilment of both criteria
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R1 R2 R3

Av Environment

(a)

(b)

Fig. 2. Panel a) mean filament FWHM as a function of central in-
trinsic (crest, background subtracted) filament AV. The black solid
curve shows the model for isothermal pressure-confined filaments
from Fischera & Martin (2012) for an external pressure pext/k = 2 ×
104 K cm−3, i.e. environment AV ≈ 2.8 mag for µ = 2.33. Blue and red
symbols represent the average change of filament width and crest AV
for the transition from a core-dominated subcritical state (SB) to a wing-
dominated supercritical state (SP). The average background for each fil-
ament group (AV (Env.); right axis), derived from the background maps
provided by getsources (Sect. 3), is indicated with a black symbol at the
characteristic crest AV of the group. The clear increase in environment
column density with regime (crest AV) is highlighted with a green arrow.
Vertical dashed lines mark the approximate boundaries of regimes 2
and 3 for a filament with FWHM ≈ 0.13 pc. Boundaries would shift
to lower AV for larger FWHM. Error bars are the standard error on the
mean for each type of filament. Panel b) same as panel a), but high-
lighting the theoretical curves corresponding to the average background
of each group. Models were derived using the equations included in
Fischera & Martin (2012).

would be associated enhanced accretion due to the significant
gravitational potential of the system and the local availability
of material. The shorter build-up timescales for massive sys-
tems in dense environments (e.g. Kirk et al. 2015) would also
allow the subcritical-supercritical transition to occur while frag-
mentation and star formation develop (t <∼ 1 Myr). This sce-
nario is consistent with the findings from Van Loo et al. (2014)
and Schisano et al. (2014), who suggested that filaments initiate
fragmentation while still in the formation stage. When we con-
sider short fragmentation timescales relative to accretion (e.g.
Heitsch 2013), a subcritical filament with Mline,core∼ 8.5 M� pc−1

(maximum Mline,core for any subcritical filament; Paper I) would
quickly fragment and reach supercritical level in ∼105−106 yr for
accretion rates of 10−4−10−5 M� pc−1 yr−1 (e.g. Schisano et al.
2014; Palmeirim et al. 2013). Taking into account the estimated
lifetimes of pre-stellar cores (∼106 yr, e.g. André et al. 2014),
our results are therefore consistent with pre-stellar substruc-
ture forming when filaments reach a significantly self-gravitating
stage at Mline,core level. This substructure would then evolve
as the filament continues assembling its mass beyond the su-
percritical threshold, ultimately leading to the presence of ac-
creting supercritical filaments associated with protostars and al-
ready active star formation (in agreement with results from e.g.
Toalá et al. 2012).

5.2.2. Path towards supercriticality

Identification of the precursors of the supercritical filaments and
their most probable evolutionary sequence depends on the as-
sumed filament lifetime and the evolution of the filament with
its environment. In Fig. 2 we have highlighted the location of
subcritical filaments in regimes 1 and 2 that satisfy the crite-
ria and our established assumptions for being potential precur-
sors of supercritical filaments. The position of subcritical fila-
ments in regime 1 (R1) in the figure corresponds to the mean
AV−FWHM properties of filaments in this regime that have
Mline,core, Mline,wing, ridge AV, and environment AV lower than
supercritical wing-dominated filaments in regimes 2 (R2) and 3
(R3) (marked with star symbols in the diagram). Similarly, the
point signalling the location of subcritical filaments in R2 traces
the mean AV−FWHM properties of the core-dominated subcriti-
cal structures with linear mass densities and environmental col-
umn density below that of the wing-dominated supercritical fil-
aments in R3.

– Filaments in regime 1 are associated predominantly with the
most diffuse (AV ∼ 1.5 mag) environments and low central
column densities barely at or below those required for rea-
sonable self-gravitating structures (Table 1). They are also
associated with the narrowest widths, which is consistent
with the predictions from the (magneto-) hydrodynamical
theoretical models of Hennebelle (2013).

– Subcritical filaments in regime 2 (environmental AV ∼

2.5 mag) approach the turnover point of the FWHM−AV
curve in Fig. 2. Filaments in these denser environments are
systematically associated with higher core and wing linear
mass densities (Paper I) and are therefore reasonably self-
gravitating structures.

For our main assumption of a filament evolving by accretion
(Mline,tot increasing with time; e.g. Fig. 1a), the properties of fil-
aments in the different regimes highlighted in Fig. 2 are strongly
suggestive of a filament-environment co-evolutionary scenario.
Filament growth, inferred by the increase in Mline,core, Mline,wing,
and ridge AV from regimes 1 to 3 appears to be intimately asso-
ciated with an increase in environmental AV, although the latter
changes by a smaller degree: 〈Mline,core〉 and ridge 〈AV〉 change
by a factor of ∼6, 〈Mline,wing〉 by ∼8.5, and the environmental
column density only increases by a factor of ∼2 (Table 1).

Kirk et al. (2015) reported a good agreement between
star-forming filaments (profiles) and the models from
Fischera & Martin (2012). Likewise, the pressure-confined
equilibrium model shown in Fig. 2a agrees apparently well with
the supercritical filaments in this work (particularly in regime 2).
A possible reason for this is that the environment AV of these
filaments is relatively similar to the environment used for that
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particular model curve (AV ≈ 2.8 mag, cf., 〈AV〉 = 2.7−2.9 mag
for regimes 2 and 3, respectively). We note that such dense
environments appear to be typical of clouds with active star
formation (e.g. Rivera-Ingraham et al. 2015). Subcritical fil-
aments, on the other hand, are associated with a much lower
environment AV, which could explain their differences with
respect to the equilibrium curve in Fig. 2a. We observe, how-
ever, that their properties still differ from those expected for
equilibrium pressure-confined filaments in the same diffuse en-
vironments (Fig. 2b; grey and green curves). Their widths would
be consistent with a much higher external pressure than the
pressure predicted based on their observed environment AV. The
observed discrepancy can arise from multiple factors: different
environmental temperature and chemical composition in diffuse
media, inclination effects, or different mechanisms leading to
out-of-equilibrium filamentary structures in diffuse environ-
ments (e.g. stellar feedback, magnetic fields, or turbulence).
The local structure of many filaments in diffuse regions in the
GCC sample appear to be intrinsically associated with triggered
regions, such as swept-up structures and cometary globules.
Furthermore, the approximation used by Fischera & Martin
(2012) to derive pext/k based on environment AV (Eq. (A1)
of their work) assumes relatively dense, self-gravitating, and
predominantly molecular clouds resembling pressure-confined
isothermal spheres, which is an unrealistic approximation for
the most diffuse fields in the GCC associated with subcritical
filaments. The location and strong influence of external events
on diffuse filaments therefore argue against the presence of a
dominant population in equilibrium state in low-density media,
with the non-self-gravitating population ultimately dispersing
with time without undergoing star formation (Fig. 1b).

Despite the observed similarities with regime 2 and to some
extent regime 3, the assumption of an equilibrium state for these
structures is also questionable. First, structures exist with a lin-
ear mass density above the critical value for equilibrium (Eq. (4)
in Fischera & Martin 2012), and filaments resolved by Herschel
have frequently been observed to be composed of bundles
of smaller scale velocity-coherent filaments (e.g. Hacar et al.
2013). Second, while equilibrium cases can well exist in non-
(or slowly) evolving environments (e.g. arising from turbulent
dissipation in the diffuse ISM; e.g. Tafalla & Hacar 2015), such
stationary models would fail to predict a potential evolution of
the filament properties with its environment as inferred from
Herschel data for the formation of star-forming filaments.

Numerical evolutionary models in large-scale simulations
provide a suitable alternative for exploring feasible scenarios
consistent with observations. The simultaneous increase of en-
vironmental level with filament growth for the type of struc-
tures observed in our data is more reminiscent of the dy-
namically evolving filaments predicted to arise within clouds
undergoing large-scale collapse. Numerical models that de-
scribe the different stages of evolution of such clouds (e.g.
Gómez & Vázquez-Semadeni 2014; Kirk et al. 2015) show that
filaments may evolve from a subcritical to a supercritical
regime as a function of time. Furthermore, reported column den-
sity maps and animations seem to support a co-evolution of
Mline,core and environment, although an actual quantification of
this evolutionary process has not been reported so far, to our
knowledge. Some subcritical filaments in regime 1, as well as
subcritical and supercritical filaments in regime 2, can become
precursors of regime 3 supercritical filaments if associated with
regions of enhanced potential wells, that is, benefitting from
a particularly rapid and/or continuous process of mass assem-
bly. In numerical simulations of clouds undergoing large-scale

collapse, massive filaments with central column densities sim-
ilar to those of regimes 2 and 3 are present at relatively late
evolutionary stages, in the densest regions arising from the con-
verging inflows (t ∼ 10−20 Myr, e.g. Vázquez-Semadeni et al.
2007; Heitsch & Hartmann 2008; Gómez & Vázquez-Semadeni
2014). Once the critical filament Mline,core and environmental
conditions are reached, star-formation and evolution progresses
quickly as a result of the gravitational acceleration and signif-
icant mass accumulation rate associated with these conditions
(e.g. Heitsch et al. 2009).

Filaments in regime 2 (Fig. 2) are associated with rela-
tively modest star-forming potential (〈Mline,core〉 ≈ 5.5 M� pc−1;
Table 1). Taking into account the average Mline associated by de-
fault with star-forming filaments (Mcrit), regime 2 supercritical
filaments are more consistent with being overall quiescent
structures, capable of only sporadic and isolated star-forming
events. However, filaments located in growing potential wells
would further benefit from a more significant, continuous, and
large-scale mass-inflow, leading to a fast additional increase
in Mline,tot (therefore Mline,core and Mline,wing) and a transition
to a fully supercritical star-forming state (regime 3) in short
t ∼ 1 Myr pre-stellar to proto-stellar transition timescales (e.g.,
Heitsch & Hartmann 2008; Schisano et al. 2014). The lack of
publicly available models fully describing the simultaneous evo-
lution in time of Mline,core, Mline,wing, filament crest AV, width,
and environmental AV prevents a detailed comparison of these
observation predictions with simulations. However, the numbers
available from accretion-based models do support the interpreta-
tion of the Herschel data described in this work.

A well-defined filament with central crest AV comparable to
those of subcritical filaments in regime 2 is identified in the sim-
ulations from Gómez & Vázquez-Semadeni (2014) at X, Y = 2,
−2 pc and t = 24.4 Myr in animation (a) Fig. 3 of that paper,
for instance. Assuming a similar background as the background
in regime 2 and similar dust properties in the column density
calculation, this filament increases its central AV by at least a
factor of 2 by t = 25.5 Myr. The resulting change in AV is re-
markably similar to the change observed between supercritical
filaments in regimes 2 and 3, before the filament is swept into
the central regions of the cloud by the large-scale collapse of the
cloud in the simulations. Within this same ∼1 Myr timescale, fil-
aments in the simulations from Smith et al. (2014) are also ob-
served to increase their linear mass density by a factor >∼3, at
comparable filament widths (constant or moderately decreasing
– Figs. 1a, c), during their transition from subcritical to supercrit-
ical state. The trends observed in simulations under large-scale
collapse are therefore in line with our observation-based predic-
tions of a transition to supercritical state within regime 2 and
extending to regime 3.

Our claim that subcritical filaments in regime 2 and even
regime 1 are possible precursors of the most massive regime 3
supercritical filaments equally agrees with the same numer-
ical models. Our chosen filament in the simulations from
Gómez & Vázquez-Semadeni (2014) evolves in position and lo-
cation with the inwards flow of the cloud collapse, but the fil-
ament can be traced during several Myr (animation (b)). The
long-lived nature of these structures and the tendency of the
environment to evolve to a denser state as a function of time
with the aid of gravity (Kirk et al. 2015) allow for the filament-
environment co-evolution scenario implied in Fig. 2. The sim-
ilarities of the average filament properties with those expected
from an equilibrium configuration would still be compatible
with evolution if such a configuration is established locally by
the pressure balance with the evolving environment, and on
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timescales much shorter than the timescale of large-scale col-
lapse of the region. This scenario would also explain the better
agreement of equilibrium-based estimates with supercritical fil-
aments at moderate densities, and the larger differences with the
most diffuse (some likely dispersing) and the very dense (fast-
evolving) structures.

A final piece of evidence in support of the large-scale
gravity-driven scenario in the formation of supercritical fila-
ments in molecular clouds is found in the filament profile change
as a function of time presented in Paper I. The tendency of
filaments to develop pronounced wing components (Mline,wing)
relative to their filament cores (Mline,core) as they approach su-
percritical state is reminiscent of the behaviour shown by col-
lapsing cores within a collapsing cloud in the models from
Naranjo-Romero et al. (2015). A similar behaviour for the large-
scale (filament) component of the core is very likely because it
is an intrinsic part of the filament structure itself.

The observational model inferred by our Herschel obser-
vations therefore not only provides a self-consistent picture in
agreement with simulations, but also agrees well with the model
of dynamic star formation and the presence of a spread in
stellar ages in star-forming regions (e.g. Hartmann et al. 2012;
Zamora-Avilés et al. 2012). We note, however, that the fate of
the filament will depend on how, where, and when the filament
is formed, and not all filaments are destined to become super-
critical. In a relatively constant diffuse environment (e.g. off-
cloud locations, high-galactic latitudes), filaments will be qui-
escent and barely self-gravitating. Evolution and collapse by
self-gravity of primordially low-mass filaments in these envi-
ronments can be prevented by stabilising processes and by the
limited accretion arising from their weak gravitational poten-
tial and the low availability of material. These structures would
therefore be predominantly transient, expanding, and dispersing
before the onset of star-formation. For many of these low-mass
filaments, the lack of significant accretion would be consistent
with the small internal velocity dispersion observed in molec-
ular observations (Arzoumanian et al. 2013). Triggering could
instead be the key driver leading to star-formation in low col-
umn density environments where gravity cannot initially play a
significant role, and where wing development and accretion are
therefore severely limited.

Ultimately, filament formation and evolution is a complex
interplay of intrinsic and environmental conditions, most likely
driven by out-of-equilibrium processes, and results from the
Herschel data sets should be considered in context with comple-
mentary observational studies in order to develop a full model of
star formation in filaments. Molecular line observations will be
particularly needed to constrain the dynamical state of the fila-
ment and its environment. Such observations are critical in order
to fully validate the proposed co-evolution model.

Massive supercritical filaments (and their subcritical progen-
itors) could also exhibit other exclusive properties not traced by
our data. Our results, for instance, do not exclude the possibility
of magnetic fields playing an important role in filament forma-
tion. The orientation of magnetic fields has been observed to be
linked to column density (e.g. Planck Collaboration Int. XXXII
2016; Planck Collaboration Int. XXXV 2016; Malinen et al.
2016), with star-forming filaments having a preferred axis orien-
tation with respect to the local magnetic field (e.g. André et al.
2014). Similarly, the uncertainty level of our width measure-
ments relative to the small changes between the different regimes
implies that results should be taken with caution when trying to
identify a characteristic width behaviour for our (small) super-
critical sample. A more significant sample of core-dominated

supercritical filaments, combined with higher resolution obser-
vations and numerical simulations, will aid in further constrain-
ing the physical conditions and timescales associated with the
evolution of filaments that are already in supercritical state and
are actively forming new stars.

6. Conclusions

A subsample of Herschel fields of the Galactic Cold Cores Pro-
gramme at D < 500 pc has been used to investigate the obser-
vational signatures associated with the onset of star formation in
filaments.

Filaments in different environments were identified and ex-
tracted with the getfilaments algorithm. Physical properties (lin-
ear mass density, width, and crest column density), as well as the
structural components of the filament (the core innermost region
and the wing power-law-like component at large radii of the fila-
ment profile) were quantified as described in Paper I. The charac-
teristics derived from the NH2 profile fitted with a Plummer-like
function were investigated as a function of environment and sta-
bility (Mline,tot). The analysis was performed in order to constrain
an observation-based evolutionary model from a subcritical to a
supercritical (unstable) state that can be used in context with the-
oretical models of filament formation and evolution.

The combination of local environment and Mline,core at a
given time has a critical role in determining the evolutionary
path and ultimate fate (star-forming potential) of a given fil-
ament in t <∼ 1 Myr. Only strongly self-gravitating structures
with a relative massive core component associated with a dense
environment (AV >∼ 3 mag) have the potential for becoming
supercritical and star-forming on timescales comparable to the
observed lifetime of pre-stellar sources. Filament evolution via
mass assembly progresses with little changes in filament aver-
age width (〈FWHM〉 ∼ 0.13 pc). Low-mass filaments in diffuse
environments tend to increase their FWHM with time, while self-
gravitating filaments in denser regions contract or evolve at sim-
ilar width during the transition to supercriticality.

Our proposed observation-based model for the formation of
supercritical star-forming filaments has been compared with pre-
dictions from numerical models of filament evolution. While
filamentary properties for filaments in relatively dense media
are similar to those predicted for pressure-confined filaments in
equilibrium, the non-negligible differences with respect to the
Herschel measurements and the simultaneous growth of the fila-
ment linear mass density with its environment with time implied
by the Herschel data are more consistent with dynamical mod-
els of cloud evolution. The filament−environment coevolution
scenario is an intrinsic feature of filaments in clouds undergo-
ing large-scale collapse. Those structures formed in the potential
wells that emerge during the convergent inflow motions benefit
from enhanced accretion and efficient mass assembly. The physi-
cal changes of filaments during the subcritical-supercritical tran-
sition predicted by simulations are quantitatively consistent with
those derived from observations.

While the average properties of a filament population can re-
veal clues as to their formation and evolution, the dispersion of
filament properties observed in the GCC fields remains signifi-
cant. Similarly, the feasibility of the evolutionary paths consid-
ered are highly dependent on the established assumptions, and
the evolution itself can also be highly dependent on external con-
ditions, such as Galactic position and physical processes forming
the filament. A complete understanding of filament structure and
evolution must not only investigate the effect of processes such
as shocks, turbulence, and magnetic fields, together with gravity,
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but the observed properties must also be considered in context
with the local environment, the star-forming activity, and the his-
tory of the region. In-depth studies of these properties, even for
individual fields, will be key for understanding the wide diversity
of the filament population.
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