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Recent studies of the nearest star-forming clouds of thexgaht submillimeter wave-
lengths with theH erschel Space Observatory have provided us with unprecedentedesnag
of the initial and boundary conditions of the star formatimocess. TheHerschel results
emphasize the role of interstellar filaments in the star &fom process and connect remarkably
well with nearly a decade’s worth of numerical simulatiomsl dheory that have consistently
shown that the ISM should be highly filamentary on all scales star formation is intimately
related to self-gravitating filaments. In this review, wace how the apparent complexity of
cloud structure and star formation is governed by relatigainple universal processes - from
filamentary clumps to galactic scales. We emphasize twaalrand complementary aspects:
(i) the key observational results obtained wiiterschel over the past three years, along with
relevant new results obtained from the ground on the kinesaf interstellar structures, and
(ii) the key existing theoretical models and the many nuoaisimulations of interstellar cloud
structure and star formation. We then synthesize a compsalgephysical picture that arises
from the confrontation of these observations and simulatio

1. INTRODUCTION images reveal an intricate network of filamentary structure

in every interstellar cloud. The observed filaments share

The physics controlling the earliest phases of star for(fommon properties, such as their central widths, but only

mation I n.Ot yet well understopd. Im_provmg our gilob_a he densest filaments contain prestellar cores, the seeds of
pnderstandmg Of. the;g phases is crucial for gaining sig ture stars. Overall, thélerschel data, as well as other
into the general inefficiency of the star formation Processgy <arvations from, e.g., near-IR extinction studies, favo

the global rate of star formatlon_ on galactic scales, the O cenario in which interstellar filaments and prestellaesor
gin of stellar masses, and the birth of planetary systems.

. represent two key steps in the star formation process. First
Since PPV seven years ago, one area that has seen R y step P

. o e-scale supersonic flows compress the gas, givingrise t
most dramatic advances has been the characterization of g e web-like filamentary structure in the ISM. Next,
!mk between stgr formation and t_he structure 0 f the co I ravity takes over and controls the further fragmentation o
interstellar medium (ISM). In particular, extensive S_w' filaments into prestellar cores and ultimately protostars.
of the nearest star-forming clouds of our Galaxy with the The new observational results connect remarkably well

Herschel Space Observatory have provided us with Ung ., hoo iy 5 decade’s worth of numerical simulations and
precedented images of the initial and boundary conditio

of the star formation process (e.g., Fig. 1). Therschel r}'ﬁeory that have consistently shown the ISM should be



highly filamentary on all scales and star formation is inof lower column density material.

timately connected with self-gravitating filaments (e.g., For the purpose of this review, we will define a “fila-
Fig. 10 in§ 5 below). The observations set strong conment” as any elongated ISM structure with an aspect ratio
straints on models for the growth of structure in the ISMarger than~ 5-10 that is significantly overdense with re-
leading to the formation of young stellar populations ang@pect to its surroundings. The results of Galactic imaging
star clusters. Numerical simulations now successfully insurveys carried out with thé&erschel Space Observatory
clude turbulence, gravity, a variety of cooling processegPilbratt et al.,2010) between late 2009 and early 2013 now
MHD, and most recently, radiation and radiative feedbaclemonstrate that such filaments are truly ubiquitous in the
from massive stars. These numerical advances have bemnd ISM (e.g,.§ 2.2 below), present a high degree of uni-
essential in testing and developing new insights into theersality in their properties (e.g§,2.5), and likely play a
physics of filaments and star formation, including the forkey role in the star formation process ($e®).

mation, fragmentation, and further evolution of filaments

through accretion, and the central role of filaments in the.2 Ubiquity of filaments in Herschel imaging surveys

rapid gathering of gas into cluster forming, dense regions. Herschelimages provide key information on the struc-

2 UNIVERSALITY OF THE EILAMENTARY ture of molecular clouds over spatial scales ranging from
STRUCTURE OF THE COLD ISM the sizes of entire cloud complexes (0 pc) down to the
sizes of individual dense cores (0.1 pc). While many in-
2.1 Evidence of interstellar filaments prior to Herschel ~ t€rstellar clouds were already known to exhibit large-scal
filamentary structures long before (¢f2.1 above), one of
) the most spectacular early findings frdtierschelcontin-
The presence of parsec-scale filamentary structures {im observations was that the cold ISM (e.g., individual
nearby interstellar clouds and their potential importance LN g D
for star formation have been pointed out by many authorrgOIGCUIar ClQUd.S’ GMCs, and th_e Galactic Plane) is h|ghly
for more than three decades. For exam@lehneider and structured with filaments pervading clouds (e.g., Aadré

; . t al.,2010;Menshchikov et al2010;Molinari et al.,2010;
Elmegreer(1979) (_jlscussed the properties of 23 el(_)ngate enning et al.2010;Motte et al.,2010). These ubiquitous
dark nebulae, visible on optical plates and showing evi-

. . . structures were seen byerschelfor the first time due to
dence of marked condensations or internal globules, Whlci*u : L .

) i - ._Tts extraordinary sensitivity to thermal dust emissionhbot
they named "globular filaments.” High-angular resolut|0nat high resolution and over (larger) scales previously-nac
observations of HI toward the Riegel-Crutcher cloud by 9 9 P y

McClure-Griffiths et al. (2006) also revealed an impres_Cesl:sillglri;(izr:rthseirg::(:lljpedi.s omnipresent in every cloud ob-
sive network of aligned HI filaments. In this case, the fila- y P y

X ) .. served withHersche] irrespective of its star-forming con-
ments were observed in HI self absorption (HISA) but WM}em (see also chapter Uy?olinari et al). For exalgnple

a (_:olumn density 4v < 0.5_m_ag) that is not -enough to Fig. 1a shows the 250m continuum emission map of the
shield CO from photodissociation. These HI filaments P55 |aris Flare. a translucent non-star-forming cloud-

pear aligned with the ambient magnetic field, SuggeSﬁmi;hompson et al.2010; Miville-Desclénes et al.2010).

they are magnetically dominated. Tenuous CO f”amenﬁgure 1b shows aderschelderived column density map

were also observgd in diffuse molecular gasFaygarone of the same cloud, appropriately filtered to emphasize the
et al. (2001) ancHily-Blant and Falgaron€2007). ! ) .

o : filamentary structure in the data. In both panels, filaments

Within star-forming molecular gas, two nearby com-

. , are clearly seen across the entire cloud, though no star for-
plexes were noted to have prominent filamentary structure

in both CO and dust maps: the Orion A cloud (eBglly mation has_ occurred. This omnipresent structure suggests

e } the formation of filaments precedes star formation in the
etal., 1987;Chini et al., 1997;Johnstone and Bally, 999) cold ISM, and is tied to processes acting within the clouds
and the Taurus cloud (e.gAbergel et al.,1994; Mizuno ’ P 9

et al., 1995; Hartmann,2002; Nutter et al.,2008; Gold- themselves.
smith et al. 2008). Other well-known examples include the
molecular clouds in Musca-Chamaeleon (e@ambesy,
1999), Perseus (e.ddatchell et al.,2005), and S106 (e.g.,  The filaments now seen in the cold ISM offer clues about
Balsara et al.,2001). More distant “infrared dark clouds” the nature of the processes in play within molecular clouds.
(IRDCs) identified at mid-infrared wavelengths will§O,  First, we note in the clouds shown in Fig. 1 and Fig. 2 (i.e.,
MSX, and Spitzer (e.g., Pérault et al., 1996; Egan et Polaris and Taurus), as well as other clouds, that filaments
al., 1998; Peretto and Fuller2009; Miettinen and Harju, are typically very long, with lengths e#1 pc or more, up to
2010), some of which are believed to be the birthplaces skveral tens of pc in the case of some IRDCs (darkson
massive stars (see chaptertan et al), also have clear fil- etal.,2010;Beuther et al.2011). Despite small-scale devi-
amentary morphologies. Collecting and comparing obseations, filaments are in general quite linear (uni-diraci)
vations available prior tdferschel, Myers(2009) noticed over their lengths, with typically minimal overall curvagu
that young stellar groups and clusters are frequently assand no sharp changes in overall direction. Moreover, many
ciated with dense “hubs” radiating multiple filaments madéthough not all) filaments appear co-linear in direction to

2.3 Common patterns in the organization of filaments
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Fig. 1.—(a) Herschel/SPIRE 250um dust continuum map of a portion of the Polaris flare traresiticloud (e.g.Miville-Deschénes
et al., 2010, Ward-Thompson et al2010). (b) Corresponding column density map derived fréferschel data (e.g.André et al.,
2010). The contrast of the filaments has been enhanced usinyelet transform (cfStarck et al.2003). The skeleton of the filament
network identified with the DisPerSE algorith@dusbie2011) is shown in light blue. A similar pattern is found witther algorithms
such agyetfilamentgMen’shchikov,2013). Given the typical width- 0.1 pc of the filamentsArzoumanian et al.2011 — see Fig. 5
below), this column density map is equivalent tmap of the mass per unit length along the filamégséz color scale on the right).

T ~ NG
28°20'00" AU , A Lt ;

28°00'00" &
27°40'00"

§ 27°20'00" |

Declination (J2000)

27°00'00"
26°40'00"

26°20'00" & . SPIRE 250 um

4"24m00" 22" 4"20™00° 18" 16™ 4"24m00° 22" 4"2000° 18" 16"
Right Ascension (J2000) Right Ascension (J2000)

Fig. 2.—(a) Herschel/SPIRE 25Qum dust continuum image of the B211/B213/L.1495 region in Tla@Palmeirim et al.2013). The
colored curves display the velocity-coherent “fibers” itiféad within the B213/B211 filament bifacar et al.(2013) using ¢20(1-0)
observations(b) Fine structure of thé erschel/SPIRE 250um dust continuum emission from the B211/B213 filament oletiby
applying the multi-scale algorithgetfilamentgMen’shchikov2013) to the 25Q:m image shown in panel (a). Note the faint striations
perpendicular to the main filament and the excellent cooedence between the small-scale structure of the dustncomti filament
and the bundle of velocity-coherent fibers tracedHagar et al.(2013) in G20 (same colored curves as in (a)).
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Fig. 2 the dominant and more unidirectional B211/B213 fil-
ament in Taurus which, as judged frafferschel data, is
100 dense enough to be self-gravitatii@(meirim et al. 2013).
Although direct observational constraints on the mag-
netic field inside molecular clouds remain scarce, an emerg-

28°20'00"

28°00'00" =

’§“z7-4o-oo" ing trend is that dense (self-gravitating) filaments tenleo
| . perpendicularto the direction of the local magnetic field,
§ 27020'00" ‘:§ while low-density (unbound) filaments or striations tend to
g so . beparallelto the local magnetic field (cf. Fig. 3 aféretto

& etal.,2012;Palmeirim et al.2013;Cox et al, in prep. —see

also related chapter by.-B. Li et al. and caveats discussed
by Goodman et al.1990).

26°40'00"

2.4 Density and temperature profiles of filaments

26°2000" |8 . N\ = filament
f2t00t 22 ' +20"00° e e Detailed analysis of resolved filamentary column density

Right Ascension (J2000) profiles derived fromH erschel data (e.g.Arzoumanian et

al., 2011; Juvela et al.,2012; Palmeirim et al.,2013; and

Fig. 3.— Display of optical and infrared polarization vectors _. . . .
from (e.g.,Heyer et al..2008: Chapman et al.2011) tracing the Fig. 4) suggests that the shape of filament radial profiles is

magnetic field orientation, overlaid on th€erschel/SPIRE 250 quaS|-unlversaI and ngl described by a Plummer-like func-
um image of the B211/B213/L1495 region in Taur@aneirim 10N of the form (Cf.WhItWOl’th. and Ward-Thompso2001;

et al., 2013 — see Fig. 2a). The plane-of-the-sky projection ofNutter et al..2008;Arzoumanian et al2011):

the magnetic field appears to be oriented perpendicular o th e

B211/B213 filament and roughly aligned with the general aire pp(r) = /2 1)

tion of the striations overlaid in blue. A very similar patids [1 + (r/Rﬂat)Q}

observed in the Musca clou@€¢x et al.,in prep.).

for the density profile, equivalent to:

the longer extents of their host clouds. Indeed, some clouds PeRiat ,
appear globally to be filamentary but also contain within Ep(r) = Ap 15 (1)
themselves distinct populations of (sub-)filaments (eQ)., [1 + (r/ Raat) }

5146 or NGC 6334; searzoumanian et al 2011; Russeil for the column density profile, whege is the central den-
et al., 2013). What is striking about these characteristics; yp ’ e

is that they persist from cloud to cloud, though presumabl?étyioonf theNflI;r?ser;;,fﬂagv\llserflha?’vriilu;ngattr; r::t én?aec;ii
filaments (and their host clouds) are 3-D objects with vari: gon. p = P P 9

. . . L §T>>Rﬁat), and A, is a finite constant factor which in-
ous orientations seen in projection on the sky. Nevertsele : ST
these common traits suggest filaments originate from prg-lleeS the effect of the fllament_s inclination angle. o the
lane of sky. Note that the density structure of an isother-

;;isseetii)cjiggto%ligghs large scales of their host cloud (e'ﬁial gas cylinder in hydrostatic equilibrium follows Eqg. (1)
9 ) with p = 4 (Ostriker, 1964). These recent results with

What controls the organization of filamentsfil et al., : : . . .
) . L Herschel on the radial density profiles of filaments, illus-
(2011) noted how filament networks varied within Vela C - : -
trated in Fig. 4, now confirm on a very strong statistical

itself quite a linear cloud. They found filaments were ar;

. . S ) . . ..~ basis similar findings obtained on just a handful of fila-
ranged in more varied directions (i.e., disorganized) inith : -
“ o : : . mentary structures from, e.g., near-infrared extinctiod a
nests” in outer, lower column density locations but fila-

A s . .~ ground-based submillimeter continuum data (e.gda et
ments appeared more uni-directional within “ridges” in inJ (d.gd

: . : al., 1999;Nutter et al.,2008;Malinen et al.,2012).
ner, higher column density locations. Indeédll et al. One possible interpretation for why the power-law ex-
found that a greater concentration of mass within filamentsOnent gf the densityp rofile is ~ 2 z;}l/t lar 2 radii. and
is seen in ridges vs. nesHill et al. argued (from compar- P P B~ 9 '

ing column density probability functions) that these diffe not p 4 as in the |sothermallequ|-l|br|um solution, is
L that dense filaments are not strictly isothermal but better
ences were due to the relative influences of turbulence a . : .
o . . o . escribed by a polytropic equation of stafe, «x p” or
gravity in various locations within Vela C, with the former 1o z -
. : . ! . x p?~+ with v < 1 (seePalmeirim et al.,2013 and
and latter being dominant in nests and ridges respectively.

Similar trends can be seen in other clouds. For example, wed: 4b). Models of polytropic cylindrical filaments under-

note in Fig. 1 the relatively disorganized web-like networkgOing gravitationa2l contraction indeed have density pesfil
of filaments seen in the generally lower column density Po's_cahr?g ak$ ocr 277dat large radii Kawachi an? Han?wa,
laris Flare, whose filaments are likely unbound and wher‘]eggs"\‘a amura and Umemurd 999). Fory values close

- . . _2
turbulence likely dominates. On the other hand, we note i}? unity, the mod_el density profile thus approacheSr '
in agreement with théferschel observations. However,
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Fig. 4.—(a) Mean radial column density profile observed perpendicualdiné B213/B211 filament in TauruBglmeirim et al. 2013),
for both the Northern (blue curve) and the Southern part¢tade) of the filament. The yellow area shows the §) dispersion of the
distribution of radial profiles along the filament. The insetid purple curve shows the effective”1BIPBW resolution (0.012 pc at
140 pc) of theH erschel column density map used to construct the profile. The daslkeet burve shows the best-fit Plummer model
(convolved with the 18 beam) described by Eq. (1) wif2.040.4 and a diameter x Rg.; = 0.07 & 0.01 pc, which matches the
data very well forr<0.4 pc,(b) Mean dust temperature profile measured perpendicular B2h8/B211 filament in Taurus. The solid
red curve shows the best polytropic model temperature profitained by assumirifi.s = Taust @and that the filament has a density
profile given by the Plummer model shown in the left panel lfwit= 2) and obeys a polytropic equation of stai&,x p” [and thus
T(r)  p(r)7~Y]. This best fit corresponds to a polytropic indgx0.97+0.01 (sedPalmeirim et al. 2013 for further details).

filaments may be more dynamic systems undergoing accr@-6 Converging filaments and cluster formation
tion and flows of various kinds (s&e4 and Fig. 9 below),
which we take up in Sect. 5. Asiillustrated in Fig. 6 and discussed in detai¢i®.2 and
§ 6.1 below, another key result frohterschelis the direct
2.5 Quasi-universal inner width of interstellar filaments  connection between filament structure and the formation of
cold dense cores. Filament intersections can provide highe
Remarkably, when averaged over the length of the ficolumn densities at the location of intersection, enhancin
aments, the diameter x Rg., of the flat inner plateau in Star formation even further. Indeed, localized mass aceumu
the radial profiles is a roughly constant0.1 pc for all fil- ~ ation due to filament mergers may provide the conditions
aments, at least in the nearby clouds of Gould's Belt (cflecessary for the onset of clustered star formation. Inter-
Arzoumanian et al.2011). For illustration, Fig. 5 shows Secting filaments as a preferred environment for massive
that interstellar filaments from eight nearby clouds arechaStar and cluster formation have been discussed/pgrs
acterized by a narrow distribution of inner FWHM widths(2009, 2011). For exampl&eretto et al.(2012) revealed
centered at about 0.1 pc. In contrast, the range of filamelte “hub-filament” structure (s@dyers2009) of merged fil-
column densities probed witHerschel spans 2 to 3 orders @ments within the BS9 core of the Pipe Nebula cloud. The
of magnitude (see Fig. 3 #frzoumanian et al2001). Pipe Nebula is generally not star-forming, with the sole ex-
The origin of this quasi-universal inner width of inter- Ception of that occurring in B59 itself. Indeed, star forma-
stellar filaments is not yet well understood (see discudlon may have only been possible in the otherwise dormant
sion in § 6.5 below). A possible hint is that it roughly PiPe Ngbu!a due to the mcreasgd local d_enS|ty (QOm|nance
matches the scale below which tharson (1981) power- Of gravity) in the B59 hub resulting from filament intersec-
law linewidth vs. size relation breaks down in moleculafion. Merging filaments may also influence the formation
clouds (cf. Falgarone et al.2009) and a transition to “co- Of higher mass stars. For example, merging structures may
herence” is observed between supersonic and subsonic ti-dominated by a single massive filament that is being fed
bulent gas motions (cfGoodman et al.1998 and; 4.2 be- by smaller adjacent sub-filaments (cf. Figs. 2 & 8jill
low). This may suggest that the filament width correspond® al- (2011) andHennemann et al2012) found examples
to the sonic scale below which interstellar turbulence bedf such merged filaments in the RCW36 and DR21 ridges
comes subsonic in diffuse, non-star-forming molecular g&&f Vela C and Cygnus X, respectively. At those locations,
(cf. Padoan et al.2001). For the densest (self-gravitating)Tore massive protostellar candidates or high-mass strs ar
filaments which are expected to radially contract with timdound, possibly since merged filaments have again yielded
(see§ 5.1 below), this interpretation is unlikely to work, locally higher densities. Intersecting filaments may previ
however, and we speculate §r6.5 thataccretionof back- the very high densities needed locally for cluster formatio
ground cloud material (c§ 4) plays a key role. In the Rosette Molecular Cloudchneider et al.(2012)



peak P in column density, i.e., the set of points connected

120( ] to P by integral lines following the gradient of the column
100l e T density distribution.] One may use significant breaks in the
2 i ] gradient of the column density distribution around the core
g 8of 4 peak to define the core boundaries. This is clearly a difficult
[¢) [ IC5146 1 . . .
2 i OrionB ] task, however, unless the core is relatively isolated aad th
5 60 Qiggg b instrumental noise in the data is negligible (as is often the
8 i Pipe | case withH erschel observations of nearby clouds).
£ 40r oy ] Prestellar cores are observed at the bottom of the hierar-
Z b Ophiuchus 4 chy of interstellar cloud structures and depart fromlthe
i Tt e e ad son (1981) self-similar scaling relations (sekeyer et al.,
ot : A TR 2009 for a recent re-evaluation of these relations). They ar
0.0 0.2 0.4 0.6 0.8 the smallest units of star formation (e.Bergin & Tafalla,

Filoment width (FWHMqc) [pc] 2007). To first order, known prestellar cores have simple,

convex (and not very elongated) shapes, and their density
Fig. 5.—Histogram of deconvolved FWHM widths for a sample structures approach that of Bonnor-Ebert (BE) isothermal
of 278 filaments in 8 nearby regions of the Gould Belt, all obspheroids bounded by the external pressure exerted by the
served withH erschel (at resolutlons ranging from.().Ol PCto  parentcloud (e.glohnstone et al2000;Alves et al.2001;
~ 0.04 pc) and analyzed in the same wayrfoumanian etalin  Tafa)19 et al., 2004). These BE-like density profiles do
prep. — sedrzoumanian et al. 2011 for initial results on a sub- i1y that prestellar cores are necessarily in hydtizsta
sample of 90 filaments in 3 clouds). The distribution of filarne equilibrium, however, and are also consistent with dynamic
widths is narrow with a median value of 0.09 pc and a standexrd dmodels Bal]esteros F;aredes et 2003)

viation of 0.04 pc (equal to the bin size). In contrast, theribu- . . . -
tion of Jeans lengths corresponding to the central columaities Since cores are intrinsically dense, they can be identified

of the filaments (blue dashed histogram) is much broader. observationally within molecular clouds as compact olsject
of submillimeter/millimeter continuum emission (or opti-

. o ) callinfrared absorption). In these cases, the higher den-
found a high degree of coincidence between high columfliaq of cores translate into higher column densities than

densmeg, filament intersections, and the locations of eng,;, surroundings, aiding their detection. Cores can also
bedded infrared clusters throughout that cloud. be identified in line emission, using transitions excited by
cold, dense conditions, from molecules that do not suffer
from freeze-out in those conditions, e.g., low-level tians
3.1 Core definition and core-finding algorithms tions of NH; and NbH™. (Line identification of cores can
be problematic if the lines used have high optical depths
Conceptually, a dense core is an individual fragment cand are self-absorbed, like CO. Hyperfine lines of sNH
local overdensity which corresponds to a local minimunand N;H™, however, tend to have low optical depths.) In
in the gravitational potential of a molecular cloud. A stargeneral, the high mass sensitivities of continuum observa-
less core is a dense core with no associated protosteltions suggest such data are the superior means of detecting
object. A prestellar core may be defined as a dense cateres in molecular clouds. Of course, such emission is in-
which is both starless and gravitationally bound. In othefluenced by both the column densiiynd the temperature
words, a prestellar core is a self-gravitating condensatfo of the emitting dust. Moreover, it can be sometimes diffi-
gas and dust within a molecular cloud which may poteneult to disentangle objects along the line-of-sight (loghw
tially form an individual star (or system) by gravitationalout kinematic information, possibly leading to false detec
collapse (e.g.Ward-Thompson et al1994, 2007;Andreé  tions. Even with kinematic information, los superposison
et al., 2000; Di Francesco et al.,2007). A protostellar of multiple objects can complicate the derivation of reléab
core is a dense core within which a protostar has formedore properties (ciGammie et al.2003). Cores can also be
While in general the gravitational potential cannot be indifficult to disentangle if the resolution of the observaso
ferred from observations, it turns out to be directly refateis too low and cores are blended. Most of these problems
to the observable column density distribution for the postean be largely mitigated with sufficiently high resolution
shock, filamentary cloud layers produced by supersonic tutata; in general, being able to resolve down to a fraction of
bulence in numerical simulations of cloud evoluti@dohg 0.1 pc (e.g..~~ 0.03 pc or less) appears to be adequate.
and Ostriker,2011). In practical terms, this means that one Apart from mapping speed, two key advantages of
can define a dense core as the immediate vicinity of a Idderschel’s broad-band imaging for core surveys are that
cal maximum in observed column density maps such asdust continuum emission is largely bright and optically
those derived fronf erschel imaging (see Fig. 6 for ex- thin at far-infrared/submillimeter wavelengths towardeso
amples). [In more mathematical terms, the projection of and thus directly traces well their column densities (and
dense core onto the plane of sky corresponds to a “descenemperatures), and ii) the 18” HPBW angular resolution
ing 2-manifold” (cf. Soushie2011) associated to a local of Herschel at A\ = 250 um, corresponding te- 0.03 pc

3. DENSE CORE PROPERTIES
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Fig. 6.—(a) Column density map of a subfield of the Aquila star-formingioa derived fromH erschel data @ndré et al.,2010).
The contrast of the filaments has been enhanced using aeumaisform (cfStarck et al. 2003). Given the typical width- 0.1 pc of
the filamentsArzoumanian et al2011 — see Fig. 5), this map is equivalent tmap of the mass per unit length along the filamemtse
areas where the filaments have a mass per unit length laagenttif the critical value c2 /G (cf. Inutsuka and Miyama,997 and; 5.1)
and are thus likely gravitationally unstable are highleghin white. The bound prestellar cores identifiedkiynyves et al(2010) are
shown as small blue triangleg) Close-up column density map of the area shown as a yellow hdkeleft. The black ellipses mark
the major and minor FWHM sizes of the prestellar cores fouitl the source extraction algorithgetsourcegMen’shchikov et al.,
2012); four protostellar cores are also shown by red stdrs.dished purple ellipses mark the FHWM sizes of the soundepéndently
identified with thecsaralgorithm Q. Kirk et al.,2013). The effective resolution of the image~s18” or ~ 0.02 pc atd ~ 260 pc.

at a distancé = 350 pc, is sufficient to resolve cores. meet this challenge, the negetsourcesnethod was de-

In practice, systematic core extraction in wide-field farvised byMen’shchikov et al(2010, 2012) and used to ex-
infrared or submillmeter dust continuum images of highlftract cores in thederschel Gould Belt survey data. Two
structured molecular clouds is a complex problem. Theralternative methods that have also been use#fenschel
has been much debate over which method is the best fdata includecsar (J. Kirk et al., 2013), a conservative
identifying extended sources such as dense cores in subnviériant of the well-known segmentation routickempfind
limeter surveys (see, e.d?jneda et al.2009; Reid et al., andcutex(Molinari et al., 2011), an algorithm that iden-
2010). The problem can be conveniently decomposed intifies compact sources by analyzing multi-directional sec-
two sub-tasks: 1) source/core detection, and 2) souree/cand derivatives and performing “curvature” thresholding i
measurement. In the presence of noise and backgrouadnonochromatic image. Comparison of the three meth-
cloud fluctuations, the detection of sources/cores reduceds on the same data shows broad agreement (see, e.g.,
to identifying statistically significant intensity/colunden-  Fig. 6b), with some differences seen in the case of closely-
sity peaks based on the information provided by finitepacked groups of cores embedded in a strong background.
resolution continuum images. The main problem in thé&enerally speaking, a core can be considered a robust de-
measurement of detected sources/cores is finding thelspatition if it is independently found by more than one algo-
extent or “footprint” of each source/core. Previously,subrithm. One merit of the&esar method is that it can also re-
millimeter continuum maps obtained from the ground weré&ain information pertaining to the tree of hierarchicatistr
spatially filtered (due to atmosphere) and largely monochraure within the field, making it similar to other recent den-
matic, so simpler methods (e.g., the andell and Knee, drogram Rosolowsky et al.2008) or sub-structure codes
2001), clumpfind(Williams et al.1994; Johnstone et al., (Peretto and Fuller2009).

2000), andjaussclumpgStutzki and @sten,1990;Motte et Once cores have been extracted from the maps, the
al., 1998) were utilized to identify cores within those data. Herschel observations provide a very sensitive way of dis-

Herschel continuum data require more complex ap<inguishing between protostellar cores and starless cores
proaches, as they are more sensitive than previous mapased on the respective presence or absence of point-like
retaining information on a wider range of scales. In addi70 um emission. Flux at 7m can trace very well the
tion, Herschel continuum data can include up to six bandsinternal luminosity of a protostar (e.gDunham et al.,
and have a resolution depending linearly on wavelength. T2008), andH erschel observations of nearbyi(< 500 pc)



clouds have the sensitivity to detect even candidate “firstuggests thairestellar dense cores form primarily by cloud
hydrostatic cores” (cf.Pezzuto et al.2012), the very first fragmentation along filament&ilaments of significant col-
and lowest-luminosity-{ 0.01-0.1L.) stage of protostars umn density (or mass per unit length) are more likely to
(e.g.,Larson,1969;Saigo & Tomisaka2011;Commercon fragmentinto self-gravitating cores that form stars. Wi wi
et al.,2012 — see also chapter Byunham et al), return to this important point in more detail §r6 below.
The Herschel continuum data can also be used to di-
vide the sample of starless cores into gravitationally lobun 3.3 Lifetimes of cores and filaments
and unbound objects based on the locations of the cores in
a mass vs. size diagram (such as the diagram of Fig. 8a be-Observationally, a rough estimate of the lifetime of star-
low) and comparison of the derived core masses with loctdss cores can be obtained from the number ratio of cores
values of the Jeans or BE mass (B&myves et al.2010).  with and without embedded young stellar objects (YSOs)
in a given population (cfBeichman et al1986), assuming
3.2 Spatial distribution of dense cores a median lifetime of~ 2 x 10° yr for Class Il YSOs (cf.
) ) o Evans et al.2009). Using this techniquéee and Myers
As dense cores emit the bulk of their luminosity at far{1999) found that the typical lifetime of starless coreswit
infrared and submillimeter wavelength&,erschel map- average volume density 10* cm—3 is ~ 10° yr. By con-
ping observations are ideally suited for taking a deep c®nsWigering several samples of isolated cores spanning a range
of such cold objects in nearby molecular cloud complexeg core densities]essop and Ward-Thomps@000) subse-
Furthermore, since the maps of theerschel Gould Belt  guently established that the typical core lifetime decesas

survey (HGBS) essentially cover the entire spatial extenfs the mean volume density in the core sample increases
of nearby clouds, they provide an unbiased and unprecgsee alscirk et al., 2005).

dented view of the spatial distribution of dense cores withi e statistics derived from recent HGBS studies of

the clouds. The HGBS results show that more than 70%earpy star-forming clouds such as the Aquila complex are
of the prestellar cores identified witHerschel are 10- entirely consistent with the prEerschel constraints on
cated within filaments. More precisely, bound prestellaggre Jifetimes (se&Vard-Thompson et al2007 and refer-
cores and deeply embedded protostars (e.g., Class 0 @fices therein). Figure 7a shows a plot of estimated lifetime
jects) are primarily found in filaments with column den-yersys average volume density, similar to that introduged b
sities Ny, 2 7 x 102! em™. To illustrate, Fig. 6 shows jessop and Ward-Thomps@@000), but for the sample of
the locations of bound cores identified Bynyves et al. starless cores identified witHerschel in the Aquila com-
(2010) on a column density map of the Aquila Rift cloud de'plex (Konyves et al.2010). As can be seen, the typical
rived from theHerscheldata (see alséndré et al.,2010). |ifetime of cores denser than 10* cm—3 on average re-

As can be plainly seen, bound cores are located predomirains~ 106yr. Indeed, all estimated core lifetimes lie
nantly in dense filaments (shown in white in Fig. 6a) withyetween one free-fall timet), the timescale expected in
supercritical masses per unit lengifine > Mine.crit:  free-fall collapse, and0 x tg, roughly the timescale ex-
where Miine crit = 2¢ s the critical line mass of a nearly pected for highly subcritical cores undergoing ambipolar
isothermal cylindrical filament (selmutsuka & Miyama, diffusion (e.g.,Mouschovias1991). Interestingly, Fig. 7a
1997 and; 5.1 below) and is the isothermal sound speed.suggests that prestellar cores denser than)® cm =3 on
[Throughout this chapter, by supercritical or subcritilal average evolve essentially on a free-fall timescale. Note,
ament, we will mean a filament with/jine > Miine orit O hOwever, that statistical estimates of core lifetimes ig an
Miine < Miine,crit, respectively. This notion should not begiven region are quite uncertain since it is assumed all ob-
confused with the concept of a magnetically supercriticaderved cores follow the same evolutionary path and that the
or subcritical cloud/core (e.gMouschovias1991).] Inter- core/star formation rate is constant. Nevertheless, tbie fa
estingly, the median projected spacirg).08 pc observed that similar results are obtained in different regions sig)
between the prestellar cores of Aquila roughly matches thtbat the timescales given by a plot such as Fig. 7a are at least
characteristic~ 0.1 pc inner width of the filaments (see approximately correct (i.e., within factors ef 2—3).

§ 2.5). Overall the spacing betwediherschel cores is It is not clear yet whether density is the only parameter
not periodic, although hints of periodicity are observed ircontrolling a core’s lifetime or whether mass also plays an
a few specific cases (see, e.g., Fig. 8b below). Only a smatiditional role. Several studies suggest that massivéghres
(< 30%) fraction of bound cores are found unassociatetar cores (i.e., precursors to stass8 M), if they exist at
with any filament or only associated with subcritical fila-all, are extremely rare with lifetimes shorter than the free
ments. In the L1641 molecular cloud mapped by the HGB&ll timescale (e.g.Motte et al.,2007; Tackenberg et al.,

in Orion A, Polychroni et al.(2013) report that only 29% of 2012). These findings may be consistent with the trend seen
the prestellar cores lie off the main filaments and that these Fig. 7a and the view that massive stars can only form
cores tend to be less massive than those found on the mé&iam very dense structures. Alternatively, they may indi-
filaments of Orion A. The remarkable correspondence beate that core evolution is mass dependentitsgehell and
tween the spatial distribution of compact cores and the moBuller, 2008) or that massive protostars acquire the bulk of
prominent filaments (Fig. 6a aMen’shchikov et al2010) their mass from much larger scales than a single prestellar
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Fig. 7.— (a) Plot of estimated lifetime against minimum average coresiter(after Jessop and Ward-Thompso2000) for the
population of prestellar and starless cores identified #rschel in the Aquila cloud complex (blue triangleskényves et al.in
prep.) and literature data (black crosses —\&ed-Thompson et al2007 and references therein). Note the trend of decreasirgg ¢
lifetime with increasing average core density. For congmarj the dashed lines correspond to the free-fall timeg¢g)eand a rough
approximation of the ambipolar diffusion timescal® (x tg). (b) Core mass function (blue histogram with error bars) ofth&00
candidate prestellar cores identified witherschel in Aquila (Kdnyves et al.2010; André et al.,2010). The IMF of single stars
(corrected for binaries — e.dg<roupa, 2001), the IMF of multiple systems (e.@habrier,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 obsé@MF is superimposed (red curve); it peaks
at~ 0.6 Mg, close to the Jeans mass within marginally critical filammetf” ~ 10 K (see§ 6.3 below).

core (sedPeretto et al.2013 and; 4.3 below). the peak of the system IMF suggests that the efficiepgy
The above lifetime estimates for low-mass prestellanf the conversion from core mass to stellar system mass is
cores, coupled with the result that a majority of the corebetween~ 0.2 and~ 0.4 in Aquila.
lie within filaments § 3.2), suggest that dense, star-forming The first HGBS results on core mass functions there-
filaments such as the B211/B213 filament in Taurus (cfore confirm the existence of a close similarity between the
Fig. 2) survive for at least 10° yr. A similar lifetime can prestellar CMF and the stellar IMF, using a sampl@-9x
be inferred for lower-density, non-star-forming filamentdarger than those of earlier ground-based studiesMotte
(cf. Fig. 1) from a typical sound crossing time 5x 10°yr, et al., 1998; Johnstone et al.2000; Stanke et al.2006;
given their characteristic widtk 0.1 pc (§ 2.5) and nearly Alves et al.2007;Enoch et al.2008). The efficiency factor
sonic internal velocity dispersiof 4.4 and Fig. 9b below). eqore ~ 30% may be attributable to mass loss due to the ef-
fect of outflows during the protostellar phadéatzner and
3.4 Core mass functions McKee,2000). More work is needed, however, to derive a
reliable prestellar CMF at the low-mass end and fully assess
Usinggetsourcesmore than 200 (Class 0 & Class |) pro-the potential importance of subtle observational biases, (e
tostars were identified in thE erschel images of the whole background-dependentincompleteness and blending of un-
(~ 11 ded) Aquila cloud complexBontemps et al2010; resolved groups of cores). The results from the full HGBS
Maury et al.,2011), along with more than 500 starless corewill also be necessary to characterize fully the nature ef th
~ 0.01-0.1 pc in size (see Fig. 6 for some examples). OBMF-IMF relationship as a function of environment. Fur-
a mass vs. size diagram, most (60%) Aquila starless thermore, as pointed out by, e.Ballesteros-Paredes et al.
cores lie close to the loci of critical Bonnor-Ebert sphereg2006), establishing physicallink between the CMF and
suggesting that the cores are self-gravitating and prestéhe IMF is not a straightforward task.
lar in nature Kdnyves et al.2010). The core mass func-  The findings based on early analysis of tHerschel
tion (CMF) derived for the entire sample of 500 starless data nevertheless tend to support models of the IMF based
cores in Aquila is well fit by a log-normal distribution and on pre-collapse cloud fragmentation such as the gravo-
closely resembles the initial mass function (IMF) (Fig. 7kturbulent fragmentation picture (e.garson,1985;Klessen
— Konyves et al.2010; André et al.,2010). The similar- and Burkert, 2000; Padoan and Nordlund2002; Hen-
ity between the Aquila CMF and theéhabrier (2005) sys- nebelle and Chabrie2008). Independently of any model,
tem IMF is consistent with an essentially one-to-one cotthe Herschel observations suggest that one of the keys to
respondence between core mass and stellar system mtmsproblem of the origin of the IMF lies in a good under-
(Msys = €core Mcore). Comparing the peak of the CMF to standing of the formation mechanism of prestellar cores.
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Fig. 8.—(a) Mass versus size diagram for the cores identified \lilr schel in the Taurus S1/S2 regiod.(Kirk et al.,2013). The
two red solid lines mark the loci of critically self-gravitlag isothermal Bonnor-Ebert spheresiat= 7 K andT = 20 K, respectively,
while the yellow band shows the region of the mass-size plamere low-density CO clumps are observed to lie €fmegreen and
Falgarone,1996). The blue dotted curve indicates both the mass satsiind the resolution limit of th&irk et al. (2013) study.
Model evolutionary tracks fronSimpson et al(2011) are superposed as black lines (dashed, solid, atetddor ambient pressures
Pexi/ks = 10°Kem ™3, 10° Kem ™3, and10* K cm ™3, respectively), in which starless cores (blue trianglas} irow in mass by
accretion of background material before becoming graeitatly unstable and collapsing to form protostars (reds$tand T Tauri stars
(black stars)(b) Blow-up H erschel column density map of a small portion of the Taurus B211/BRagnent (cf. Fig. 2a) showing two
protostellar cores on either side of a starless cBednfeirim et al, in prep.). The contrast of filamentary structures has bebareced
using a curvelet transform (s&tarck et al. 2003). Note the bridges of material connecting the coresgatbe B211/B213 filament,
suggesting that the central starless core may still be gigumi mass through filamentary accretion, a mechanism sesmie numerical
simulations (cf.Balsara et al. 2001 and; 5).

In addition, further processes, such as rotational subfraapping the CO cores, partly in the region of the ground-
mentation of prestellar cores into binary/multiple sysiembased continuum cores and partly in between (seekitko
during collapse (e.g.Bate et al.,2003; Goodwin et al., et al., 2013). This rules out the possibility that there are
2008) and competitive accretion at the protostellar stageo unrelated populations of objects. Instead, at least a
(e.g.,Bate and Bonnell2005) may also play a role and, fraction of CO clumps and lower density cores may evolve
e.g., help populate the low- and high-mass ends of the IMifto prestellar cores by accreting additional cloud mass an

respectively (see chapter Bffner et al). migrating across the diagram of Fig. 8a, before collapsing
to form protostars. LikewiseBelloche et al. (2011) ar-
3.5 Observational evidence of core growth gued that a fractior- 20-50% of the unbound starless cores

found in their LABOCA observations of Chamaeleon may

Herschel observations have uncovered a large populase still growing in mass and turn prestellar in the future.
tion of faint, unbound starless cora¥grd-Thompsonetal.,  Gijven that a majority of cores lie within filaments, we
2010; Andre et al.,2010), not seen in earlier submillime- speculate that this process of core growth occurs primarily
ter continuum data, that may be the precursors to the beti@ough filamentary accretion (cf. Fig. 8b). Interestingly
characterized population of prestellar cores. core growth through filamentary accretion may have been

As an example, Fig. 8a shows the mass vs. size relatigfetected toward the starless core L1512 in TauFasgéar-
for sources found in thélerschel data of the S1 and S2 one et al.2001; see als&chnee et al2007 for TMC-lC),
regions of Taurus. The blue triangles represent the starlesnd is seen in a number of numerical modeBalsara et
and prestellar cores, red stars are cores with embedded pgp- (2001) were amongst the first to discuss accretion via
tostars and black stars are T Tauri stars. Pridfto'schel,  filaments and showed that their model was consistent with
cores seen in the submillimeter continuum and CO corgshservations of S106Smith et al.(2011, 2012) described
were found to lie in very different areas of the mass—sizgccretion flows from filaments onto cores, aBdmez and
plane Motte et al.,2001). It was not known if this dif- vazquez-Semade(#013) discussed the velocity field of the
ference was due to selection effects, or whether there wefiyments and their environment, and how the filaments can
two distinct (but possibly related) populations of objectsrefocus the accretion of gas toward embedded cores.

i.e., low-density non-star-forming starless cores Whrd- Figure 8a also shows tracks of core evolution in the mass
Thompson et al2010), and higher-density prestellar coress. size diagram proposed Bympson et al(2011). In this
(Ward-Thompson et al1994, 2007). picture, cores evolve by accreting mass quasi-statically a

Figure 8 shows thall erschel cores in the S1/S2 region py maintaining Bonnor-Ebert equilibrium. In this phase,
of Taurus lie in the region of mass—size diagram partly over-
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they move diagonally to the upper right in the mass vs. sizaata,Palmeirim et al. (2013) identified this filament as a
diagram. Upon reaching Jeans instability, a core collapssigle, thermally supercritical structure 5 pc in length.
to form a protostar, moving leftward in the diagram. How-n the molecular line data, on the other hahthcar et al.
ever, protostellar cores lie beyond the Jeans limit, in fite u (2013) identified 35 different filamentary components with
per left part of the diagram, near the resolution limit of thaypical lengths 0.5 pc, with usually a couple of compo-
observations (they have been given an additional 0:3t®M nents overlapping on the plane of sky but having distinct
account for mass already accreted onto the protostar). velocities. The masses per unitlength (line masses) oéthes
To substantiate this evolutionary pictu&mpson et al. components or “fibers” are close to the stability value (see
(2011) showed that cores in L1688 (Ophiuchus) showing5.1 below). Interestingly, most of the line-identified fiber
weak signs of infall (i.e., through blue-asymmetric doublecan also be seen in thEerschel dust continuum obser-
peaked line profiles; sdevans,1999) appeared close to, or vations when large-scale emission is filtered out, enhanc-
beyond the Jeans mass line while cores exhibiting charaog the contrast of small-scale structures in the data (cf.
teristic infall signatures all appeared beyond it. In L1688Fig. 2b). TheHacar et al.(2013) results suggest that some
40% of the cores beyond the Jeans mass line showed signpercriticalHd erschel-identified filaments consist of bun-
of infall; 60% if those exhibiting possible blue-asymmetri dles of smaller and more stable fibers. Other examples of
line profiles were included. thermal fibers include the narrow ones revealed by high-
Using this diagram, an approximate final stellar masangular resolution (6 NH3 observations of the B5 region
could be derived for any given core by following a Bonnorin PerseusKineda et al.2011).
Ebert track diagonally upward to the Jeans mass line. From
that point on in the evolution, an efficiency for the collapse4.2 Transition to coherence
of the core must be assumed to reach an estimate of the final
stellar mass. If a core continues to accrete whilst collaps- Dense cores in general exhibit velocity dispersions
ing, its evolutionary track will also move slightly upward where non-thermal motions (e.g., turbulence) are smaller
after crossing the Jeans mass and turning left. Timescdlean thermal motionsMyers, 1983). Goodman et al.
arguments suggest, however, that accretion of backgrouftB98) andCaselli et al. (2002) coined the term “coherent
material cannot play a major role after the onset of protazore,” to describe the location where non-thermal motions
stellar collapse, at least for low-mass protostars£efdré  are subsonic (or at most transonic) and roughly constant.
et al.,2007). High-mass protostars may differ significantlyGoodman et al(1998) further showed that the lower den-
from their low-mass counterparts since there is mountingity gas around cores, as traced by OH arldQ have
evidence of parsec-scale filamentary accretion onto massisupersonic velocity dispersions that decrease with sie, a

protostellar cores (e.gPeretto et al.2013). expected in a turbulent flow. Meanwhile, NHine emis-
sion, tracing dense core gas, shows a nearly constantynearl
4. KINEMATICS OF FILAMENTS AND CORES thermal width. Therefore, a transition must occur at some
point between turbulent gas and more quiescent gas.
4.1 Evidence of velocity-coherent structures More than a decade latd?jneda et al.(2010) obtained

a large, sensitive Npimap toward B5 in Perseus. This map

Molecular line observations of several regions have alsshowed that the sonic region within B5 is surrounded by
shown the presence of filamentary structures. Single-di$fH; emission displaying supersonic turbulence. The tran-
observations of a few regions in the nearby Taurus cloud usition between subsonic and supersonic turbulence (e.g., a
ing molecular lines revealed that several filaments are-idemcrease in the gas velocity dispersion by a factor of 2) oc-
tified in velocity, although in most cases they overlap on theurs in less than a beam width@.04 pc). The typical size
plane of sky Hacar and Tafallag011;Hacar et al.,2013). of the sonic region is- 0.1 pc, similar to the width of fila-
Inthese cases, the centroid velocity along the filaments doments seen byl erschel (see§ 2.5).
not vary much, suggesting that the filaments are coherent Transitions in turbulence levels have also been observed
(i.e., “real”) structures. For L1495/B211/B213 in Taurusjn other clouds (e.g., L1506 in Tauruagani et al, 2010)
the average density was derived from line data, and useddod other parts of the Perseus molecular cldRid€da et
estimate that the thickness of the structure along the fine al., in prep.). Both fields with lower levels of star-formation
sight is consistent with a cylinder-like structure instedd  activity (e.g., L1451 and B5) and more active fields (e.qg.,
sheet seen edge-ohi @nd Goldsmith2012). Also, some L1448 and IC348-SW) show well-defined sonic regions
of these filaments contain dense cores that share the kirmmmpletely surrounded by more turbulent gas when mapped
matic properties of the associated filaments, suggestatg thin NH3 at high resolution. Moreover, the transition between
these cores form through filament fragmentation. sonic and more turbulent gas motions is shatpa(beam

An excellent example is the L1495/B211 filament, obwidth) in all fields, regardless of their environment or leve
served both in dust continuum by the HGBZa[meirim et  of star-formation activity.
al., 2013 - see Fig. 2a) and in various lines Hgcar et From these results, itis clear that regions of subsonic tur-
al. (2013). These data allow for a direct comparison bedulence mark the locations where material is readily avail-
tween properties derived from each tracer. Inthe-schel  able for star-formation. It is very likely that these sonic
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Fig. 9.— (a) Sketch of the typical velocity field inferred from line obgations (e.g.H. Kirk et al., 2013) within and around a
supercritical filament (here Serpens-South in the Aquilaglex — adapted frorBugitani et al.2011): Red arrows mark longitudinal
infall along the main filament; black arrows indicate radiahtraction motions; and blue arrows mark accretion of geaknd cloud
material through striations or subfilaments, along magrfeid lines (green dotted lines froBugitani et al).. (b) Total (thermal+
nonthermal) velocity dispersion versus central columnsigrior a sample of 46 filaments in nearby interstellar cl(&rzoumanian
et al.,2013). The horizontal dashed line shows the value of therthksound speed 0.2 km/s forT = 10 K. The vertical grey band
marks the border zone between thermally subcritical antrthly supercritical filaments where the observed mass pietangth M,

is close to the critical valu#/jine cric ~ 16 M /pc for T = 10 K. The blue solid line shows the best power-lavsfif, oc Ny, 36 * 0-14
to the data points corresponding to supercritical filaments

regions are formed in the central parts of the filament®rmation is more activeH{. Kirk et al., 2013 — cf. Fig. 9a;
identified with Herschel. If the sonic regions are mas- Schneider et al2010). Single-dish line observations show
sive enough, further substructures, like the isothermat$ib classical infall profiles along the filaments, and infallesat
observed in B5, could develop. It should also be stressed 10~* — 1072 My yr—! are derived. Moreover, veloc-
that these~ 0.1 pc sonic regions are much larger than thety gradients toward the central hub suggest that material
milliparsec-scale structures in which subsonic intelatel is flowing along the filaments, at rates similar to the current
turbulence is believed to dissipatea{garone et al.2009). local star-formation rate.
More recently, ALMA interferometric observations of
4.3 Sub-filaments and low-density striations NoHT emission from a more distant IRDC, SDC335, host-
ing high-mass star formation, show the kinematic proper-
The material within filaments is not static. In fact, seviies of six flaments converging on a central hiHergetto
eral lines of evidence have shown that: i) material is beingt al., 2013). Velocity gradients along these filaments are
added to filaments from striations; and ii) filaments serveeen, suggesting again that material is being gathereé in th
as highly efficient routes for feeding material into hubs ocentral region through the filaments at an estimated rate of
ridges where clustered star formation is ongoing. 2.5 x 1072 Mg yr—!. This accretion rate is enough to dou-
In the low-mass case, the Taurus cloud presents the mdé¢ the mass of the central region in a free-fall time.
striking evidence for striations along filaments. CO maps
tracing low-density gas show the clear presence of striatio 4.4 Internal velocity dispersions
in B211/B213 as low-level emission located away from the
denser filamentGoldsmith et al.2008). These striations  Given the wide range of column densities observed to-
are also prominent it erschel dust continuum maps of ward Herschel-identified filaments (see Sect. 2.5), can
the region from the HGBSRalmeirim et al.,2013 — see turbulent motions provide effective stability to filaments
Figs. 2 and 3). These results suggest that material may beross the entire range? Naively, Larson’s relation ¢
funnelled through the striations onto the main filament. Th&°) can give a rough estimate of the level of turbulent
typical velocities expected for the infalling material g  motions within filaments.
scenario are- 0.5-1kms™!, which are consistent with the ~ Heyer et al.(2009) used the FCRAO Galactic Ring Sur-
kinematical constraints from the CO observations. vey 13CO (1-0) data to study line widths across a wide
In denser cluster-forming clumps like the Serpens Souttange of environments. They focused on the kinematical
protocluster in Aquila or the DR21 ridge in Cygnus X, fil- properties of whole molecular clouds, which likely include
aments are observed joining into a central hub where stlaments like those seen witHerschel. They found that
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the velocity dispersion is dependent on the column densitfrom the center to the outermost radius- R, we obtain:

a deviation from Larson’s relation. For example, filaments

with higher column density have a higher level of turbu- R ae

lent motions than is expected from Larson’s relation. These dr

linewidth estimates, however, were not carried out toward o ] ]

specific filaments, and a more focused study on filament{1€re ® denotes gravitational potential andi;,. is the

was needed to properly assess the role of nonthermal nf92sS PET unit length (or line mass) defined/dg,. =

tions in the dynamical stability of filaments. Jo 2mprdr. This quantity remains constant in a change
Recently,Arzoumanian et al.(2013) presented molec- Of the cylinder radius wherp o R~2. Thus, the self-

ular line measurements of the internal velocity dispersiorgravitational force per unit magg; .y, is:

in 46 Herschel-identified filaments. Figure 9b shows that

the level of turbulent motions is almost constant and does Fyoyl = d_<1> - 2% x i (3)

not dominate over thermal support for thermally subcritica B dr|,_g R R

and nequy F:r|t|cal filaments. On the other hand, a pOS.ItIV6n the other hand,

correlation is found between the level of turbulent mo'uona}

R
= 2G/ 2nrpdr = 2G Miige, 2)
r=R 0

if we denote the relation between pres-
ureP and densityp asP = K p - the pressure gradient

and the filament column density for thermally supercritic orce per unit mass), scales as:

filaments. This behavior suggests that thermally subatitic

filaments are gravitationally unbound with transonic line- 1P 12y
of-sight velocity dispersions, but thermally supercitifil- Fy = o R (4)
aments are in approximate virial equipartition (but not-nec
essarily virial equilibrium). Therefore, we have:
Moreover, it may be possible to glean aspects of filament I
evolution from plots like Fig. 9b. For example, once a fila- — P x R%Z2etr (5)

ment becomes thermally supercritical (i.e., self-graiit) Fgep

it wil cr(])_?traﬁt and ”?”eafse its pelntral EOl?,lmn denSItyIf et > 1, the pressure gradient force will dominate self-
MheanV\r/] |e_,t.eaccret|obnfl? materia (?Hn,tOt € 'ame_nge'ggravity for a sufficiently small outer radiug. In contrast, if
through striations or subfilaments) will increase its inedr et < 1, radial collapse will continue indefinitely once self-

velocity dispersion and virial mass per unit length. I:()”O\"’gravity starts to dominate over the pressure force. There-

ing this line Of_ reasonmg%rzoumaman et al(2013) SPEC"  fore, we can define the critical ratio of specific heats for the
ulated that this accretion process may allow supercntlcqxj;dial stability of a self-gravitating cylinder 8s; cy1 = 1.

filaments to maintain approximately constant inner widthf,n the case of. — 1, and under a sufficiently small ex-

. . . . . . € - L)
while evolving. We will return to this point i 6.5 below. ternal pressure, a cylinder will be in hydrostatic equilion
only when its mass per unit length has the special value for
which F}, = Fy cyiinder- Therefore, we can define a critical
mass per unit length for an isothermal cylinder:

5. THEORETICAL MODELS

5.1 Basic physics of self-gravitating filaments in the ISM
> 2¢2

Theoretical treatments of filaments in molecular clouds Miine,crit = / 2mpa(r)rdr = el (6)
have focused on several different kinds of possible filament 0
states: i) equilibria, ii) collapsing and fragmenting &yss wherep,(r) is given by Eq. (1) in Sect. 2.4 with = 4.
that follow from unstable equilibria, iii) equilibria unde Note that, when.g is slightly less than 1 (as observed — cf.
going considerable radial accretion, and finally iv) highlyFig. 4b), the maximum line mass sfablecylinders is close
dynamical systems for which equilibrium models are noto the critical value\fj,e orit fOr an isothermal cylinder.
good descriptions. Indeed, all of these aspects of filamen- Using similar arguments, the criticalg is found to be
tary cloud states may be at play in different clouds or afc,it sphere = 4/3 for a sphere and. ;i sheet = 0 for a
different times and regions in the same cloud. The fact thaheet. The thermodynamical behavior of molecular clouds
star forming cores are observed preferentially in filamentsorrespondsto.g < 1 (e.g.,Koyama and Inutsuk2000 —
that are predicted to be gravitationally unstable on thésbassee also Fig. 4b for the related anti-correlation betweesh du
of equilibrium models (cf. Fig. 6a), implies that some astemperature and column density). Therefore, the signifi-
pects of basic equilibrium theory are relevant in real ckud cance of filamentary geometry can be understood in terms
We turn first to these results. of ISM thermodynamics. For a sheet-like cloud, there is

Early papers on filament structure such as the clasdways an equilibrium configuration since the internal pres
sic solution for a self-gravitating isothermal filamentsure gradient can always become strong enough to halt the
(Stodolkiewicz,1963; Ostriker, 1964), assumed that fila- gravitational collapse independently of its initial stéeeg.,
ments are in cylindrical hydrostatic equilibrium. Miyama et al.,1987;Inutsuka and Miyamal997). In con-

If we multiply Poisson’s equation for self-gravity in a trast, the radial collapse of an isothermal cylindricaluclo
cylinder of infinite length by on both sides and integrate cannot be halted and no equilibrium is possible when the
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mass per unit length exceeds the critical valdgne vit.-  €rgy per unitlength (positive for poloidal fields and negati
Conversely, if the mass per unit length of the filamentarfor toroidal fields). While molecular gas in dense regions
cloud is less thad/yie orit, gravity can never be made to typically has M|/|W| < 1/2 (Crutcher,1999, 2012), there
dominate by increasing the external pressure, so that thee large variations over these measurements. For the typi-
collapse is always halted at some finite cylindrical radius. cal case)M;;>% . differs fromM """ = 22 | /G by less
Another way of describing this behavior is in terms ofthan a factor of 2. Radial profiles for toroidal isothermal
the effective gravitational energy per unit length of a fil-models follow anp « =2 form, in agreement with obser-

ament, denotedV which takes a simple formHege and vations (cf.§ 2.4).

Pudritz,2000): The essence of a virial theorem analysis of filaments can
o ) be demonstrated in a diagram where the ratio of observed
wW=-— /PrﬂdV = — M, .G, (7)  surface pressure to total turbulent pressuite/(< P>) of a

] ) ) filament is plotted against the ratio of its observed mass per
Whe_reV is the volum_e per unl_t length (|_.e.,_ the cross- it length to the critical valueMiine/Mime.vi:) (SeeFiege
sectional area) of the filameriV is the gravitational term o4 pydritz 2000). The virial theorem for filaments gives:
in the virial equation. Itis remarkable in that it remaingi€o Ps/<P>=1— [(Mine/Mineir) X (1 — (M/|IW)])].

stant during any radial cont.raction cgused _by an increasgglin;ig diagram, purely hydrodynamic filaments can be eas-
external pressure. The scaling was first derivediogrea iy giscriminated from filaments with net positive or nega-
(195_7)._If a filament is initially in equilibrium, the e_ffeve tive magnetic energy. Analysis i§ontreras et al.(2013)
gravitational energy can never be made to domlnate OVBf a collection of filaments in the ATLASGAL catalogue of
the pressure support by squeezingicCrea, 1957;Fiege g7 ,m images as well a§CO data revealed that most of
and Pudritz,2000). Thus, filaments differ markedly from yhe filaments fell in the part of this virial diagram where
isothermal spherical clouds which can always be induced,iqal fields dominate (see Fig. 3 @ontreras et al.
to collapse by a sufficient increase in external pressuge, (e.2013)_ In addition, work byHernandez and Ta2011)
Bonnor,1956;Shu,1977). ) _, onseveral IRDC filaments indicated the presence of large
Thecritical mass_p_erunltlen_thncycrit ~ 16 Mopc surface pressures?¢/<P>) > 1, suggesting that these
X (Tgas/10K) as orlgmally derlve_d, depends only_ ON gaSystems may be quite out of equilibrium.
temperaturély,s. This expression can be readily gen- * gyen moderate fields can have a very strong effect on
eralized to include the presence of non-thermal gas Mse formation of unstable regions in filamentlley and
tions. In this case, the critical mass per unit length bes 4ritz 2007: Li et al 2010). Figure 10b shows that
J— 2 . e ’ 1 .y .
comesMiine,vir = 2 05,/ G, also callged the virial mass per raiher flattened filaments form in 3D MHD simulations be-
unit length, wherero, = /¢ + oy is the total one-  cayse the magnetic field strongly affects the turbulent flow
dimensional velocity dispersion including both thermah_i et al., 2010), forcing material to flow and accumu-
and non-thermal comp_onentEieége and Pudritz,ZOQO). late along field lines. The magnetic Jeans mads, =
Clearly, both the equation of state of the gas and f|Iamera§30/27TG1/2pg/3)3 exceeds the thermal Jeans mass in this

turbulence_wil_l play arolein deciqlingthis critical_ling S8 (ace, suppressing the formation of intermediate-mass star
Magnetic fields also play an important role in filameny,  j04ying the more massive stars relatively unaffected.
tqry equilibria. The most general mz?\gnenc geometry Con- e fragmentation properties of filaments and sheets dif-
sists of both poImda] as weI_I as toroidal components. Ther from those of spheroidal clouds in that there is a pre-
latter comppnent arises quite ge”efa"Y |n_obI|que Shoc'?@rred scale for gravitational fragmentation which dihgct
as well as in shear flows, both of which impart a sensg.|aq with the scale height of the filamentary or sheet-like
(_)f local spin to the gas an(_j twisting of t_he p_ol0|dal f'eldmedium (e.g.Larson,1985; see als§ 5.3). In the spheri-
lines (see chapter bil.-b. Li et al). Toroidal fields also | cage the largest possible mode (i.e., overall collapse
are genere}ted during the collapse of magnetized cores (e g, medium) has the fastest growth rate so that global col-
Mouschowas and Paleologoli979) and carry off S“bS“”T”' lapse tends to overwhelm the local collapse of finite-sized
tial fluxes of angular momentum (see chapterdy. Li  gensity perturbations, and fragmentation is generally sup
et al). The general treatment of the virial theorem for osqeq in the absence of sufficiently large initial density
magnetized gasHege and Pudritz2000) shows that the gnhancements (e.giphline, 1982). It is also well known
poloidal field that thr_eads a fllament proyldes a Pressuigt spherical collapse quickly becomes strongly centrall
that helps S“F’Po” a fllament_agglnst gravity. On the OtrT?:"oncentratedL(arson, 1969; Shu, 1977), which tends to
hand, the tor0|d§1I_ f_|eId _contrlbutlon to the total magnet'%roduce a single central density peak rather than several
energy is destablhzmg; it squeezes down on the surface _%ndensations (e.gWhitworth et al.,1996). In contrast,
the filament and assists gravity. Thus the total magnetigoots have a natural tendency to fragment into filaments

gnergy can bedneggt_we mhregl(?]ns Wr?‘ée lt?ek;odrmdgl fmlgé.g.,Miyama et al.,1987) and filaments with masses per
ominates, and positive where the poloidal field dominateg,; length close td/jine crit @ Natural tendency to fragment

Fiege and Pudrit22000) showed thaljie,vi: iS modi- into spheroidal cores (e.ginutsuka and Miyamal997).

L2 . . spsmag ; ]
fied in the case of magnetized filaments, i®y,.\i. = The filamentary geometry is thus the most favorable con-

MMm8 (1 — M /W)Y, whereM is the magnetic en-

line,vir
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Fig. 10.—(a) Formation of filaments and cores from shock compressionmmemical simulations of isothermal supersonic turbulence
with rms Mach number 10 (Padoan et al.2001). (b) Three-dimensional view of flattened filaments resultingrfroass accumulation
along magnetic field lines in the MHD model bf et al. (2010). The magnetic field favors the formation of both lowd &igh-mass
stars compared to intermediate-mass stars, due to fragtimmof high-density filaments and global clump collapsspectively.(c)
Face-on column density view of a shock-compressed dense ilmynumerical MHD simulations binutsuka, Inoue, and Iwasakin
preparation. The color scale (in ¢rf) is shown on the right. The mean magnetic field is in the pldrteelayer and its direction is
shown by a white bar. Note the formation of dense, magnefifmuents whose axes are almost perpendicular to the meanatiag
field. Fainter “striation”-like filaments can also be seehjah are almost perpendicular to the dense filaments.

figuration for small-scale perturbations to collapse Iycal fronts is a line - the filament (e.gRudritz and Kevlahan,
and grow significantly before global collapse overwhelm&013). The velocity field in the vicinity of such a filament
them Pon et al.,2011, 2012iToak et al.,2012). To sum- shows a converging flow perpendicular to the filament axis
marize, theoretical considerations alone emphasize the pgs well as turbulent vortices in the filament wakien-
tential importance of filaments for core and star formationnebelle (2013) reported that filaments can be formed by
the velocity shear that is ubiquitous in magnetized tunbiule
5.2 Origin of filaments: various formation models media (see alsPassot et. al.1995). Others have attributed
filaments to being stagnation regions in turbulent media,
Since the mid 1990s, simulations of supersonic turbuwvhere filaments are considered to be rather transient struc-
lence have consistently shown that gas is rapidly contures (e.g.Padoan etal.2001).Li et al. (2010) have shown
pressed into a hierarchy of sheets and filaments (@ogter  that filaments are formed preferentially perpendiculaheo t
etal.,1994;Vazquez-Semadeii994;Padoan et al.2001). magnetic field lines in strongly magnetized turbulent cud
Furthermore, when gravity is added into turbulence simusee alsoBasu et al.,2009). An important and observa-
lations, the denser gas undergoes gravitational collapsettonally desirable aspect of supersonic turbulence isithat
form stars (e.g.Ostriker et al.,1999; Ballesteros-Paredes produces hierarchical structure that can be described by a
et al., 1999; Klessen and Burkert2000; Bonnell et al., lognormal density distributionMazquez-Semaderii994).
2003; MacLow and Klessen2004; Tilley and Pudritz, A lognormal arises whenever the probability of each new
2004; Krumholz et al.,2007). There are many sourcesdensity increment in the turbulence is independent of the
of supersonic turbulent motions in the ISM out of whichprevious one. In a shocked medium, the density at any point
molecular clouds can arise, i.e., galactic spiral shocks is the product of the shock-induced, density jumps and mul-
which most giant molecular clouds form, supernovae, stetiplicative processes of this kind rapidly converge to pro-
lar winds from massive stars, expanding HIl regions, radiaduce lognormals as predicted by the central limit theorem
tion pressure, cosmic ray streaming, Kelvin-Helmholtz anKevlahan and PudritZ2009).
Rayleigh-Taylor instabilities, gravitational instakiéis, and As the mass accumulates in a filament, it becomes gravi-
bipolar outflows from regions of star formatioBltnegreen tationally unstable and filamentary flows parallel to the fila
and Scalo2004). An important aspect of supersonic shockment axis take place as material flows toward a local density
is that they are highly dissipative. Without constant reaple enhancement (e.gBanerjee et al.2006). Since the ad-
ishment, they damp within a cloud crossing time. vent of sink particles to trace subregions which collapse to
Filaments are readily produced in the complete absenéerm stars, simulations have consistently shown that there
of gravity. Simulations of turbulence often employ a specis a close association between sink particles and filaments
trum of plane waves that are random in direction and phasge.g.,Bate et al. 2003). The mechanism of the formation of
As is well known, the crossing of two planar shock wavesuch fragments in terms of gravitational instabilities\abo
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a critical line mass does not seem to have been strongly estabilize the sheet. Indeed, if the field strength is largant
phasized in the simulation literature until recently, hgare the critical value B..;; = 4m2GX?, whereX: is the surface
Simulations show that as gravity starts to become momensity of the sheet), the sheet is stable against graritati
significant, it could be as important as turbulence in creafragmentationlakano and Nakamurd,978). In contrast,
ing filamentary web structures and their associated “turbifthe magnetic field is in the plane of the sheet, the stabiliz
lent” velocity fields in denser collapsing regions of cloudsing effect is limited, but the direction of the field determi
Simulations of colliding gas streams show that the reggiltinthe directions of fragmentatiofNégai et al.,1998). If the
dense clouds are always far from equilibrium even thougéxternal pressure is much smaller than the central pressure
a simplistic interpretation of the virial theorem mightind of the sheet, the sheet will fragment into filaments whose
cate otherwise. The point is that as clouds build up, thaxis directions are perpendicular to the mean direction of
global gravitational self energy of the systéfi,| grows magnetic field lines. In this case, the masses per unit length
to the point where gravitational collapse begins. The kief the resulting filaments are expected to be about twice the
netic energy resulting from the collapse motidiistracks critical value (Miine ~ 2Miine crit). Such filaments may be
this gravitational term in such a way that,| ~ 2E; (e.g., the dense filaments observed whferschel. On the other
Vazquez-Semadeni et. #007;Ballesteros-Paredes et.al., hand, if the external pressure is comparable to the central
2011), mimicking virial equilibrium. Thus, gravitational pressure in the sheet, the resulting filaments will be palrall
collapse in media that have a number of Jeans masses widlthe mean magnetic field lines. In this case, the masses
have multiple centers of collapse, and the velocity fields th per unit length of the resulting filaments are smaller than
are set up could be interpreted as turbulence Ty and  the critical value Mjine < Miine.erit). Such filaments may
Pudritz, 2007, for magnetic analogue). Such systems afge the “striations” seen witll erschel.
never near equilibrium however. Numerical simulations of the formation of molecular
As noted, simulations of colliding streams producelouds through 1D compression are now providing interest-
clouds that are confined to a flattened layer. We thereforeg features of more realistic evolutiomue and Inutsuka,
consider the fragmentation of a dense shell created by 1208, 2009, 2012). Figure 10c shows a snapshot of the face-
compression (e.g., by an expanding HIl region, an old swen view of a non-uniform molecular cloud compressed by a
pernovaremnant, or collision of two clouds) in more detail shock wave travelling at 10 km/tnutsuka et al.jn prep.).
specifically the formation of filaments by self-gravitatédn The magnetic field lines are mainly in the dense sheet of
fragmentation of sheet-like clouds. As discussed k1, compressed gas. Many dense filaments are created, with
since the critical ratio of specific heatg,itsncet = 0, axes perpendicular to the mean magnetic field lines. We
sheet-like configurations are stable against compressiazan also see many faint filamentary structures that mimic
Here, the compressing motions are in the direction of thebserved “striations” and are almost parallel to the mean
thickness and these can always be halted by the resultintagnetic field lines. Those faint filaments are feeding gas
increase in (central) pressure of the sheet, justifying thento the dense filaments just as envisionegldna.
analysis of quasi-equilibrium sheet-like clouds. Although further analysis is required to give a conclusive
Self-gravitational instability of a sheet-like equiliomh  interpretation of the observations, a simple picture based
is well known. The critical wavelength for linear pertur-1D compression of a molecular cloud may be a promising
bations on the sheet is a few times its thickness. Sheetirection for understanding sheet and filament formation.
like clouds are unstable to perturbations whose wavelangth
are larger than the critical wavelength, and the most unst&.3 Fate of dense filaments
ble wavelength is about twice the critical wavelength. The
growth timescale is on the order of the free-fall timescale. As shown earlierin Sect. 3.2 and Fig. 6a, dense filaments
The detailed analysis hyliyama et al.(1987) on the non- with supercritical masses per unit length harbor star form-
linear growth of unstable perturbations shows that the asig cores. Here, we theoretically outline what happens in
pect ratio of dense regions increases with time, resultinguch dense filaments.
in the formation of filaments. Thus, sheet-like clouds are Self-gravitating cylindrical structures are unstable to
expected to break up into filaments whose separations gverturbations whose wavelengths are sufficiently large. Fo
about twice the critical wavelength (i.e., several times thsimplicity, we first focus on unmagnetized equilibrium fil-
thickness of the sheet). If the external pressure is mu@ments with isothermal or polytropic equation of state (
smaller than the central pressure, the thickness of thd she#suka and Miyamal992). The general behavior of the
is on the order of the Jeans leng#y (~ cstg). In contrast, growth rate does not depend much on the polytropic index.
if the external pressure is comparable to the central preé- cylinder is unstable for wavelengths larger than about
sure, the thickness of the sheet can be much smaller than théce its diameter, and the most unstable wavelength is
Jeans length. As pointed out Myers(2009), the fragmen- about 4 times its diameter. The growth timescale is some-
tation properties expected for compressed sheet-likalslouwhat longer than the free-fall timescaldagasawg1987)
resemble the frequently observed “hub-filament systemsind Fiege and Pudrit2000) investigated the effect of an
(see alsdBurkert and Hartmann2004). axial magnetic field on the stability of the isothermal equi-
Magnetic fields that are perpendicular to the sheet tend tibrium filament. The stabilizing effect of an axial field
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* are expected to depend on the initial amplitude distrilsutio
- of density perturbations along the filament axis. Indéed,
utsuka(2001) employed the so-called Press-Schechter for-
b malism, a well-known method in cosmologréss and
- Schechter,1974), to predict the mass function of dense
cores as a function of the initial power spectrum of fluc-
< tuations in mass per unit length. Figure 11 shows the typ-
_ ical time evolution of the core mass function. The evolu-
tion starts from initial perturbations of mass per unit lgng
- whose spectrum has a power-law index-df.5, i.e., close
to the Kolmogorov index of-1.67. This theoretical work
suggests that if we know the power spectrum of fluctuations
_ in line mass along filaments before gravitational fragmenta
Fig. 11.—Evolution of the mass function of dense cores protion, e can predict the mass function of the resulting dense
duced by filament fragmentation in the casa @) oc k™~ (- oqreg Thus, it is of considerable interest to measure such

utsuka,2001). The curves correspond to the snapshotgtat= .
0 (dashed), 2, 4, 6, 8, and 10 (solid), whegeis the free-fall power spectra for filaments that have not yet produced many
cores (see Sect. 6.3 below).

timescale, and the arrow indicates the time sequenég;, cor-
responds to the most unstable wavelength of the quast-$ilati
ment. The thin straight line correspondsd®y/dM oc M =25, 5.4 Roles of feedback effects

N

4

Log( dN/dM )

-6 —

Log( M/Mmin )

Filamentary organization of the cloud plays a significant

is strong in the case where the line-mass of the filamergle in how important feedback effects can be.
is much less than the critical value, while the effect satu- To understand the effect of radiative feedback from mas-
rates and does not qualitatively change the character of tBe stars, consider the condition for having insufficienti
instability for a filament of nearly critical line-mass. An izing radiative flux from some mass M undergoing an ac-
axial field slightly increases the critical line mass and theretion flow to prevent the stalling or collapse of an Hll
most unstable wavelength. In contrast, the inclusion of ggion. For spherical symmetrwalmsley(1995) derived
helical magnetic field complicates the character of the ima simple formula for the critical accretion ratd.,;; onto
stability (Nakamura et al.1993;Fiege and Pudritz2000). a source of masd/ and luminosity. above which the
In the presence of a very strong toroidal field, for instancéonizing photons from the source would be absorbed by
the nature of the instability changes from gravitational tehe accreting gas and cause the HIl region to contract:
magnetic Fiege and Pudritz2000). Meie > (4rLGMm?2 /ap)'/? whereap is the hydro-

The evolution of massive, self-gravitating isothermabenic recombination{ > 1) coefficient. Filamentary ac-
filaments was studied in detail byutsuka and Miyama cretion offers a way out of this dilemma since it is intrinsi-
(1992, 1997). They found that unless a large non-lineajally asymmetric. lonizing flux can still escape the form-
perturbation exists initially, a supercritical filamentimig ing cluster in directions not dominated by the filamentary
collapses radially without fragmentation. Thus, the cbarainflow (Dale and Bonnell2011). Simulations show that
teristic length scale, and hence the mass scale, is detiminhe ionizing flux from forming massive clusters escape into
by the fragmentation of the filament at the bouncing epocihe low density cavities created by infall onto the filaments
of the radial collapse. The bouncing of the radial collagse i(Dale and Bonnell2011). Such simulations have the char-
expected when compressional heating starts to overwhelfater of a network of filaments and a “froth” of voids. The
radiative cooling, resulting in a significant increase ig th filamentary flows themselves are far too strong to be dis-
gas temperatures > 1). The characteristic density..it,  rupted by the radiation fieldale and Bonnel{2011 — see
of this break-down of isothermality was studied with radiatheir Fig. 12) find that the filamentary distribution of the
tion hydrodynamics simulations Bgasunaga et al(1998)  dense star forming gas (about 3% of the mass) is not dis-
and its convenient expression for filamentary clouds was deapted in their simulation of a0° M, clump seeded with
rived analytically byMasunaga and Inutsukg 999). supersonic Kolmogorov turbulence. Figure 12 shows the

Once the radial collapse of a massive filament has beefistribution of stars, filaments, voids, and low density-ion
halted by an increase in temperature at higher density pfed gas that fills the cavities in these simulations. The au-
some other mechanism, longitudinal motions of fragmentahors conclude that photoionization has little effect ia-di
tion modes are expected to become significant. These mapting the strong filamentary accretion flows that are build
tions may create a number of dense cores located along tiag the clusters, although this seems to contradict thdteesu
main axis of the filament, just as observed (e.g., Figs. &f other work (e.g.Vazquez-Semadeni et. #010;Colin
and 8b). Note that the characteristic core mass resultirg. al.,2013). More work is needed to clarify the situation.
from fragmentation in this case is much smaller than the The feedback from outflows in a filament-dominated
mass corresponding to the most unstable mode of the cylistoud can also have significant effects on stellar masses.
der before the radial collapse. The resulting core massg#mulations byLi et al. (2010) show that outflows typi-
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ground cloud column densities for the population of prestel
lar cores shows a steep rise abdvg's ~ 5 x 10%* cm—2

(cf. Fig. 13a) and is such that 90% of the candidate
bound cores are found above a background column density
Nk ~ 7 x 10! cm™2, corresponding to a background
visual extinctionA®2k ~ 8. The Herschel observations

of Aquila therefore strongly support the existence of a col-
umn density or visual extinction threshold for the formatio

of prestellar cores ati®*c ~ 5-10, which had been sug-
gested earlier based on ground-based studies of, e.g., the
Taurus and Ophiuchus clouds (€nishi et al.,1998;John-
stone et al.2004). Interestingly, a very similar extinction
threshold at4b2k ~ 8 is independently observed in the
spatial distribution of YSOs wittbpitzer (Heiderman et

al., 2010; Lada et al.,2010). In the Polaris flare cirrus,

50

—50

-5 =50 =25 0 2 50 75 the Herschel observations are also consistent with such an
x (pc) extinction threshold since the observed background column
T e ) , densities are all below??* ~ 8 and there are no or at most
0.001 0.01 0.1 1 10 a handful of examples of bound prestellar cores in this cloud
log £ (g em™2) (e.g.,Ward-Thompson et al2010). More generally, the re-

. sults obtained witli{ erschel in nearby clouds suggest that
Fig. 12.—Distribution of stars, cold gas filaments (in red), voids,5 fractionf,.. ~ 15% of the total gas mass above the col-

and of the low-density ionized gas (in purple) that fills tagites ;1 density threshold is in the form of prestellar cores.
in the SPH numerical simulations @fale and Bonnell(2011),

in which a massive stellar cluster forms at the junction oba-c
verging network of filaments, from the gravitational colapof a
turbulent molecular cloud.

6.2 Theoretical interpretation of the threshold

TheseH erschel findings connect very well with theo-
retical expectations for the gravitational instability foa-
cally reduce the mass of stars by significant factors (e.gnents (cf. § 5.1) and point to arexplanationof the star
from 1.3 to 0.5M). Going further,Wang et al. (2010) formation threshold in terms of the filamentary structure of
assumed a simplified model for outflows in which the momolecular clouds. Given the typical wid#fig ~ 0.1 pc
mentum injected from the sink particle into the surroundingneasured for filamentsAtzoumanian et al.2011; see
gasAP = P.AM every time the sink particle has gainedFig. 5) and the relatiod/};,. ~ Yo x Wg, between the
a mass ofAM. The energy and momentum are injectectentral gas surface densifyy and the mass per unit length
in two highly collimated, bipolar jets. The outflows from M, of a filament (cf. Appendix A oAndré et al.,2010),
the cluster region are collectively powerful enough in thesthe threshold a4} ~ 8 or ¥pack ~ 130 M pe?
simulations to break up the very filaments that are stronglyorresponds to within a factor ¢f 2 to the critical mass
feeding material into the cluster. This severing of the filper unit lengthMiine crit = 2¢2/G ~ 16 Mg pc™! of
amentary accretion flow slows up the rate for cluster fomearly isothermal, long cylinders (s€e5.1 andlnutsuka
mation. In massive enough regions, however, the trickland Miyama1997) for a typical gas temperatife~ 10 K.
of material that manages to avoid being impacted by theSéhus, the core formation threshold approximately corre-
outflows can still feed the formation of massive stars. sponds to thehreshold above which interstellar filaments
Fall et al. (2010 - see their Fig. 2) show that outflowsare gravitationally unstabl€¢André et al.,2010). Prestel-
play an important role for lower mass clouds and clusteriar cores tend to be observed only above this threshold (cf.
(M < 10*My). For higher masses and column densitiefig. 6a & Fig. 13a) because they form out of a filamentary
¥ > 0.1 g cm 2, however, radiation pressure seems tdackground and only filaments withyi,. > Miine cric @re
dominate over the feedback effects. It will be interestimg table to fragment into self-gravitating cores.
see if this scaling still holds for filament-dominated clsud  The column density threshold for core and star forma-
tion within filaments is not a sharp boundary but a smooth
6. CONFRONTING OBSERVATIONS AND THEORY transition for several reasons. First, observations ondy p
vide information on theprojectedcolumn density:,,s =
ﬁ Yine Of @any given filament, wheréis the inclination
As already mentioned (e.§.3.2), prestellar cores iden- angle to the plane of sky and;,; is the intrinsic column
tified with Herschel are preferentially found within the density of the filament (measured perpendicular to the long
densest filamentse., those with column densities exceed-axis). For a population of randomly oriented filaments with
ing ~ 7 x 10*' cm~2 (André et al.,2010 and Fig. 6a). respectto the plane of sky, the net effect is thiat, overes-
In the Aquila region, for instance, the distribution of back timatesX;,,; by a factor< —X- > = 5 ~ 1.57 on average.

Ccos %

6.1 A column density threshold for prestellar cores

18



T T T

2 8

: 100 b
= 80 F &) Aqu11a | ?N)J )
= prestellar cores 5
= > 5
3 3 10} ]
K 1 z
& ' e, 107 b 4
) S 5
A ' o,
n 40 - { | 1 2]
o ' 2.
5 P = 10° ;_H ]
3] ; !
8 4i T A )
2 20 + T : s 1 3 o E - .
E - E ¥ & 10° ~ 85% of the mass E ~ 15% of the mass } E

‘ Al T o :
: h3g :
z o _ ey 2 o - .
0 10" = =
0 5 10 15 20 10 10 10

= : -2
Background column density, Ny, [lozlcm 2] Column density, Ny (em ™)

Fig. 13.—a) Distribution of background column densities for the caatiidprestellar cores identified witherschel in the Aquila Rift
complex (cf.Konyves et al2010). The vertical dashed line marks the column densitxiim@ion threshold alV;2™ ~ 7x 10** cm™>

or Ay ~ 8 (also corresponding B2k ~ 130 Mo pc™?). (b) Probability density function of column density in the Aguitloud
complex, based on the column density image derived ffbmschel data @ndré et al. 2011;Schneider et al2013). A log-normal fit
at low column densities and a power-law fit at high column diErssare superimposed. The vertical dashed line marksatine €olumn

density threshold as in the left panel.

Although systematic, this projection effect remains smalBonnor-Ebert mass/gg (e.g.,Bonnor,1956) is given by:

and has little impact on the global classification of obsdrve o

filamentary structures as supercritical or subcritical. Mgg ~ 1.3¢,/G"%a (8)
Second, there is a (small) spread in the distribution of

filament inner widths of about a factor of 2 on either side oP"

0.1 pc Arzoumanian et al.2011 — cf. Fig. 5), implying a 2 _oy—1

similar spread in the intrinsic column densities corregbon Mpg ~ 0.5 Mo x (Ten/10K)" (201/160 Mg pe ) '

ing to the critical filament mass per unit lengt;nc, crit.- If we consider a quasi-equilibrium isothermal cylindrical

Third, interstellar filaments are not all exactlyBt= " fament on the verge oflobal radial collapse, it has a
10 K and their internal velocity dispersion sometimes iny, 555 per unit length equal to the critical valu e cric =
. ne,crit —

cludes a small nonthermal componest;r, which must 2¢2/G (~ 16 My pe~" for Tog ~ 10 K) and an effective

S

be accounted for in the evaluation of the critical or Viria'diameterDﬂ vt = 2¢2/GSo (~ 0.1pc for Tog ~ 10 K

mass per unit lengti/ine, vir = 2Ut20t_/G (see§ 5.1and  5n4w, ~ 160 My pe2). A segment of such a cylinder
Fiege and Pudritz2000). The velocity dispersion mea- ¢ length equal toDga; it CONtAINS @ Masiine it X
surements oArzoumanian et al(2013 — cf. Fig. 9b) con- Diat.orit = 4¢1 /G258, ~ 3% My (~ 1.6 M, for ’TH -
firm that there is a critical threshold in mass per unit length k and o 160 My pe-2) and is thuSocaIIyJeaﬁs un-
above which interstellar filaments are self-gravitating angapje. since local collapse tends to be favored over global
below which they are unbound, and that the position of thiéollapse in the case of filaments (epn et al. 2011 — see

. —1 . . "y
threshold lies arounel 16-32M pc™, i.e., withinafac- ¢ 5 1) gravitational fragmentation into spheroidal comes |
tor of 2 of the thermal value of the critical mass per unigynected to occur along supercritical filaments, as indeed
lengthMiine,crig for 7' = 10 K. The results shown in Fig. 9b 5,14 in both numerical simulations (e.@astien et al.,
emphasme the role played by th(_a therm_al critical mass P€691: Inutsuka and Miyamal997) andH erschel obser-
unit length Mjine orit in the evolution of filaments. Com- vations (see Fig. 6a arfl6.1). Remarkably, the peak of
bined with theH erschel findings summarized above andy,o prestellar CMF at 0.6 M, as observed in the Aquila
illustrated in Figs. 6a and 13a, they support the view thafj, 4 complex (cf. Fig. 7b) corresponds very well to the

the gravitational fragmentation of filaments may contrel th g ;. nor-Ebert mas8/sr ~ 0.5 M, within marginally crit-
bulk of core formation, at least in nearby Galactic clouds. ;.5 filaments WithMine &~ Mine e ~ 16 Mo pe—! and

HY ~ Ycrit ~ —2 H H
6.3 Filament fragmentation and the CMF/IMF peak surfa-lce den.smeE - Eg%S 160 M pe™*. Likewise, the
median projected spacing 0.08 pc observed between the

Since most stars appear to form in filaments, the fragprestellar cores of Aquila (cf§ 3.2) roughly matches the
mentation of filaments at the threshold of gravitational inthermal Jeans length within marginally critical filaments.
stability is a plausible mechanism for the origin of (par[A” of this is consistent with the idea that gravitationadr
of) the stellar IMF. We may expect local collapse intomentation is the dominant physical mechanism generating
spheroidal protostellar cores to be controlled by the clagrestellar cores within interstellar filaments. Furtherejo
sical Jeans criteriod! > Mpgg Where the Jeans or critical & typical prestellar core mass of 0.6 M, translates into
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a characteristic star or stellar system mass-00.2 M, itational fragmentation should produce a narrow prestella

assuming a typical efficienayor. ~ 30% (cf. § 3.4). CMF, sharply peaked at the median thermal Jeans mass.
Note, however, that a smal( 25%) fraction of prestellar
' T ‘(”n; fz‘r"b”j‘jm) 1 cores do not appear to form along filament8.Q). Further-
RN 1 more, a Salpeter power-law tail at high masses may result
10000 ¢ ,%',,O from filament fragmentation if turbulence has generated an

appropriate field of initial density fluctuations within tfile
aments in the first place (cfnutsuka,2001).
‘ L e Addressing the high-mass power-law tail of the IMF,
1000 E417 / o Inutsuka(2001) has shown that if the power spectrum of
5. A initial density fluctuations along the filaments approaches
P(k) = |6x|* < k=15 then the CMF produced by gravi-
. 50% systemotic T tational fragmentation evolves towaiddV/dM oc M~2°
100 L uneertoinly SR (see Fig. 11), similar to the Salpeter IMEN/dM, o
0.1 . 10 1000 pr=235) Interestingly, the power spectrum of column
median separation [pc] * X X X
density fluctuations along the filaments observed with
Fig. 14.—Median density of significant sub-structures as a funcH erschel in nearby clouds is typicallyP? (k) oc k=16,
tion of Separation in the hlgh ,(br 0.035 pC) resolution column which is close to the required Spectruﬁw et a|_jn prep_)_
density_map of the massive, filamentary IRIZ_)C G11.11-0.12 by Alternatively, a CMF with a Salpeter power-law tail may
;?i'cr)‘r‘]”;rg::tzg af:'o r(fos%:z] da::?];:gs'd?r;[tsigblim)e/ asgz";?emﬁﬁfere'result from the gravitational fragmentation of a populatio
of filaments with a distribution of supercritical masses per

blue dotted line shows the relation predicted by the linéaik . . o .
ity analysis of self-gravitating isothermal cylinders. tidow the unit length. Observationally, the supercritical filameoits

structure of G11 is consistent with global cylinder fragtagion ~ S€Tved as part of thH erschel Gould Belt survey do seem
on scalesZ, 0.5 pc and approaches local Jeans’ fragmentation of have a power-law distribution of masses per unit length
scales 2, 0.2 pc. (FromKainulainen et al.2013.) dN/dMine o My, %? above~ 20 Mg pe~! (Arzoumanian
et al.,in prep.). Since the width of the filaments is roughly
A subtle point needs to be made about the median spamwnstant s ~ 0.1 pc), the mass per unit length is di-
ing and mass of prestellar cores, however. Namely, the vakctly proportional to the central surface densitf,. ~
ues observed witlilerschel are a factor of 2 4 smaller 3 x Wy, Furthermore, the total velocity dispersion of these
than the characteristic core spacing and core mass prédicféaments increases roughly ag,; o %5 (Arzoumanian
by linear stability analysis for infinitely longy 0.1 pc-wide et al.,2013 — see Fig. 9b), which means that their effective
self-gravitating isothermal cylinders (s€€5.3). In their temperature (including thermal and non-thermal motions)
high-resolution infrared extinction study of the filamen-scales roughly a8.g « X. HenceMpg x ¥ o< Mjjye,
tary IRDC G11,Kainulainen et al. (2013) recently noted and the observed distribution of masses per unit length di-
a similar mismatch between the typical spacing of smalkectly translates into a power-law distribution of Bonnor-
scale (< 0.1 pc) cores and the predictions of cylinder frag-Ebert masseg§N/dMpg MgE” along supercritical fila-
mentation theory. They were able to show, however, thaents, which is also reminiscent of the Salpeter IMF.
the typical spacing of the larger-scale;,(0.5 pc), lower-
density sub-structures identified along the G11 filament wa8-4 A universal star formation law above the threshold?
in reasonably good agreement with the global fragmenta-
tion properties expected for a self-gravitating cylindszg The realization that, at least in nearby clouds, prestellar
Fig. 14). This work suggests that on large scales the fragere formation occurs primarily along gravitationally un-
mentation properties of a self-gravitating filament are domnstable filaments of roughly constant widkig; ~ 0.1 pc
inated by the most unstable mode of the global structurejay also have implications for our understanding of star
while on small scales the fragmentation properties depetidrmation on global Galactic and extragalactic scales. Re-
primarily on local conditions and the local Jeans/Bonnomarkably, the critical mass per unit length of a filament,
Ebert criterion applies. Miine it = 2 ¢2/G, depends only on gas temperature (i.e.,
In any event, the{ erschel results tend to support the 7' ~ 10 K for the bulk of molecular clouds, away from
Larson(1985) interpretation of the peak of the IMF in termsthe immediate vicinity of massive stars) and is modified by
of the typical Jeans mass in star-forming clouds. Overalgnly a factor of order unity for filaments with realistic ldge
the Herschel findings suggest that the gravitational frag-of magnetizationKiege and Pudritz2000 — see Sect. 5.1).
mentation of supercritical filaments produces the peak dthese simple conditions may set a quasi-universal thrdshol
the prestellar CMF which, in turn, may account for the logfor star formation in the cold ISM of galaxies &fjiye,crit, ~
normal “base” (cfBastian et al.2010) of the IMF. 16 M, pc~t in terms of filament mass per unit length, or
It remains to be seen whether the bottom end of the IMB/jine crit/Ws1 ~ 160 Mg pe=2 in terms of gas surface
and the Salpeter power-law slope at the high-mass end cdensity, 0rMjine crit/ Wi ~ 1600 Mg pc=3 in terms of gas
be also explained by filament fragmentation. Naively, gravdensity (i.e., a number density;, ~ 2 x 10* cm™3).

median <n(H)> [em™]
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While further work is needed to confirm that the width of 104_ — T

interstellar filaments remains closelg; ~ 0.1 pcin mas- &° ULIRGs v¢"]
sive star-forming clouds beyond the Gould Belt, we note~ I @\’OZRGS
here that recent detailed studies of the RCW 36 and DR 21 10° N © #
ridges in Vela-C { ~ 0.7 kpc) and Cygnus Xd ~ 1.4 kpc) 2 : normal spirals #
are consistent with this hypothesiilf et al., 2012;Hen- & i }
nemann et al.2012). As already pointed out i 6.2, o
the threshold should be viewed as a smooth transition frof : .
non-star-forming to star-forming gas rather than as a shagp - .
boundary. Furthermore, the above threshold correspongslo'2 ,
to anecessaryput not automaticallgufficientcondition for 8 L L
widespread star formation within filaments. In the extremg 3 o° A
environmental conditions of the central molecular zonene& 107* [ o' ]
the Galactic center, for instance, star formation appemrs_§ I ]
be largely suppressed above the threshiotshgmore et al., © v g ]
2013). In the bulk of the Galactic disk where more typical 107° [~ ]
environmental conditions prevail, however, we may expect F S S S — -
the above threshold in filament mass per unit length or (col- 10 10 10
umn) density to provide a fairly good selection of the gas Mass of Dense Gas (Mo)
directly participating in star formation. Fig. 15.— Relation between star formation rat8FR) and
Recent near- and mid-infrared studies of the star fomass of dense gas\{yense) for local molecular cloudslL@da
mation rate as a function of gas surface density in botét al., 2010) and external galaxie§4o and Solomon2004).
Galactic and extragalactic cloud complexes (etgider-  Maense is the mass of dense gas above the star formation thresh-
man et al. 2010; Lada et al.,2010) show that the star for- 0ld (2, ~ 2 x 10" cm™ — see text). The dashed line going
mation rate tends to be linearly proportional to the mass dffrough the data points represents the linear rel&tloi = 4.5 x

; 1078 Mo yr=! x (Maense/Me ) inferred from theH erschel re-
dense gas above a surface density threshigid ~ 120- oY dense/ 4 ©) T
9 y sults on prestellar cores in the Aquila cloud complex (seeaed

130 Mg pe™* and drops to negligible values pel(ﬁéas Konyves et al.in prep.). (Adapted fronhada et al.,2012.)
(seeGao and Solomor2004 for external galaxies). Note

that this is essentially theamethreshold as found with
Herschel for the formation of prestellar cores in nearbylow-density, subcritical filaments suggests that this €har
clouds (cf.§ 6.1 and Figs. 13a & 9b). Moreover, the rela-acteristic scale is set by the physical process(es) produc-
tion between the star formation rat&¥R) and the mass of ing the filamentary structure. Furthermore, at least in the
dense gasN/4ense) above the threshold is estimated to becase of diffuse, gravitationally unbound clouds such as Po-
SFR = 4.6 x 1078 Mo yr~! X (Mgense/Ms) in nearby laris (Fig. 1), gravity is unlikely to be involved. As men-
clouds {ada et al.,2010), which is close to the relation tioned in Sect. 5.2, large-scale compression flows (turbu-
SFR =2 x 1078 Mg yr=! x (Mgense/Ms) found byGao  lent or not) and the dissipation of the corresponding energy
and Solomot2004) for galaxies (see Fig. 15). provide a potential mechanism. In the picture proposed by

Both of these values are very similar to the star formatioRadoan et al. (2001), for instance, the dissipation of tur-
rate per unit solar mass of dense §&R /Myense = fore X bulence occurs in shocks, and interstellar filaments corre-
€core/tpre ~ 0.15x0.3/105 ~ 4.5x 108 yr~! thatwe may spond to dense, post-shock stagnation gas associated with
derive based orfH erschel in the Aquila cloud complex. compressed regions between interacting supersonic flows.
For this estimate, we consider that only a fractipp. ~  One merit of this picture is that it can account qualitagvel
15% of the gas mass above the column density threshofdr the ~ 0.1 pc width. The typical thickness of shock-
is in the form of prestellar cores (cf; 6.1), that the local compressed structures resulting from supersonic turbalen
star formation efficiency at the level of an individual corein the ISM is indeed expected to be roughly the sonic scale
iS €core ~ 30% (cf. § 3.4), and that the typical lifetime of of the turbulence, i.e5 0.1 pc in diffuse interstellar gas
the Aquila cores ig.. ~ 10° yr (cf. § 3.3 andKonyves (cf. Larson, 1981; Federrath et al.,2010, and discus-
et al, in prep.). Despite relatively large uncertainties, thesion in Arzoumanian et al.2011). Direct evidence of the
agreement with the extragalactic valueGxo and Solomon role of large-scale compressive flows has been found with
(2004) is surprisingly good, implying that there may well beH erschel in the Pipe Nebula in the form of filaments with
a quasi-universal “star formation law” converting the ghs oasymmetric column density profiles which most likely re-
dense filaments into stars above the threshold (Fig. 15 — s&alt from compression by the winds of the nearby Sco OB2
alsoLada et al.,2012). associationReretto et al.2012).

A more complete picture, proposed byennebelle
6.5 Origin of the characteristic inner width of filaments (2013), is that filaments result from a combination of tur-
bulent compression and shear (stly-Blant & Falgarone,
The fact that the same 0.1 pc width is measured for

T
N\
|
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2009 for an observed example of a diffuse CO filament in 7. CONCLUSIONS: TOWARD A NEW

Polaris corresponding to a region of intense velocity shear PARADIGM FOR STAR FORMATION ?
Interestingly, the filament width is comparable to the clutof

wavelengthh\ 4 ~ 0.1pc x (10}1@) X (fgroz=z)"" be- The observational results summarized;id to § 4 pro-

low which MHD waves cannot propagate in the primarilyvide key insight into the first phases of the star formation
neutral gas of molecular clouds (dflouschovias1991),if process. They emphasize the role of filaments and support
the typical magnetic field strength 13 ~ 10 G (Crutcher, a scenario in which the formation of prestellar cores oc-
2012). Hence the tentative suggestion that the filamegtrs in two main steps. First, the dissipation of kinetic en-
width may be set by the dissipation mechanism of MHI®rgy in large-scale MHD flows (turbulent or not) appears to
waves due to ion-neutral frictiortHennebelle2013). Al- generatev 0.1 pc-wide filaments in the ISM. Second, the
ternatively, the characteristic width may also be undexsto densest filaments fragment into prestellar cores by gravi-
if interstellar filaments are formed as quasi-equilibriuntational instability above the critical mass per unit léngt
structures in pressure balance with a typical ambient ISMiine,crit &~ 16 Mg pc™!, equivalent to a critical (column)
pressureP, /kp~2—5x10* K cm ™~ (Fischera and Mar- density threshold>gE ~ 160 Mg pe? (A ~ 8) or

tin, 2012; Inutsuka et al.in prep.). Clearly, more work n{fi® ~ 2 x 10* cm™3.

is needed to clarify the origin of the width of subcritical In contrast to the standard gravo-turbulent fragmentation
filaments. picture (e.g.,MacLow and Klesser2004), in which fila-

That star-forming, supercritical filaments also maintairments are present but play no fundamental role, our pro-
roughly constant inner widths 0.1 pc while evolving Ar-  posed paradigm relies heavily on the unique properties of
zoumanian et al2011 — see Figs. 4 & 5) is even more surfilamentary geometry, such as the existence of a critical
prising at first sight. Indeed, supercritical filaments ame u mass per unit length for nearly isothermal filaments.
stable to radial collapse and are thus expected to undergoThat the formation of filaments in the diffuse ISM rep-
rapid radial contraction with time (see Sect. 5.1). The mosesents the first step toward core and star formation is sug-
likely solution to this paradox is that supercritical filanie® gested by the filamentreadybeing pervasive in a gravi-
are accreting additional background material while con-tationally unbound, non-star-forming cloud such as Pslari
tracting. The increase in velocity dispersion with centrafcf. Fig. 1;Hily-Blant and Falgarone2007;Men’shchikov
column density observed for supercritical flamemsezpu- et al.,2010;Miville-Desclenes et al.2010). Hence, many
manian et al.2013 — see Fig. 9b) is indeed suggestive of ainterstellar filaments are not produced by large-scaleiyrav
increase in (virial) mass per unit length with time. and their formation must precede star formation.

As mentioned in Sect. 4.3, more direct observational ev- The second step appears to be the gravitational fragmen-
idence of this accretion process for supercritical filarmentation of the densest filaments with supercritical masses
exists in several cases in the form of low-density strisgionper unit length {/iine > Miine,crit) INtO prestellar cores
or sub-filaments seen perpendicular to the main filamenfsf. § 6.2). In active star-forming regions such as the
and apparently feeding them from the side (see Figs. 2quila complex, most of the prestellar cores identified with
3, & 9a). Accretion onto dense filaments is also seefilerschel are indeed concentrated within supercritical fila-
in numerical simulationsGomez and ¥zquez-Semadeni, ments (cf. Fig. 6a). In contrast, in non-star-forming clsud
2013). This process supplies gravitational energy to sisuch as Polaris, all of the filaments have subcritical masses
percritical filaments which is then converted into turbalenper unit length and very few (if any) prestellar cores and no
kinetic energy (cf.Heitsch et al. 2009;Klessen and Hen- protostars are observed (cf. Fig. 1).
nebelle2010) and may explain the observed increase in ve- The present scenario may explain the peak for the
locity dispersion with column density(,; « 2o"° —cf.  prestellar CMF and the base of the stellar IMF (see Sect. 6.3
Fig. 9b). Indeed, the fine substructure and velocity-caftereand Fig. 7b). It partly accounts for the general inefficiency
“fibers” observed withinH erschel supercritical filaments of the star formation process since, even in active star-
(cf. Fig. 2 andHacar et al.,2013) may possibly be the forming complexes such as Aquila (Fig. 6), only a small
manifestation of accretion-driven “turbulence”. The e¢aht fraction of the total gas mass-(15% in the case of Aquila
diameter of such accreting filaments is expected to be of o see Fig. 13b) is above of the column density threshold,
der the effective Jeans lengthy o ~ 202, /G0, which  and only a small fractiorf,,e ~ 15% of the dense gas
Arzoumanian et al(2013) have shown to remain close toabove the threshold is in the form of prestellar cores (see
~ 0.1 pc. Hence, through accretion of parent cloud mateSect. 6.1). Therefore, the vast majority of the gasin a GMC
rial, supercritical filaments may keep roughly constanéinn (~ 98% in the case of Aquila) does not participate in star
widths and remain in rough virial balance while contractindormation at any given time (see al$teiderman et al.,
(seeHeitsch,2013a,bHennebelle and Anéy, 2013). This 2010;Evans,2011). Furthermore, the fact that essentially
process may effectively prevent the global (radial) caiap the same “star formation law” is observed above the col-
of supercritical filaments and thus favor their fragmentaumn density threshold in both Galactic clouds and external
tion into cores (e.gl.arson,2005), in agreement with the galaxies (see Sect. 6.4; Fig. 15da et al.,2012) suggests
Herschel results (see Figs. 6a & 8b). the star formation scenario sketched above may well apply

to the ISM of other galaxies.
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The results reviewed in this chapter are very encoura@aselli, P., Benson, P. J., Myers, P. C. et al. 2002, ApJ, 532,
ing as they tentatively point to a unified picture of star forChabrier, G. 2005, ASSL, 327, 41
mation on GMC scales in both Galactic clouds and extefhapman, N.L. etal. 2011, ApJ, 741, 21
nal galaxies. Much more work would be needed, howevefnini, R. etal. 1997, ApJ, 474, L135
to fully understand the origin of the characteristic widthClin. P etal. 2013, MNRAS, 435, 1701

of interstellar filaments and to determine whether the sa
~ 0.1 pc width also holds beyond the clouds of the Goul

Belt. In particular, confirming and refining the scenariq,

ontreras, Y., Rathborne, J., & Garay, G. 2013, MNRAS, 483, 2
rutcher, R. M. 1999, ApJ, 520, 706
rutcher, R. M. 2012, ARA&A, 50, 29

r%ommergon, B. etal. 2012, A&A, 545, A98

proposed here will require follow-up observations to conpgle Jj. E., & Bonnell, I. A. 2011, MNRAS, 414, 321

strain the dynamics of the filaments imaged withrschel

Di Francesco, J. et al. 2007, in Protostars and Planets V, Eds

as well as detailed comparisons with numerical simulations Reipurth et al. (Tucson: University of Arizona Press), p. 17

of molecular cloud formation and evolution. ALMA and

NOEMA will be instrumental in testing whether this sce-

nario based otil erschel results in nearby Galactic clouds
is truly universal and applies to the ISM of all galaxies.
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